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Introduction

Let G be a reductive algebraic group over k an algebraically closed field. Con-
sider G-varieties i.e. varieties X with an algebraic action of G. Equivariant bi-
rational geometry consists of the study of G-equivariant birational classes of G-
varieties or, in a more algebraic perspective, of the study of the function fields
k(X) of G-varieties together with its G-action. This contains the birational classi-
fication of varieties (for G trivial) thus it is way too ambitious for this lecture.

From this equivariant birational geometry point of view, spherical varieties cor-
respond to one of the easiest possible situations. Indeed, a normal G-variety X is
spherical if and only if k(X)? = k where B is a Borel subgroup of G' (Theorem
2.3.9). This point of view is the starting point of the Luna-Vust Theory of em-
beedings (see [17], [15] and [6]). Another equivalent definition is to ask that any
G-birational model of X has finitely many G-orbits (cf. Theorem 4.0.3). For this
reason, spherical varieties have especially nice geometric properties that we review
in these lectures.

There are many well known examples of spherical varieties. Let us cite the
most famous ones: rational projective homogeneous spaces like projective spaces or
Grassmannians, toric varieties and symmetric spaces. One of the goal of a geometric
study of spherical varieties is to extend as much as possible the classical geomet-
ric results known for the above three classes of spherical varieties to the general
case. Another important motivation for the theory comes from the equivariant
compactification problem: given a G-homogeneous variety Xg = G/H, construct a
G-equivariant embedding Xy — X such that X is projective (compact) and Xy is
dense in X. Here are few example of such situations:

(1) Let X be the reductive group G itself, what are the possible G x G-
equivariant compactifications, where G x G acts by left and right multi-
plication?

(2) Let X( be the set of non-degenerate quadratic forms on k™. Then X, =
GL,(k)/ On(k), what are the possible compactification which are GL,, (k)-
equivariant?

(3) Let X, be the space of irreducible plane conis in P2. Then we have Xy =
PGL3(k)/ POs(k). What is a good PGL3(k)-equivariant compactification
for Xy? This last problem is related to the famous Steiner’s conic problem:
how many plane conics are tangent to 5 given conics??

In these lectures, we want to carefully study G-varieties with a special focus on
the case of spherical varieties. In particular, we would like to adress the following
problems.

LAnswer: 3264.



8 INTRODUCTION

(1) Given geometric, group theoretic or representation theoretic characterisa-
tions of spherical varieties.
(2) Give a classification of spherical varieties.
(3) Describe the geometry of spherical varieties, in particular:
e Describe the Picard group of a spherical variety.
e Compute a canonical divisor.
e Describe Chow groups and especially duality between curves and
divisors.
Describe B-orbits and the inclusions between their closures.

We will very partially answer the above questions, reviewing results of many
authors on spherical varieties.

Convention, notation and prerequisites

We work over an algebraically closed field k. We assume char(k) > 0 and specify
when the assumption char(k) = 0 is needed but we will in many cases restrict to
char(k) = 0 to simplify the proofs.

All the groups we shall consider will be linear algebraic groups (except in the
first chapter). Denote by I" such a group and use G for connected reductive groups.
Denote by R(T') and R, (T") the radical and the unipotent radical of a group T'. The
group of characters of T' is denoted by X(T").

Denote by T a maximal torus of G and B a Borel subgroup containing T
Denote by R the root system of (G, T), by RT, respectively R™, the sets of positive,
respectively negative roots. For P a parabolic subgroup of G containing B, denote
by P~ the opposite subgroup with respect to T'.

Denote by W the Weyl group of G and by Wp the Weyl group of a parabolic
subgroup P D B. Denote by U the maximal unipotent subgroup of B. Denote
by Lie(G) the Lie algebra of G, we shall also use the gothic letter g. Write g, for
the root space associated to the root « and U, for the one-dimensional unipotent
subgroup of G with Lie(U,) = gq.

We will also assume some familiarities with basics on algebraic geometry and
use [13] as reference. A k-variety is a reduced and separated k-scheme of finite
type over k. In particular a k-variety might be reducible. We will mainly consider
k-varieties in these lectures.
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CHAPTER 1

Algebraic groups, actions and quotients

1. Algebraic groups

We recall few definitions and facts about algebraic groups and actions of alge-
braic groups. For more details we refer to one of the classical books on the subject
[1], [14] and [25].

DEFINITION 1.1.1. An algebraic group is a k-variety I' which has a group struc-
ture such that the multiplication map g : I' X I' = I' and the inverse map ¢ : I' — T
are morphisms.

ExAMPLE 1.1.2. The following are examples of algebraic groups.
(1) Finite groups.

) The additive group (G,,+) with G, = k.

) The multiplicative group (G, x) with G,, = k*.

) The group GL, (k) of invertible matrices of size n.

) The special linear group SL,, (k) = {4 € GL,, (k) | det(A) = 1}.

) The orthogonal group O, (k), the special orthogonal group SO,, (k) and
the symplectic group Sps,, (k).

(7) The projective linear group PGL,, (k) obtained as the quotient GL,, (k)/G,,

where G,, is the center of GL,, (k).
(8) Elliptic curves are projective algebraic groups.

In the above list of example, we only consider algebraic groups which are either
affine (all cases but the last one) or projective (the first and last cases). This
dichotomy is classical because of the big difference between these cases. However,
recently mixed cases gained a lot of attention.

Here is a non example in positive characteristic which shows that bad thing
can hapend even if we start with algebraic groups defined as above.

ExAMPLE 1.1.3. Let char(k) = p. The morphism of k-varieties f : G,, — G,
defined by f(a) = aP is a group morphism. The fiber (as scheme) of f over 1 is
Spec(k[z,z71]/(zP — 1)) = Spec(k[x]/((x — 1)P) and is therefore not reduced. It
has a group structure induced by the group structure of G,, but is not an algebraic
group with our definition. The kernel of the above map (the fiber of 1 with reduced
structure) is trivial.

The above subgroup is everywhere non-reduced and thus nowhere smooth. This
never happends for algebraic groups. In fact, with the above definition, any alge-
braic group I' is smooth and we may describe its irreducible components as follows.

PROPOSITION 1.1.4. Let T be an algebraic group, e its neutral element, and I'°
the connected component of I' containing e.

(1) T is a closed normal subgroup of T', and a smooth irreducible variety.

11



12 1. ALGEBRAIC GROUPS, ACTIONS AND QUOTIENTS

(2) The connected components of T' are the cosets g.I'" for g € T.

(3) TV is the largest closed connected subgroup of finite index of T.
In particular, T' is smooth and all its components are isomorphic as varieties. Thus
T" is equidimensional.

DEFINITION 1.1.5. The finite group I'/T'y is called the group of components of
I'. We denote it by mo(T").

EXAMPLE 1.1.6. The groups GL,(k), SLy(k), SO, (k) and Sp,, (k) are con-
nected. We have my(O,,(k)) = {1} via the determinant.

We will only consider affine algebraic groups but for completeness we state the
following two results.

THEOREM 1.1.7. A complete connected algebraic group is commutative.

Complete connected algebraic groups are called Abelian Varieties. We refer to
the book [18] for a proof of the above result and much more on abelian varieties.
Furthermore, we have the following structure result on algebraic groups which ex-
plains why (up to extensions), we may split the study of algebraic groups into the
study of affine algebraic groups and abelian varieties.

THEOREM 1.1.8 (Chevalley Structure Theorem). LetI' be a connected algebraic
group. Then I' has a largest connected affine normal subgroup T.g. Further, the
quotient group A :=T/Tag is an abelian variety. We thus have an exact sequence

1-Tuyg—>T—A—0.

Actually the map I' — A above in a special instance of the Abel-Jacobi map.
We refer to [3] for a proof of this result. From now on, we focus on affine algebraic
groups. Recall the following classical results on affine algebraic groups.

THEOREM 1.1.9. Let I' be an affine algebraic group, then there exists a finite
dimensional k-vector space V' and a closed embedding I' — GL(V).

2. Actions
Let X be a variety with an action of an affine algebraic group I

DEFINITION 1.2.1. The action of I" on X is called rational or algebraic if the
map a: ' x X — X induced by the action is a morphism.

Since we will only deal with algebraic action, we will drop the word rational or
algebraic when working with group actions. We will use the notation g.x for the
image of (g, ) via the action map a: I' x X — X.

DEFINITION 1.2.2. Let I' be an affine algebraic group.

(1) A T-variety is a variety X equipped with an algebraic action of T

(2) Given two I'-varieties X,Y and a morphism of varieties f : X — Y, we say
that f is equivariant (or a I'-morphism) if f(g.z) = g.f(x) for all g € T
and z € X.

(3) Let X be a I'-variety, and Y C X be a (locally closed) subvariety. We
say that Y is T'-stable (resp. TI'-fixed) if for all g € T and y € Y, we
have g.y € Y (resp. g.y = y). The I'-fixed points X' in X form a closed
subvariety.
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(4) Let X be a I'-variety and = € X, the orbit map of x is the morphism
a; :I' = X, g— g.z.

(5) The orbit I'.x of z is the image of a,.

(6) The stabiliser of z (or isotropy subgroup) is I'y = {g € T' | g.x = x} with
its reduced structure. It is the reduced fiber of a, at e the identity element
of T.

(7) A TD-variety X is I-homogeneous if there exists z¢o € X such that the map
az, : G — X is surjective. If this holds, a, is surjective for any =z € X.

(8) A T'-variety X is quasi-homogeneous if there exists x € X such that I'.x C
X is a dense open orbit.

REMARK 1.2.3. The stabiliser T, is a closed subgroup of I" (since the fiber is
closed). Furthermore, for g € I', we have I'y ;, = gT'zg~'. Note also that any orbit
T".z is I'-homogeneous

ExAMPLE 1.2.4. Some homogeneous and quasi-homogeneous spaces.

(1) The projective space P™ is a homogeneous GL,1(k)-variety but also a
quasi-homogeneous (G,,,)"1-variety where (G,,)" ™! is the subtorus of
diagonal matrices in GLy, 41 (k).

(2) The grassmannian variety Gr(p,n) of linear subspaces of dimension p in
k™ is a homogeneous I'-variety with I' = GL,, (k).

PRrROPOSITION 1.2.5. Let X be a I'-variety and let © € X.

1) The orbit I'.x is smooth and open in its closure (thus locally closed in X ).
2) T.z is equidimensional of dimension dim(T") — dim(T;).

3) The boundary T.x\ T.z is a union of orbits of strictly smaller dimension.
4) Every orbit of minimal dimension is closed.

5) The dimension of Ty is upper semicontinuous for x € X while the dimen-

sion of U.x is lower semicontinuous.

(6) In particular if X is irreducible, it contains an open dense subset on which
dimI'.z is maximal and dim T, is minimal.

Proof. (1) The orbit I'.z contains an open subset of its closure as image of the map
az, the result follows by translation by I', the orbit being homogeneous.

(2) By homogeneity, all fibers are isomorphic of the same dimension. The
dimension formula follows from general results on dimension of fibers for morphisms.

(3) By (1), the boundary is closed and of strictly smaller dimension. Since it
is I'-stable it is a union of orbits.

(4) Follows from (3).

(5) Consider the map I' x X — X x X defined by (g,2) — (g.z,x) and let
Y =T x X) xxxx Ax with Ax € X x X the diagonal. Note that I', identifies
with the fiber over (x,x) of the map Y — A,. The result now follows from the
semicontinuity of dimension of fibers of morphisms. The result for orbits follows
from this and (2).

(6) Follows from (5). O

3. Quotients

The existence and construction of quotients of a I'-variety under the action of
I is often difficult.
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ExampPLE 1.3.1. The following examples show that the usual quotient for ab-
stract goup actions will not have nice geometric properties in general.

(1) Let T' = G,;, be the mutliplicative group of invertible elements in k and
let T act on X = k? via z.(x,y) = (2x,2y). The orbits are the origin
2o = {(0,0)} and the lines through z (without x¢). So any orbit closure
contains xg and there is no topology on the quotient X/T" such that X/I"
is separated and the quotient map X — X/T" is continuous.

On the other hand, removing z(, we can define a nice quotient (X \
20)/T = (K2 \ {(0,0)})/T = P,

(2) Let T' = G, be the one-dimensional addivitive group over k, let X = k2
and let T act on X via t.(x,y) = (z,y + tx). The points on the line x =0
are fixed while the other orbits are the lines x = zg with zo # 0. In
particular all orbits are closed.

Once again there is no topology on the quotient X/I" such that it is
separated and the quotient map X — X/I' is continuous. Furthermore,
there is no structure of variety on X/T" such that X — X/T" is a morphism.
Indeed, otherwise, we would be able to separate points on X/T" by rational
functions so to separate orbits on X by invariant rational functions. But
an invariant rational function on X is a rational function in z and rational
functions in z do not separate fixed points.

Restricting to the open G-invariant subset X \ {x = 0}, there is a nice
quotient given by X \ {z =0} = k, (z,y) — .

Let us define what we mean by a quotient.

DEFINITION 1.3.2. Let X be a I'-variety. A geometric quotient of X by I' is a
morphism 7 : X — Y such that

(1) = is surjective and the fiber of 7 coincide with the T-orbits
(2) 7 induces and isomorphism k(Y) ~ k(X).

REMARK 1.3.3. T>he first condition above imples that 7 is I'-equivariant, that
the orbits are closed and that Y = X/T".

The first example is the case of finite groups.

PRrROPOSITION 1.3.4. Let ' be a finite group and let X be a quasi-projective
[-variety, then there exists a geometric quotient X — X/T.

Proof. We only give a sketch of proof. If X = Spec(A) is affine with A a finitely
generated k-algebra, then one checks that A" is a finitely generated as well. Then
the geometric quotient is given by X = Spec(A) — X/T" = Spec(A'). Furthermore
this quotient is uniquely determined.

For X quasi projective, any finite set is contained in an open affine subset. In
particular any orbit is contained in an affine open subset and taking the intersection
of its translates, any orbit is contained in a I'-stable affine open subset. We construct
the quotient on each of these affine open I'-stable subsets and glue them together
using the fact that the quotient is unique. O

We now give important examples of geometric quotient.

DEFINITION 1.3.5. A subgroup IV of T is called a closed subgroup if it is a
closed subvariety of T
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THEOREM 1.3.6. Let T be a closed subgroup of T', then the quotient T'/T" has
a unique structure of algebraic variety such that the quotient map 7 : T' — T'/T is
a morphism. This map is flat and separable.

PROPOSITION 1.3.7. Let IV C T be a closed subgroup.

1) The quotient map T' — T'/T" is a geometric quotient.

2) The quotient T' /T is quasi-projective.

3) The quotient T/T" is projective iff I is a parabolic subgroup'.

4) IfT’ is a normal subgroup, then T' /T is affine and has a structure of linear
algebraic group such that the quotient map is a morphism of algebraic
groups.

(5) IfT is solvable, then T'/T” is a affine.

(6) If TV is reductive, then T'/T’ is a affine.

Proof. (1) and (2) See [25, Theorem 5.5.5]. (3) See [25, Theorem 6.2.7]. (4) See
[25, Proposition 5.5.10]. (5) See [28, Theorem 3.5]. (6) See [28, Theorem 3.7]. O

From a given geometric quotient, one can construct new geometric quotients.
We refer to Appendix A for proofs and more details.

PROPOSITION 1.3.8 (See Corollary A.2.11). Let T be a group, IV C T be a closed
subgroup and F be a quasi-projective I -variety. Consider the action of TV on T x F
given by (g, (z, f)) = (zg~ ", g.f).

Then T' x F admits a geometric quotient denoted by T’ xI" F and we have a
cartesian diagram

I'xF——>TxI'F

L

 pp— o

A very important particular example is the construction of I'-equivariant vector
bundles on homogeneous spaces.

EXAMPLE 1.3.9. Let IV C T be closed subgroup and let V' be a I'V-representation,
we obtain a morphism I' xI V — I'/T” whose fibers are isomorphic to V. This
is actually a vector bundle on I'V/T" as a result of the following generalisation of
Hilbert’s Theorem 90.

THEOREM 1.3.10. Any surjective GL,,(k)-invariant morphism 7 : X —'Y with
fibers isomorphic to GL, (k) is locally trivial for Zariski topology: there exists an
Zariski open covering {U;} of Y such that 71 (U;) ~ U; x GL, (k).

As a consequence the above fibration I' xI V — /T’ is locally trivial for
Zariski topology. Indeed using the map IV — GL(V), we can write T xI'y =
(T x™ GL(V)) xSV V. But T' xI GL(V) — I'/I” satisfies the assumptions of
the above theorem and is Zariski locally trivial proving the result.

We finish this section on quotients with a result of Rosenlicht [23].

THEOREM 1.3.11. Let T' be a linear algebraic group and let X be an irreducible
T-variety. There exists a non empty open I'-stable subset X such that Xg — Xo/T
18 a geometric quotient.

i e. contains a Borel subgroup.
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Proof. We first assume that I' is connected. Replacing X by an open subset,
we may assume that all orbits have the same dimension. Since k(X) is a finitely
generated extension of k, the same holds for k(X)'. Choose f1, -, f, € k(X)!
some generators of this extention. Replacing X by an open subset, we may assume
that f; € k[X] for all ¢. Consider the morphism f : X — k" defined by z —
(fi(x), -, fr(x)). Replacing X by an open subset, we may assume that the image
Y is affine and by generic flatness that f is flat. In particular all fibers have the
same dimension.

To prove that f (or the restriction of f to an open subset of X) is a geometric
quotient, we are left to prove that the fibers of f are I'-orbits. Since f is I'-invariant,
the fibers are union of orbits. Since all the orbits have the same dimension, it is
enough to prove that generically, for z € X, the orbit I'.z is dense in f~1(f(z)).

To prove the above claim, consider the morphism ¢ : I' x X — X x X defined
by (g,z) — (z,9.2). Let Z = {(z,2') € X x X | 2’ € I'.x} be its image. Since T
is connected, Z is irreducible. Define W = X xy X = {(z,2') € X x X | f(x) =
f(z")}. Since f is T-invariant, it is constant on orbits therefore we have Z C W.
Note for p=pry : W = X xy X — X, we have p~!(z) = f~(z) and p~*(z)NZ =
I'.z. In particular, if Z is dense in W, then W is irreducible and by Lemma 1.3.13,
there exists a open subset X of X such that all fibers p~1(z)N Z is dense in p~!(x)
for z € X proving that the restriction of the map f: X — Y to X is the desired
geometric quotient.

To conclude the proof, we need to prove that Z is dense in W. Consider U and
U’ two non empty affine open subsets of X and consider the restriction

V:V=¢UxyU)—=UxyU.

We prove that ¢ is dominant. Note that since X is irreducible, the diagonal Ax
of X x X meets U x U’ and therefore V is non empty. Note also that U xy U’ is
affine so it is sufficent to prove that ¢* : k[U] ®ypy) k[U'] — k[V] is injective. Let
Yo ui @ v; € Keryp*. For all (g,2) € T' x X, we have

P* <Z u; @ Ui) (9,2) = Zui(fﬂ)vi(g~$)~

For g € T, define hy € k(X) by hg(z) = >, ui(x)vi(g.x). Then hy vanishes on
Ung U’ so hg = 0. We prove that this implies the vanishing of >, u; ® v;. First
we may assume that the v; are linearly independent over k(X)' = k(Y). Indeed, if
v; = Zi# civ;, then ) u; @v; = Z#j(umtciuj)@vi. The vanishing of ), u; ®v;
now follows from the following lemma.

LEMMA 1.3.12. Let (u;)ieq,s), (vi)ie[,s) be rational functions on X such that

the v; are linearly independent over k(X)''. If hy =, ui(g7 ;) =0 forallg €T,
then u; = 0 for all i.

Proof. We proceed by induction on s. If s = 1, the result is obvious. Assume
s > 1and u; # 0. For all g,¢" € T, we have >, ¢'.(u;u;')(g.v;) = 0. Since
g (uurt) =g 1=1=uju;*, we get

> (¢ (i) = (wiur ™)) (g-vi) = 0.

i>2
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By induction hypothesis, it follows that ¢.(uu; ") = wjuy* for all ¢ € T, so that
u;uy ' € k(X)F. We therefore get a linear dependence relation

U1+ Z(uiufl)vi =0

i>2
contradicting the linear independence of the v;’s. ]

This proves that Z is dense in W and finishes the proof for I' connected. If I
is not connected, let I'Y be its connected component containing the identity. By
the above argument, we find an I'°-stable open subset X, admitting a geometric
quotient by I'%. The intersection of all g.Xj is open (since I'/T' is finite) and I'-
stable. Replacing X by this open subset, we may assume that there is a geometric
quotient X — X/T° on which the finite group I'/T? acts. The geometric quotient
(X/T9)/(T/TY) which exists for finite groups is a geometric quotient X/T. O

LEMMA 1.3.13. Let W be irreducible and Zy C W be a dense open subset. Let
p: W — X be a dominant morphism. Then there exists a dense open subset Xy of
X such that p~t(z) N Zy is dense in p~1(x) for all x € X,.

Proof. Let Cy,---,Cs be the irreducible components of W \ Z; and reorder them
so that C1,- -+ ,C, map dominantly onto X while C,.,--- ,Cs do not. Set
U=X\ U p(Ci).
i>r
Let Xy be the open subset of U such that the following holds:
(1) Any component of the fiber of p~(X,) — X, has dimension dim W —
dim X,
(2) For all i € [1,r], any component of the fiber of C; Np~(Xy) — Xy has
dimension dim C; — dim X.
Now for & € Xy, the fiber p~!(z) will not meet C; for i > r and for i € [1,7], any
irreducible component C' of p~!(x) satisfies the following inequalities:
dim(C; NC) =dimC; —dim X < dimW — dim X = dimC.

In particular C' meets Z; and the result follows. O

EXERCISE 1.3.14. Recall Example 1.3.1.

(1) Let I' = Gy, be the mutliplicative group of invertible elements in k and
let T act on X = k? via z.(z,y) = (27, zy). Prove that the quotient X /T’
endowed with the quotient topology is not separated.

(2) Let T' = G, be the one-dimensional addivitive group over k, let X = k2
and let T act on X via t.(z,y) = (x,y + tz). Prove that the quotient X /T’
endowed with the quotient topology is not separated.

EXERCISE 1.3.15. Let G = GL,, (k) act by conjugation on X = M, (k) the space
of square matrices of size n: g.A = gAg~! for g€ G and A € X.

(1) Find an open subset on which we have a geometric quotient.

(2) Does there exist a geometric quotient for X itself?

(3) Find a maximal open subset of X on which there exists a geometric quo-
tient.






CHAPTER 2

Invariants of (G-varieties

In this chapter, we focus on varieties with the action of a reductive group G.

1. Rank and Complexity

Let T" be a linear algebraic group, let G be a reductive linear algebraic group
and choose T'C B C G where B is a Borel subgroup and 7" a maximal torus.

DEFINITION 2.1.1. The complexity cr(X) of an irreducible I'-variety X is the
minimal codimension of a I'-orbit: cp(X) = min{codim(Y) | Y C X is a ['-orbit}.
If the group T is clear from the context, we write cp(X) = ¢(X).

Let X be an irreducible I'-variety, the following proposition computes the com-
plexity cp(X) using the action of T on k(X), the field of rational functions.

PROPOSITION 2.1.2. We have cr(X) = Trdeg(k(X)).

Proof. Let X be a I'-stable open subset such that there is a geometric quotient  :
Xo — Xo/T as in Rosenlicht’s Theorem (Theorem 1.3.11). Since the dimension of
I'-orbits is lower semi-continuous the maximal dimension of an orbit is the dimension
of the fibers of 7 thus cp(X) = dim Xo/T" = Trdeg(k(Xo/T')) = Trdeg(k(X)"). O

DEFINITION 2.1.3. Let X be an irreducible B-variety, the weight lattice of X
is the subgroup A(X) C X(B) of weights of B occuring in k(X). This is a free
abelian group and its rank rk(X) is the rank of X.

EXAMPLE 2.1.4. Let X = P” be the projective space.

(1) Let G = PGL,4+1(k) and consider X as a G-variety. Choose B C G
be the Borel subgroup of upper triangular matrices and U its unipotent
radical (the subgroup of upper triangular matrices with a 1 on the diag-
onal). Then U acts with an open orbit on X thus any B-eigenfunction
is U-invariant and thus constant. In particular the set k(X)) of B-
eigenvectors in k(X) is given by constant functions and A(X) is trivial
and rk(X) = 0.

(2) Let G = T C PGL,4+1(k) be the maximal torus of diagonal matrices.
Then T'= B = G (the group G is solvable and connected). Furthermore,
the coordinate functions x;/z; on P™ have weight €; — ¢; and A(X) is the
roots lattice of PGL,,4+1(X) (which is also the weight lattice of Ty = {t €
T | det(t) = 1}). We thus have rk(X) = n.

(3) Let T be a torus and X = T.xz be a T-orbit. Then X ~ T/T" for some
subgroup T’ C T. In particular X is isomorphic to a torus Tp ~ GIm X,
In an adapted basis, we have k(X) =~ k(zi*, -+, x5l ) where T acts via
a basis of character of Ty on x1, -+ , Zdim x. We thus have rk(X) = dim X.

19
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REMARK 2.1.5. Both rank and complexity and birational invariants. Its is
clear for the rank since it is defined using the field k(X) of rational functions, for
complexity it comes from the semicontinuity of the dimension of orbits or from
Proposition 2.1.2.

For T-varieties we have the following relation between rank and complexity.

PROPOSITION 2.1.6. Let X be an irreducible T-variety, then rk(X) is the max-
imal dimension of T-orbits. In other words cp(X) = dim X — rk(X)

Proof. Since the dimension of orbits is lower semi-continuous, we may replace X by
an open subset on which we have a geometric quotient 7 : X — X /T by Theorem
1.3.11. Fix generators xi,---,xr with 7 = rk(X) of A(X). There exists elements
fi,- - fr € k(X)) with weights x1,--- , x»- Choose a general enough fiber F of
such that f; restricts to a well defined non vanishing rational function on F. Then
the x; are weight of k(F') and we have an inclusion A(X) C A(F) and therefore
rk(X) < rk(F'). By Proposition 2.2.7 below, we have rk(F") < rk(X) and the result
follows by Example 2.1.4.(3). The last assertion follows from Proposition 2.1.2. O

EXAMPLE 2.1.7. Beware that rank and complexity depend on the group acting.
If we replace T by an arbitrary reductive group G, the above result is false.

(1) For X =P" and G =T C PGLy41(k) a maximal torus, then c¢p(X) =0
since T has a dense orbit and rk(X) = dim X.

(2) However, if X =P™ and G = PGL,,11(k), then we have cg(X) = 0 since
X is G-homogenous but rk(X) = 0 and ¢g(X) =0 < n = dim X —rk(X).

(3) Let G = SLa(k) = X and T C G be a maximal torus. As a T-variety,
we have rk(X) = dim X — ¢p(X) = 3 — 2 = 1 which is the dimension of
any T-orbit in X. It is also easy to check that rk(X) = 1 as G-variety
as well. However, we have ¢g(X) = 0 since X is G-homogeneous so that
cq(X) =0<2=dim(X) — rk(X) as G-variety.

In the previous proposition we use a relation between the rank of X and the
rank of GG-subvarieties. In the next section, we consider the behaviour of rank and
complexity by restriction.

2. Rank and complexity of stable subvarieties

We want to compare rank and complexity of X with those of stable subvarieties.
For this we will need to find stable affine open subsets. This is in general not possible
as shows the following example.

EXAMPLE 2.2.1. Let X =P" and I' = GL,11(k). Then X is a homogeneous I'-
variety and admits no affine open I'-stable subset. So in general there is no I'-stable
affine covering.

This can be solved in two different — both useful — ways. The first one keeps
the group I' unchanged by replaces affine by quasi-projective. In this direction, we
recall the following results of Sumihiro [26, 27] enabling in many cases to assume
that a D-variety is quasi-projective. Let me mention the paper by Brion [2] where
the second result below is generalised to I'-varieties defined over any field and with
I' algebraic by not necessarily linear. We refer to Appendix B for some proofs.
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THEOREM 2.2.2 (Equivariant Chow-Lemma). Let T be a connected linear alge-
braic group and X a I'-variety. There exists a quasi-projective I'-variety X and a
birational I'-equivariant projective surjective morphism f: X — X.

THEOREM 2.2.3. Let I' be a connected linear algebraic group, X a normal I'-
variety and Y C X a I'-orbit.
(1) There exists a quasi-projective T'-invariant open subset containing Y .
(2) If X is quasi-projective, there exists a finite dimensional I'-module V' to-
gether with a I'-equivariant embedding X — P(V).

(3) There exists a T-equivariant embedding X — X with X normal and
proper.

We prove parts (1) and (2) of the above theorem in Theorem B.3.4.

DEFINITION 2.2.4. A T-variety X is called locally linear if it admits a I'-stable
covering (U;); such that for each ¢ there exists a finite fdimensional I'-module V;
and a I'-equivariant embedding U; — P(V}).

Note that by Theorem 2.2.3, any normal I'-variety is locally linear. We will
mainly consider locally linear I'-varieties.

Another possible direction, is to look for affine open subsets which are stable
under a subgroup of the acting group. Borel subgroups will work.

PROPOSITION 2.2.5. Let X be a mormal G-variety and Y a G-stable closed
subset. Then there exists an open B-stable affine open subset Xy of X such that
(1) XoNY #0
(2) Vf € k[XoNY]®), 3N € N and 3f" € k[Xo]B) with f'|x,ry = 7",

where p is the characteristic exponent of k.

Proof. By Sumihiro’s Theorem, we may assume that X is equivariantly embedded
in P(V) where V is a finite dimensional G-module. Let X and Y be the closures of
X and Y in P(V). Set X = X \ X and let X, 9X and Y be the cones in V over
X,0X and Y.

Note that Y s 6X and choose a homogeneous B-eigenfunction f € k[Y U
X ](B) vanishing on dX but not on Y. We now need the following result from
representation theory (see [8, Theorems 1.3 and 2.1]):

THEOREM 2.2.6. Let X be an affine G-variety, Y C X a closed G-stable subset
and f € K[Y]®). Then there exists N € N and f € kK[ X]|®B) with f'|y = f*"

Note that if char(k) = 0, then we have a surjective map k[X] — k[Y] and a
finite dimensional G-module W C k[Y] containing f. Since G is reductive, the
G-module W also occurs in k[X] (here we use that char(k) = 0) thus there exists
f’ € k[X] which maps onto f via k[X] — k[Y].

Choose f such that f'| = f?" and set Xo = Dx(f') = {z € X | f'(z) # 0}.
Then Xy C X is affine B-stable and meets Y.

Let ¢ € k[XoNY]® be homogeneous. There exists m > 0 with ¢f™ € k[Y](B).
By the above surjectivity (or the same argument if char(k) = 0), we get ¢ € k[X](®
with $lg = (6f™)P". Then (b'~™) € K[Xo] ) with (0 ")lg =¢*". O
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PROPOSITION 2.2.7. Let X be an irreducible normal G-variety and Y C X be
irreducible and G-stable, then rk(Y") < rk(X).

Proof. Let X( be as in Proposition 2.2.5. Any weight of A(X) is the difference of
weights of k[X] and any weight of A(Y") is the difference of weights of k[ Xy N Y.
The result follows from Theorem 2.2.6 for the inclusion Y N Xy C Xj. O

REMARK 2.2.8. If char(k) = 0, the above proof implies that we have an inclu-
sion A(Y) € A(X) for Y C X is a G-subvariety. In general, this inclusion might
not be true but will be true after multiplication by some power of p.

The fact that the rank is decreasing on G-subvarieties fails for complexity in
general as shows the following example.

EXAMPLE 2.2.9. Quasi-homogeneous G-varieties do not always admit finitely
many G-orbits. For example, consider X = P(Ms(k)) the projective space over the
space of square matrices of size 2. The group G = SLy(k) acts by left multiplication
and has a dense orbit: the locus where the determinant is not vanishing therefore
cg(X) = 0. However, for v € k? with v # 0, the variety Y, = {[M] € X | v €
KerM} is stable under the G-action so that we must have infinitely many G-orbits.

Let B be the Borel subgroup of upper triangular matrices. The B-complexity is
¢p(X) = 1. Indeed, the open subset of rank 2 matrices is covered by a 1-dimensional
family of 2-dimensional B-orbits:

X = {[M] € X | rk(M) = 2 and [Mwv] is B-stable},

with v € k? and [v] € P! its class. We also have the equalities ¢y (X) = 2 and
rk(X) =1 (see Proposition 2.3.5 below).

To get a nice behaviour, one needs to consider the B-complexity of G-varieties.

PRrOPOSITION 2.2.10. Let X be an irreducible normal G-variety and Y be a
closed irreducible B-stable subvariety, then cg(Y) < cp(X).

Proof. Write ¢ for cg. Let Y C X be closed and B-stable. We prove ¢(Y) < ¢(X).

We start with a G-orbit Y. Let Xy be an open affine B-stable subvariety of X
with XoNY # () as in Proposition 2.2.5. Let f € k(Y)?, we can write f = u/v with
u,v € k[XoNY]®) having the same weight: consider {v € k[XoNY]|fv € k[XoNY]}
which is B-stable and thus admits a B-eigenvector v, then u = fv is a B-eigenvector
of the same weight. There exist u’, v’ € k[Xo](P) such that u/|y = w?” and Uy =
o™ . We get (u//v')|y = fP" . It follows that the transcendence degree of k(X)? is
bigger than or equal to the transcendence degree of k(Y)? so ¢(X) > ¢(Y).

Let Y be any closed B-stable subset. We prove that ¢(Y") < ¢(GY') and conclude
by the previous argument. Recall that G is generated by the minimal parabolic
subgroups strictly containing B. We therefore only need to prove that ¢(Y) <
¢(PY) for any minimal parabolic subgroup P.

Consider the contracted product P xZ Y defined as the quotient of P x Y
by the action of B defined by b.(p,y) = (pb,b~'y). The projection on the first
factor induces a morphism pr; : P x® Y — P/B which is P-equivariant, locally
trivial for the Zariski tolopogy (it is trivial on the open subset (U~ N P)B/B where
U~ is the unipotent radical of B~) with fiber isomorphic to Y. In particular
dimP xPY =dimY + 1.



3. SPHERICAL VARIETIES 23

The map 7 : P xBY — PY,[p,y] = py is surjective. It is also proper since it
can be viewed as the restriction of the projection P x® X — X. In particular PY
is closed and dim PY < dimY + 1. Assume that PY # Y (otherwise we trivially
get ¢(Y) < ¢(PY)). Then the map 7 is generically finite so ¢(P xBY) = ¢(PY).

For p € P\ B, the orbit BpB/B is dense in P/B and if we set B, = BN
pBp~!, we have an isomorphism BpB/B ~ B/B,. Consider the contracted product
B xB» pY. We have an embedding B xP» p.Y — P xB Y defined by [b,p.y] —
[bp,y]. Tts image is pr*(BpB/B) therefore B-invariant and open. In particular
c(PxBY) > c(B xPrpY). But any B-orbit in B x5 p.Y is of the form B xB» Z
for Z a By-orbit in Y. In particular ¢(B xP» Y) = cp (Y) where we write cp, (Y)
for the minimal codimension of a B, orbit in p.Y. On the other hand, we have
¢, (0.Y) > cppp-1(p.Y) = c¢(Y) so that we get

c(PY)>c(PxPY)>c(BxPrY)=cp (pY)>c(Y).
This completes the proof. O
ExXAMPLE 2.2.11. The assumption that X is a G-variety is important. Recall

Example 2.2.9 where X = P(Ms(k)) is the projective space over the vector space
of 2 x 2 matrices. For v € k? with v # 0, let Z = X[y be the closure of the B-orbit

X ={[M] € X | [Mv] is B-stable}.

Then Z contains the subvariety

= {[(3 &) extenes

whose points are fixed by B. In particular, we have cg(Z) = 0 and ¢p(Y) =1 so
cp(Y) > cp(Z)evenif Y C Z.
3. Spherical varieties
We define spherical varieties and give their first characterisations.
DEFINITION 2.3.1. A spherical variety is a normal G-variety X with c¢g(X) = 0.
REMARK 2.3.2. A G-variety is spherical iff it is normal with a dense B-orbit.

EXAMPLE 2.3.3. Projective rational homogeneous spaces are spherical varieties.
Indeed such a variety X is of the form X = G/P for G reductive and P C G a
parabolic subgroup. The Bruhat decomposition shows that X has a dense B-orbit,
so we get cg(X) =0.

ExXAMPLE 2.3.4. Assume that G = T is a torus. Then a spherical G-variety is
called a toric variety. Any dense B-orbit in X is a T-orbit and since the quotient
of any torus is again a torus, a toric variety is an equivariant partial completion of
a torus. By Example 2.1.4.(3), we have rk(X) = dim X for toric varieties.

We first prove the following relationship between rank and complexity.
PROPOSITION 2.3.5. Let X be a B-variety, then cy(X) = cg(X) + rk(X).

Proof. Replacing X with an open B-stable subset and using Rosenlicht’s The-
orem, we have morphisms X — X/U — X/B with dim(X/U) = ¢y(X) and
dim(X/B) = c¢p(X). Note that rk(X) is the rank of the group of characters of
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elements in k(X)®) = (k(X)V)T) = k(X/U)T) so tk(X) = rk(X/U). Further-
more X/B = (X/U)/T so by Proposition 2.1.6, we have rk(X) = rk(X/U) =
dim(X/U) — dim(X/B) = cy(X) — cp(X). O

COROLLARY 2.3.6. For a spherical variety X, we have rk(X) = cy(X).

EXAMPLE 2.3.7. Let X = G/P be a projective rational homogeneous space.
The Bruhat decomposition shows that the dense B-orbit is actually also a U-orbit
so k(X)) = cy(X) = 0, see Example 2.1.4.(1).

PROPOSITION 2.3.8. A spherical G-variety X has finitely many B-orbits.

Proof. Assume that X has infinitely many B-orbits and let Y be a B-stable closed
subvariety of minimal dimension in X having infinitely many B-orbit. By Proposi-
tion 2.2.10, we have cg(Y) < cgB(X) = 0 therefore Y has a dense B-orbit Z. But
then W =Y\ Z is closed B-stable with dim(W) < dimY and W contains infinitely
many B-orbits. A contradiction. O

As a consequence we obtain equivalent definitions of spherical varieties.

THEOREM 2.3.9. Let X be a normal G-variety. The following are equivalent
(1) X is spherical.

(2) X has finitely many B-orbits.

(3) k(X)B =k.
(1

Proof. (1) = (2) Follows from the previous result.

(2) = (3) Any function f € k(X)? is constant on B-orbits. Since X has finitely
many B-orbits, there must be a dense orbit thus f is constant on X.

(3) = (1) We know that cg(X) = Trdeg(k(X)?) = Trdeg(k) = 0. O

EXERCISE 2.3.10. Let X = P(Ms(k)) and G = GLy(k) acting by left multipli-
cation. Let B C G be the Borel subgroup of uper triangular matrices. Describe all
G-orbits and B-orbits in X. Compute the complexity for G and B of all G-orbit
closures and the B-complexity of all B-orbit closures.

EXERCISE 2.3.11. Let V = k™ and S?VV be the space of quadratic forms on
V. Let G = GL(V) act on S?V" by the action induced by the standard action of
G on V. Compute the complexity cg(S?VV) and the rank rk(S2VV).



CHAPTER 3

Affine (G-varieties

Let G be a connected reductive group, we focus on affine G-varieties.

1. Existence of quotients by reductive groups

The results of this section are part of Geometric Invariant Theory (GIT). Most
of the results will be proved in J.-B. Bost’s lectures so we only state them and refer
to the book [19] for more details.

THEOREM 3.1.1. Let A be a finitely generated k-algebra with a rational action
of G. Then AC is finitely generated over k.

DEFINITION 3.1.2. Let X be an affine G-variety, the quotient X /G is defined
by X/G = Spec(k[X]¥). Let 7 : X — X//G be the morphism defined by the
inclusion k[X]¢ — k[X].

The quotient 7 : X — X//G has the following properties.

PROPOSITION 3.1.3. Let X be an affine G-variety.
(1) The morphism w is G-invariant (constant on the G-orbits).
(2) Any G-invariant morphism X — Z factors through .
(3) The variety X /G has the quotient topology.
(4) The fibers of ™ contain a unique closed orbit.

REMARK 3.1.4. The map 7 : X — X //G is not a quotient in the classical sense:
the fibers of 7 may contain more that one orbit as the following example shows.

EXAMPLE 3.1.5. Let X = M, (k) and let G = GL,(k) act by conjugation.
Then a classical result asserts that k| X]¢ is the polynomial ring generated by the
coefficients of the characteristic polynomial. In particular, the map 7 : X — X/G
is given by M — x(M) where x(M) is the characteristic polynomial of M. In
particular X/G ~ k™! and the fiber of 0 is the nilpotent cone (the set of all
nilpotent matrices) which has a unique closed orbit: the zero matrix.

COROLLARY 3.1.6. Let X be an affine G-variety with a dense orbit, then X
has a unique closed orbit.

Proof. Consider the quotient 7 : X — X /G and recall that 7 is surjective and that
there is a unique closed orbit in each fiber of 7. We are therefore left to prove that
the quotient is reduced to one point. But 7 is constant on the G-orbits, therefore
it is constant on a dense subset thus 7 is constant and the result follows. (]

The above construction is an example of a categorical quotient.

DEFINITION 3.1.7. A G-invariant morphism 7 : X — Y is a categorical quotient
if any G-invariant morphism p : X — Z uniquely factors through .

25
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REMARK 3.1.8. Categorical quotients are unique.

PROPOSITION 3.1.9. Geometric quotients and the quotients X — X)JG with X
affine and G reductive are categorical quotients.

ProOPOSITION 3.1.10. Let m: X — Y be a categorical quotient. If X is normal,
then so is Y.

Proof. Let v : Y’ — Y be the normalisation of Y. Since X is normal, the map =
lifts to a G-invariant map 7’ : X — Y and thus factors through 7. The uniqueness
in the definition of categorical quotients implies that v is an isomorphism. O

GIT is based on the above result and aims at constructing quotients for pro-
jective G-varieties (see [19] for more details).

2. Unipotent quotients of affine GG-varieties
We want to extend the above construction to quotients by unipotent subgroups.
THEOREM 3.2.1. Let X be an affine G-variety, then k|X|V is finitely generated.

We give a proof of this result for char(k) = 0 in Appendix C for the general
case see [8]. We will also need the following fact (see Corollary C.1.8).

FacT 3.2.2. Any G-module M is determined by the T-module MY .

REMARK 3.2.3. Theorem 3.2.1 is false if we only assume that X is an U-variety.
Examples of non-finitely generated invariant rings were first given by Nagata, see
[20, Theorem 2.45]

Theorem 3.2.1 allows the following definition.

DEFINITION 3.2.4. For X an affine G-variety, define the quotient 7 : X — X /U
induced by the map k[X]Y — k[X].

REMARK 3.2.5. The above quotient may not be surjective. Indeed, let X =
G = SLy. Then the quotient X/U is isomorphic to A%\ {0} while X /U ~ A% In
particular, the quotient X /U is not a categorical quotient in general.

Some of the properties of X can be detected on X //U.

PROPOSITION 3.2.6. Let G be a reductive group, U a mazimal unipotent sub-
group and X an irreducible affine G-variety.
(1) k(X)Y is the field of fractions of k| XY .
(2) Any element of k(X)) is the quotient of two B-eigenvectors in k[X].
(3) Ifchar(k) =0, then the variety X is normal if and only if X /U is normal.

Proof. (1) and (2). The fraction field of k[X]V is contained in k(X)V and the
quotient of any two B-eigenvectors of k[X] is an element of k(X )5,
Conversely, let f € k(X)Y (resp. in k(X)(P)) and consider the vector space:

Vi ={f" € k[X]| f'f € kIX]}.
Since f is U-stable (resp. a B-eigenvector), then Vy is U-stable. Since U is unipo-
tent, there is a U-invariant element f’ in V; (and even a B-eigenvector). This
proves the result.

(3) Assume that X is normal, then k[X] is integrally closed in k(X). We want
to prove that k[ XY is integrally closed in its field of fractions which is k(X)Y by (1).
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If f € k(X)Y is such that P(f) = 0 with P a monic polynomial with coefficients in
k[X]Y. Then f is in k[X] and the result follows.

Conversely, if X//U is normal, let v : X’ — X be the normalisation of X. We
define a G-action on X’: the action morphism a : G x X — X induces a morphism
a :GxX = GxX — X and since G x X' is normal it factors through X' i.e.
we have a commutative diagram:

Gx X ——= X'

|

GxX—X.

Because this is an action on an open subset (where v is an isomorphism) and the
varieties are normal, this is an action. Thus we also have a quotient X’ /U and a
commutative diagram

7]
X' )JU L= XU

with X’ /U and X /U normal varieties with k(X")V = k(X)Y i.e. k[X']V and k[X]Y
have the same field of fractions.
The algebra k[X'] is the integral closure of k[X] in k(X). Consider the ideal

I'={f ek[X]| fkX'] C k[X]}.

This ideal is stable under the action of G and therefore stable under U and thus
contains an U-invariant element f € k[X]V. This implies the inclusion fk[X'|Y C
k[X]Y. The subspace fk[X']V is thus an ideal of k[ X]¥ and thus a finite k[X]Y-
module. Therefore k|X’]V is also a finite k[X]Y-module but since XU is normal
we get the equality k[X']Y = k[X]Y. Finally since char(k) = 0, the U-invariants
determine the module and we get k[X] = k[X"]. O

For V a G-module and A a character of B, set V;B) ={v eV |bv=Abuv}
Note that VY = @, V/\(B). For X an affine G-variety, define the monoid A(X)™".

DEFINITION 3.2.7. Define A(X)" = {\ € X(T) | k;[X](AB) #0}.

PROPOSITION 3.2.8. For X an affine G-variety, A(X)T is finitely generated.

Proof. Follows from the decomposition k[X]V = @, k[X }E\B) and the fact that this
algebra is finitely generated by Theorem 3.2.1. (|

The following is a direct application of Proposition 3.2.6.(2).
COROLLARY 3.2.9. Let X be an affine G-variety. The weight lattice A(X) of
X is the subgroup of X(T') generated by A(X)T.
3. Characterisation of affine spherical G-varieties
We extend the results of Theorem 2.3.9 for affine spherical varieties.

DEFINITION 3.3.1. A G-module M is multiplicity free if any simple G-module
occurs in M with multiplicity at most 1.
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PRrROPOSITION 3.3.2. For X an affine irreducible G-variety, the following are
equivalent.

(1) The variety X contains a dense B-orbit.
(2) Any B-invariant rational function is constant: k(X)P = k.
(3) The G-module k[ X] is multiplicity free.

Proof. We proved the equivalence of the first two properties in Theorem 2.3.9. We
prove the equivalence of (2) and (3). Assume that the representation V() appears
with multiplicity at least 2 in k[X]. Then there exists two B-eigenfunctions f and f’
with eigenvalue A. The quotient f/f’ is a B-invariant non trivial rational function,
proving (2) = (3). Let f be a B-invariant rational function. Then by Proposition
3.2.6 it is the quotient f1/fs of two B-eigenfunctions. Their eigenvalue have to be
the same and by assumption f; and fo must be colinear. This imples that f is
constant, proving (3) = (2). O

DEFINITION 3.3.3. A normal irreducible variety X is toric if there exists a torus
T acting on X with a dense orbit isomorphic to 7.

DEFINITION 3.3.4. Let AT be a finitely generated monoid.
(1) Define Ag = AT ®7 Q.
(2) Cone(A™) is the cone generated by A1 in Ag.
(3) The saturation of A* is AT =ZAtN Cone(AT).
(4) A finitely generate monoid A™ is called saturated if A=A+

LEMMA 3.3.5. LetY be an affine irreducible variety with an action by a torus
T such that K[Y] is multiplicity free. Then the following are equivalent.

(1) The variety Y is normal.
(2) The monoid A(Y)T is saturated.

Proof. It A(Y)™" is not saturated, there exists a A € ZA(Y)" N Cone(A(Y)™) with
A g A(Y)T. Since A € Cone(A(Y)T), we have nA € A(Y)* for n € N large enough.
Furthermore, since A € ZA(Y)™, there exists f € k(Y)x\ {0}. Let g € k[Y],,», then
/g € k(Y)P =k since Y is multiplicity free thus f € kg C k[Y]. In particular f
is integral on k[Y] but not in k[Y] proving that Y is not normal.

Conversely, assume that A(Y)T is saturated and let f € k(Y) be integral on
k[Y]. Decomposing f in sum of eigenvectors, we may assume that f is an eigenvector
of weight \. Since f is integral on k[Y], a multiple of X lies in A(Y)". Since the
later is saturated, the weight \ already lies in A(Y)". Because k[Y] is multipllicity
free we get f € k[Y]. O

EXAMPLE 3.3.6. Let X = Spec(k[z,y]/(y*> — x3)) be the cuspidal cubic with
action of G = T = G,, given by t.(z,y) = (t?z,t3y). Then A(X)T = Z>¢ \ {1}
while Ag = Q and A= Z>0, so that A(X)™ is not saturated and X is not normal.

COROLLARY 3.3.7. Assume char(k) =0 and let X be an affine toric T-variety
andY C X be a closed T-stable subvariety. Then Y is an affine toric variety.

Proof. Since T has a dense orbit, the complexity of X is 0 and by Proposition
2.2.10, the subvariety Y also has vanishing complexity. We only need to prove that

Y is normal. Let A € A(Y)+ and let f € k(Y)T) of weight . Write f = u/v
with u,v € k[Y](®). There exist u’,v" € k[X]T) such that v'|y = u and v'|y = v.
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We get f' =o' /v’ with f' € k(X)) of weight A and f’|y = f. Now there exists
n € Zso such that n\ € A(Y)" € A(X)*. Since X is normal, the monoid A(X)*
is saturated thus A € A(X)* and by the multiplicity free property ¢ € k[X]. This
implies f € k[Y] and A € A(Y)". The weight monoid of Y is saturated and Y is
normal. O

REMARK 3.3.8. Corollary 3.3.7 holds in positive characteristic as well since tori
are linearly reductive so that invariants lift without having to take p** powers.

Applying this, we get a characterisation of affine spherical varieties.

PROPOSITION 3.3.9. Let X be an irreducible affine G-variety. The following
conditions are equivalent.
(1) X is spherical.
(2) k[X] is multiplicity free and A(X)T is saturated.
(3) Assume char(k) = 0. The affine T-variety X /U is a toric variety.

Proof. (1)=(3) We already know (Proposition 3.2.6) that if X is normal so is
XJU. The T-module k[ X//U] is k| X]Y and therefore multiplicity free as T-module.
Therefore, there is a dense T-orbit in X /U. This orbit is isomorphic to T'/T" ~ T"
which is a torus thus X /U is toric.

(3) =(2) If XU is toric then k[X]Y is multiplicity free as T-module thus k[X]
is multiplicity free as G-module. Since X /U is toric its weight monoid A(X JU)*
is saturated but since A(X/U)T = A(X)T, the result follows.

(2) = (1) By Proposition 3.3.2, we only need to check that X is normal. By
Proposition 3.2.6, we only need to prove that X /U is normal and this follows from
Lemma 3.3.5 and the fact that A(X)T = A(XJU)™ is saturated. O

COROLLARY 3.3.10. Assume char(k) = 0 and let X be an affine spherical G-
variety and Y C X be a closed G-stable subvariety. Then Y is G-spherical.

Proof. By Proposition 2.2.10, we only need to prove that Y is normal. But YU is
a closed T-stable subvariety of X/U which is toric. By Corollary 3.3.7, the variety
Y /U is also toric and thus Y is G-spherical. O

ExaMPLE 3.3.11. In positive characteristic, the above result is false. Let
char(k) = p > 0, let G = SLa(k) x G2, and let X = k*. Write (z1,z2,y1,%2)
for the coordinates in X and write x = (x1, 22) resp. y = (y1,y2). Define a SLy(k)-
action via the usual action (g,z) — g.x and (g,y) — (F(g9)T)~ 1.y where F is the
Frobenius map and F(g) is the matrix obtained by applying F' to each coefficient.
Define the G2, action as (u,v).(x,y) = (ux,vy) for (u,v) € G2, and (z,y) € X.

Then X is G-spherical. Set Y = V(zly; + 25y2), then Y is G-stable and
closed in X but its singular locus contains Z = V (21, x2) which has codimension 1
therefore Y is not normal along Z and is not G-spherical.

4. The cone of an affine G-variety
DEFINITION 3.4.1. The cone of X is defined as Cone(X) = Cone(A(X)™).

EXAMPLE 3.4.2. Let X = G, then A(X) = X(T) and A(X)" = X(T)". The
cone Cone(X) of X is the cone of dominant characters. The rank rk(X) is the rank
of G as a reductive group.
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For a spherical variety, the cone of The cone of X contains many informa-
tion since A(X)" = Cone(X) N A(X). Furthermore, the multiplicity free property
implies that as G-modules, we have an isomorphism

Kx]= @ vn.

AEA(X)+

However, the algebra structure on k[ X] is not determined by A(X)™ as the following
examples shows.

EXAMPLE 3.4.3. Let G = SLy(k) and consider the irreducible representation
V2 = k[z, y]2 of homogeneous polynomials of degree 2. The orbits of non-degenerate
forms are closed and isomorphic to X = SLa(k)/ SOz (k). The variety of degenerate
forms is Xo = G.2%2 U {0} (that is the affine cone over P! in its second Veronese
embedding). Both X and X, are spherical with A(X) = A(Xy) = 2Z C Z and
Cone(X) = Cone(Xy) = Q>¢. However X and X are not G-isomorphic since X is
smooth while X is singular.

However, for smooth varieties, we have the following result, see [16].

THEOREM 3.4.4. Any two smooth affine spherical G-varieties having the same
weight monoid are G-isomorphic.

PROPOSITION 3.4.5. Assume char(k) = 0. Let X be a irreducible affine G-
variety and let x € X. Then Cone(G.z) C Cone(X) with equality for x in a
non-empty open subset of X.

Proof. Let x € X, we have a surjective map k[X] — k[G.z]. By Theorem 2.2.6
any eigenvector of B in k[G.z] extends to k[X], proving the inclusion Cone(G.z) C
Cone(X).

Since A(X)* is finitely generated, so is Cone(X). Let (X;);c[1,n] be generators
of A(X)™ and for each i € [1,n], let f; € k[X] be a B-eigenfunction of weight \;.
Since X is irreducible, there exists € X with f;(z) # 0 for all ¢ € [1,n]. Then
fi is a non trivial function on G.z thus \; € Cone(G.z). Since (\;);e[1,n] generate
Cone(X) we get the equality Cone(G.z) = Cone(X). O

PROPOSITION 3.4.6. Let X be an affine G-variety and Y C X be a closed
G-stable subvariety, then Cone(Y) C Cone(X).

Proof. We have a surjective map k[X] — k[Y]. By Theorem 2.2.6 any eigenvector
of B in k[Y] extends to k[X], proving the inclusion Cone(Y) C Cone(X). O

DEFINITION 3.4.7. Denote by Lin(Cone(X)) the linear part of Cone(X) i.e.
the maximal vector subspace contained in Cone(X).

DEFINITION 3.4.8. For H a closed subgroup of G, denote by X(G)# the kernel
of the restriction map X(G) — X(H) and set X(G)§ = X(G)" ©z Q.

PROPOSITION 3.4.9. Let x € X such that G.x is closed and let G, be the
stabiliser of x. Then we have the inclusion %(G)gr C Lin(Cone(X)) with equality
for some x € X.

Proof. Since G.z is closed, we have Cone(G.z) C Cone(X). Let A € X(G)%, then
A induces a regular function A : G — G, constant on G,. Since G.x = G/G,, this
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function descents to a function A : G.z — k which is a B-eigenvector of weight —\:
tA(g.x) = Mt L.g.x) = Mt~ \(g.2) for any t € T. Thus X(G)%> C Cone(X) and
since X(G)%= is a subgroup of X(T'), we get X(G)% C Lin(Cone(X)).

For the second assertion, first remark that by Proposition 3.4.5, we may assume
that = has a dense orbit in X: replace X by G.z with z such that Cone(X) =
Cone(G.x). Assume that X has a dense orbit. By Corollary 3.1.6, there is a unique
closed orbit in X. Let x € X such that G.x is the unique closed orbit and let
A € Lin(Cone(X)). There exists an integer n such that +nA are weights of k[X].
Let f and f/ be eigenfunctions associated to these weights. The function ff’ is
again an eigenfunction with weight 0. As the only representation with highest
weight 0 is the trivial representation the product ff” is an invariant function for G.
It is therefore constant on the dense subset of X and thus on the all of X. Thus
f (and f’) are non vanishing functions on G.z = G/G,. They come from a non
vanishing function f on G constant on G. Such a non vanishing function on G is
a character (modulo a constant scalar: use Lemma B.1.5). The result follows. O

DEFINITION 3.4.10. The group (G, G) is the closed subgroup of G generated
by the commutators (g, h) = ghg=th~! for all g,h € G.

COROLLARY 3.4.11. Let X be an affine irreducible G-variety.

(1) Cone(X) contains no non trivial linear subspace if and only if we have the
equality G = (G, G)Gy, for all x € X such that G.x is closed.

(2) Cone(X) is a vector space if and only if (G, G) acts trivially and for x in
a non empty open subset of X, the orbit G.x is closed.

Proof. (1) The space Lin(Cone(X)) is trivial if and only if for any € X such
that G.z is closed the character group X(G)%= is trivial. Recall that any character
is trivial on (G, G) therefore X(G) = X(G/(G,G)). The previous condition thus
reads Ker(X(G/(G,G)) = X(G./((G,G) N G,))) = 0. Since G/(G,G) is a torus,
this condition is equivalent to G./((G,G) N G,) = G/(G,G) i.e. G = (G,G)G,.

(2) If (G, G) acts non trivially on X it also acts non trivially on k[X]] ahs thus
k[X] has a B-eigenvector of non trivial weight A. The weight X is therefore in the
dominant cone of (G, G) which forms a stricly convex cone, contradicting the fact
that Cone(X) is a vector space. Therefore (G, G) has to act trivially on X. As
G/(G,G) is a torus, we may assume that G is a torus. Choose z be in the open
subset such that Cone(G.z) = Cone(X). For A a weight in this cone, then —\ is in
the cone therefore there exists an integer n such that £n\ are weights of functions
on X. Let f and f’ in k[X] be functions of weights nA and —nA\ respectively.
Then ff’ is weight 0 thus invariant for G and therefore constant on G.x. This in
particular implies that the ideal of G.x \ G.z is trivial: any B-eigenfunction f in
this ideal is constant on G.x and therefore vanishes. By Lie-Kolchin this implies
that the ideal is trivial. The orbit G.x is therefore closed.

Conversely, there exists z € X with G.x closed and Cone(G.z) = Cone(X). We
have k[G.z] = k[G/G,] and (G, G) C G, thus G/G; is a torus quotient of G/(G, G)
and the weights of k|G.z] form a group, proving the result.

EXERCISE 3.4.12. Let X = G = SLjy. Prove that the quotient X/U is isomor-
phic to A%\ {0} while XU is isomorphic to AZ.
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EXERCISE 3.4.13. Let T' C GL, (k) be the maximal torus of diagonal matrices
and let 7" act on X = A" =k". Set Y = {(%i)icj1,n) € X | w; # 0 for all i € [1,n]}.
Compute the monoids AT (X) and AT (Y) and the lattices A(X) and A(Y).

EXERCISE 3.4.14. Check the assertions in Example 3.4.3 and Example 3.3.11.



CHAPTER 4

Characterisations of spherical varieties

In this chapter, we prove several new characterisations of spherical varieties.

DEFINITION 4.0.1. Two G-varieties are called G-birational if there exists dense
G-stable open subsets which are G-isomorphic.

DEFINITION 4.0.2. Let X be a G-variety. A G-embedding of X is a G-morphism
X — X’ inducing an isomorphism of X onto a dense open subset of X’.

THEOREM 4.0.3. Let X be a normal quasi-projective G-variety. The following
conditions are equivalent.
(1) The variety X is spherical.
(2) Any G-variety G-birational to X has finitely many G-orbits.
(3) For any G-linearised line bundle L on X, the G-module H°(X, L) is mul-
tiplicity free.

Proof. (1) = (2). A spherical variety has B-complexity 0. As complexity is a
birational invariant, the same is true for any G-birational variety. Furthermore,
varieties with B-complexity 0 have finitely many B-orbits. In particular finitely

many G-orbits.

(2) = (3). Let G/H be an open dense orbit of X. The G-module H°(X, L) is a
submodule of H°(G/H, L), we may thus assume that X = G/H. Then L is of the
form G x! k,, for some character y of H. The group H°(G/H, L) is the group of
sections of the map p : G x k, — G/H induced by the first projection on G x k.
In particular H°(G/H, L) = k[G] (_IQ Let G be the set of irreducible representations
of G. We have a decomposition k[G] = @, _aV(N)" @ V() (see Corollary C.1.4)

implies that the multiplicity of V/(\)Y in H°(G/H, L) is dim V()\)(_PQ.
Assume that dim V()\)gi) > 2 and let v,w € V()\)(ji) be two linearly indepen-
dent vectors. Let y = [v @ w] € P(V(A) @ V()\)) and Y = G.y C P(V(A\) @ V(N)).

LEMMA 4.0.4. The variety Y has infinitely many closed G-orbits.

Proof. Let B be a Borel subgroup and n be a (unique up to scalar) B-eigenvector in
V(A)V. This defines an hyperplane H, = Kern in V(). Since V(\)V is simple, the
G-orbit of ) spans V(\)Y thus, there exists g € G such that (g.7)(v) = 1. Replacing
B by a conjugate we may assume that n(v) = 1.

Define a rational function f on P(V(\) @ V(X)) by

n(v2)
n(vy)”

This function is defined on y and B-invariant. We claim that f is not constant on
Y. Otherwise we would have z € k with n(g.w) = 2n(g.v) for all g € G. This in

fv1 @ o) =

33
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turn implies (¢71.n)(w — zv) = 0 for all g € G but since the orbit of n spans V/(A\)V
we get v(w — zv) =0 for all v € V(\)Y i.e. w = zv a contradiction.

The image of f is locally closed in k thefore for any z € k except finitely many
values, there exists g, € G with n(g,w) = 2n(g.v). Excluding finitely many more
values of z we may even assume that n(g,v) # 0.

Let T be a maximal torus in B and B~ the opposite Borel subgroup i.e. the
Borel subgroup of G such that BN B~ = T'. There is a unique B~ -highest weight
vector ty such that n(ty) = 1: pick a basis (t,) of T-eigenvectors in V() and
the dual basis () in V(A)Y, then n = t{. Because 7 is the dual basis element
corresponding to ¢y, we may then write

g2V = Ctx + va,
o
with v, eigenvectors of eigenvalue i and such that A — p is a non negative linear
combination of simple roots. Furthermore we have ¢, # 0 for z avoiding our finite
set of values. We may also write

g w = d.ty + Zwu
“w
with w,, eigenvectors of eigenvalue p and such that A — u is a non negative linear
combination of simple roots. We have d, = zc,.
Let 0 be a cocharacter of T such that (6, «) > 0 for any simple root «. Then

0(s)-y = |:Czs<9’>\> (tr @ 2t2) + 32, 501 (v, @ wu)}

= [cz(t,\ Szty) + 2, s{Or=2 (y, @ w,t).}
In particular we get the limit lim 6(s) -y = [t) D 2ty].
§—00
The variety Y therefore contains the G-orbit of [ty @ zt,] for all z € k except
maybe for a finite number of values of z. Because [t\@®zt,] is a highest weight vector
for B, the stabiliser of this point contains B and the orbit is therefore projective

thus compact and in particular closed. For each z in k except maybe for a finite
number of values, we get a closed G-orbit in Y, proving the claim. O

We use Y to construct an embedding of G/H with infinitely many G-orbits.
Since H acts on v @ w via a character, it acts trivially on y therefore H C G,.

Let X’ be a compact embedding of X = G/H. Denote by 2z’ the element of
G/H = X C X'’ corresponding to the identity element e € G. Consider X" the
nomalisation of the closure of G.(z',y) in X’ xY. The G-orbit G.(2', y) is isomorphic
to G/H (since H C Gy) thus X" is an embedding of X and the projection X" — Y
is proper since X’ is compact. Therefore X" maps surjectively on Y and contains
infinitely many G-orbits.

(3) = (1). In view of Theorem 2.3.9, we only have to check that any B-invariant
rational function on X is constant. Let L be a very ample line bundle. Up to taking
a high power of L, we may assume that L is G-linearised. Let f € k(X)Z. Then
there exists an integer n > 0 and elements u,v € H°(X,L®") with f = u/v.
Looking at the B-module {v € H°(X,L®") | fv € HY(X,L®")} we get by Lie-
Kolchin’s Theorem the existence of v which is a B-eigenvector and in this case u is
also a B-eigenvector for the same weight. By the multiplicity free condition, u and
v have to be colinear proving the result. O



CHAPTER 5

Weight lattice, colors and examples

We define some the main combinatorial objects for classifying spherical vari-
eties: the colors and a map from the set of colors to the dual of the weight lattice.
We then give some examples of these invariants.

1. Colors

Let X be a spherical G-variety and recall the definition of the weight lattice
A(X). For f € k(X)B), we denote its weight by A; € A(X). Note that for
A € A(X), there is, up to scalar, a unique rational function f € k(X)(B) with
Ar = A. Indeed, if f and f’ have the same weight, then f/f € k(X)? = k is

constant. In particular we have an exact sequence
1=k = k(X)B) 5 A(X) = 0.

DEFINITION 5.1.1. Let Y C X be a G-orbit in a spherical G-variety X.
(1) Set D(X) = {B-stable prime divisors}.
(2) Set Dy (X)={DeD(X)|Y c D}.
(3) A color is a D € D(X) such that D is not G-stable.
(4) The set of colors is A(X) = {D € D(X) | D is not G-stable}.
(5) Set Ay (X) = A(X)NDy(X).

DEFINITION 5.1.2. Define Q(X) = Homgz(A(X),Q) = A(X)g-

For D € A(X) and A € A(X), choose f € k(X)) with A\; = \. Since f is
unique up to scalar, the vanishing multiplicity vp(f) of f at D does not depend on
the choice of f.

DEFINITION 5.1.3. Define the map px : A(X) — Q(X), D — px(D) by the
formula (px (D), \) = vp(f), where f € k(X)B) with \; = \.

2. Examples
Most of these examples are taken from Gandini [6].

EXAMPLE 5.2.1 (Projective rational homogeneous spaces). Let X = G/P be a
projective rational homogeneous space. Let B C P be a Borel subgroup and U C B
a maximal unipotent subgroup. Recall the Bruhat decomposition

G = H UwB.
weW
In particular we have G = U,ewUwP and X is the union of finitely many U-orbits
and thus of finitely many B-orbits. This in particular implies that X is spherical.
We have cp(X) = 0 = ¢y(X). This imples that rk(X) = c¢p(X) — cy(X) = 0 (see
Proposition 2.3.5) thus A(X) = 0. The B-stable divisors are the Schubert divisors

35
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and are indexed by simple roots a which are not in the root system of P. So if A
is the set of simple root of G and Ap the subset of simple roots of P we have

A(X) = A\ Ap = D(X).

There is a unique G-orbit Y = X and we have Ay (X) = A(X) = D(X) = Dy (X).
Note that since rk(X) = 0, the map px is the zero map. In particular, we see that
px may be non-injective.

EXAMPLE 5.2.2 (Grassmannian). Grassmannian varieties are special cases of
projective rational homogeneous space. Let £ = k™ and let X = Gr(p, E) = {V C
k™ | V is a vector subspace of E with dim(V) = p}. Let G = GLy(k), we have
that G acts transitively on X so there is a unique G-orbit. Let B C G be the Borel
subgroup of upper triangular matrices. If (e;);c[1,n) is the canonical bases in E,
then B is the stabiliser of the flag (E;);cp1,n) where E; = (e; | j € [1,1]). The group
U is the subgroup of B of matrices having all diagonal coefficients equal to 1. The
group U has a dense orbit in X given by U.EP where E? = (¢; | j € [n+1—p,n]).
Indeed, it is an easy exercise to check that

UEP ={V € X | dim(V N E;) = max(0,p+1i—n) for all i € [1,n]}.
Since dim(V N E;) > p+ i —n for all ¢ € [1,n], the above set is open proving that
cy(X) = cp(X) = 0. We thus have A(X) = 0. Define D C X as follows
D={VeX|VNE,,+#0}

It is an easy exercise to check that D C X is a prime B-stable divisor. There is a
unique G-orbit Y = X with Ay (X) = A(X) = D(X) = Dy (X) = {D}. Again px
is the zero map.

EXAMPLE 5.2.3 (Toric varieties). A toric variety is a T-spherical variety for T
a torus. In particular X contains a dense T-orbit and cg(X) = ¢r(X) = 0. Since
U is trivial in this case, we have ¢y (X) = dim X and rk(X) = dim X and

A(X) =25,

Since G = B = T in this case, we have A(X) = (. There are not colors: every

B-stable divisor is G-stable.

EXAMPLE 5.2.4. Let G = SLa(k), let T be the subgroup of diagonal matrices
and let B be the subgroup of upper triangular matrices. Denote by « the posi-
tive root, by w, the fundamental weight and by s the simple reflection. An easy
computation gives the following decomposition of SLy(k)/T in B-orbits:

SLy(k)/T = B/T U B3/T U BuT/T, with u = ( (1) —11 ) i ( (1) _01 )

In particular X = SLo(k)/T is a spherical 2-dimensional SLy(k)-variety. There are
two B-stable divisors: D¥ = B/T and D~ = Bs/T and
A(X)={D",D"} = D(X).

To compute A(X), assume for simplicity that char(k) = 0. The decomposition of
the algebra k[SLa (k)] = ®nenV (nwa) @ V(nw,)Y induces a decomposition

k(X" = @ V(nwa) ® (V(nwa)")T.
neN
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Since V(nw,)Y has a (unique) trivial weight only for n = 2k even, we get

KX]" = PV (2kwa) = PV (ka).

keN keN

The set AT (X) of weights of k| X] is therefore Nov. Since T is reductive, Proposition
1.3.7.(6), implies that X = SLy(k)/T is affine and by Corollary 3.2.9, we get

A(X) = Za

We now compute the map px : Ax — Q(X). For 4,5 € {1,2}, let a;; €
k[SL2(k)] be the corresponding matrix coefficient. Then the inverse image of B/T
in SLa (k) is the vanishing locus ag ; while the inverse image of Bs/T is the vanishing
locus of ag . Furthermore agjazs € k[SLa(k)]T = k[X] and is a B-semiinvariant
i.e. f € Kk[X]®) of weight a. Since vp+(f) =1 = vp-(f) we get (px(DT),a) =
1= {(px(D7),a). In particular:

px(D*) = La¥ = px(D").

EXAMPLE 5.2.5 (Determinantal varieties). Let M, ,, be the space of matrices
of size M x n and let My, . C My, , be the closed subset of matrices of rank at
most 7. Let G = GL,, (k) x GL,, (k) act on M,, ,, via (g,h).x = grh™'. Define

(I, 0
=10 o)

where /. is the identity matrix of size r. Then G .z, is dense in My, .. The stabiliser
of x, in G is given by pairs of matrices of the form

((AT',T Br,m—r > ( Ar,r 0 ))
0 Cm—r,m—r ’ Dn—r,r En—r,n—r ’

where the indices indicate the size of the matrices. In particular this stabiliser
has dimension 72 + r(m —r) +r(n —r) 4+ (m —r)* + (n — r)? thus dim M}, , =
r?’r(m —r)+r(n—7r) =r(m+n—r). Let B, C GLy,(k) be the Borel subgroup
of lower triangular matrices and B,, C GL,(k) be the Borel subgroup of upper
triangular matrices. Then B = B, x B, is a Borel subgroup of G' and the stabiliser
of , in B has dimension r + (m —r)(m —r +1)/2+ (n — r)(n — r + 1)/2. This
proves that B.z, is dense in My, ,, thus cp (M, ,,) = 0.

The G-orbits in M}, ,, are indexed by the rank, there are therefore 741 G-orbits.
We compute the weight lattice and weight monoid of My, ,,. Let U, C B, and
U, C B, be the unipotent radicals such that U = U,,, x U,, is a maximal connected
unipotent subgroup in G. We compute k[M:nyn]U. Let dj be the k*® principal minor
that is the determinant of the upper left k x k block of a matrix in M, ,,. It is easy
to check that dj, € k[Mpm »]” and that di € k[M], ,]¥ does not vanish for all k €
[1,7]. Let €1,--- , € be the characters on B, defined by eg(diag(ty, - ,tm)) =tk
and 71, --- ,n, be the characters on B,, defined by ny(diag(t1,--- ,tn)) = tg. Set
@y =€+ -+ e and wy, = Ny + - - + . The weights (@p)reqi,m) and (We)ref1,n)
are the dominant weights of GL,, (k) and GL,, (k). Note that dj € k[Mfmn](B) isa
B-eigenfunction with weight wy, — wg.
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We prove that k[M}, 1V =k[di, - ,d,]. Let f € k[M}, ,]®) be of weight

> o Niei >
i=1 =1

Since (diag(ty, - ,tr tryr, - - tm), diag(ts, -+ ., 1,4, ,1,)) acts trivially on
x,, we must have A\; + p; =0 for ¢ € [1,7] and \; = p; = 0 for ¢ > r and j > r.
In particular the weight of f is a Z-linear combination of ¢, — n; for i € [1,r].
Since the weight of f has to be dominant, we have the inclusion A(M}, )T C

N(w; —w1) + -+ + N(w, — w,.). Since dj, has weight wy — wy, we get the equality
A(Myrn,n)Jr =N(w; —w1) + -+ N(w, —wy).
This implies
A(M;, ) = ZL(wy —wi) + -+ L(wy —wp) = Zler —m) + - + Z(er — nr).

In particular M, , has rank r and since the monoid A(M;, ,)* is saturated, we
get (if char(k) = 0) that M, ,, is an affine spherical G-variety. The fact that M, ,
is normal actually holds true in any characteristic (see [5]).

We now focus on colors. First notice that G-orbits are given by the rank so that
My, ,, contains a G-stable divisor if and only if m = n. In that case the unique G-
stable divisor is M;,\. For k € [1,7], set Dy, = {x € M}, , | di(z) = 0}. Then Dy
is a prime B-stable divisor (Dj, is irreducible since dj, is an irreducible polynomial).
Note that for m = n, we have D, = M;,!. Conversely, let D be a B-stable prime
divisor. Let Ip C k[M], ,] be its ideal. Then Ip is a B-module thus there exists

fel?) ckmy, V. We thus have f = Ad{'---d% with A € k* and a; € N. In
particular D is contained in Dy U---U D, and since it is prime D = Dj, for some k.
Note that M, , has a unique closed G-orbit: Y = M) = {0}. Thus for m # n,
we have Dy (My, ) = D(M,, ,,) = {D1,---,Dr} = A(M], ,,) = Ay (M,,,,) and
for m = n, we have Dy (M, ,,) = D(M}, ,,) = {D1, -+, Dy} D {D1, -+, D1} =
AOE ) = Ay (M, ).

Finally, we compute the map px. We have vp, (d;) = d; . Identifying A(M], )
with the character group of G, C GL,(k) via

diag(tla"' 7t7‘) — (dlag(tla 7t7’717"' ’1)7ITL);

the weight of dj, identifies with the fundamental weight wy, of GL, (k) and px (D)
identifies with a)/ the corresponding coroot.

REMARK 5.2.6. For m = n = r the previous example is a partial compacti-
fication of GL, (k) as GL, (k) X GL,(k)-variety. This example generalises to any
reductive group G.

ExXAMPLE 5.2.7 (Reductive groups). Any reductive group G is spherical with
respect to the action of G x G. Indeed, the Bruhat decomposition implies that
B~ x B has a dense orbit.

Let f € k|G]®"*B) and write Ay = (A1, A2) with A1, A2 € X(T'). Since diag(G)
fixes the identity of G and since B~ B is open in GG, we have A\; +X2 = 0. Conversely,
recall that the multiplication induces an isomorphism B~ B ~ U~ x T x U (see [25,
Theorem 6.3.5 and Lemma 8.3.6]). Therefore, for all A € X(T), we get fn €
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k[B~B](B"*B) c k(G)B"*B) of weight (A, —\) by setting fy(utu’) = A(t). We
therefore have

AG) ={(N\, =) | A e A(T)}.

We now describe the set of colors A(G). By the Bruhat decomposition, the colors
coincide with the Schubert divisors D, = B~ s,B, where a € A is a simple root
and s, is the corresponding simple reflection. In particular

A(G) = A.

Identifying A(G) with A(T) via A(T) — A(G), A — (A, —A), similar arguments to
those given in the previous example for GL, (k) imply that the map p¢ is given as
follows (see [6, Example 3.7] for a proof):

PG (Da) = a\/?
where we identify A(G)Y with the coroot lattice A(T)" of G.

EXAMPLE 5.2.8 (Symmetric matrices). Assume char(k) # 2 and let X =
Sym,, (k) be the space of symmetric n X n-matrices. Let G = GL, (k) act by congru-
ence: for g € G and A € X, then g.A = ((¢g7")T Ag~!. Let B C G be the subgroup
of upper triangular matrices, then B.I,, is open in X (here I,, is the identity matrix)
thus X is G-spherical.

The G-orbits are parametrised by the rank. If I} is the diagonal matrix with
k ones and n — k zeros on the diagonal, then the G-orbits are

G.Ip = {A € X | tk(A) = k}.

Set Xi, = G. I, = {A € X | rk(A) < k}, we have the inclusions Xg C --- C X, = X.
For A € X, let di(A) be the k-principal minor of A i.e. the determinant of the
upper left square block of order k. Note that dj, € k[X ](B) and we have

(diag(ty, -+ ,tn).dp)(A) = dy(diag(ty,--- ,t,) 1 A) = 13- - t2dy(A).

In particular Ay, = 2wj, with wy, the k-th fundamental weight so 2A(T") C A(X)
where T' is the maximal torus of diagonal matrices in G. We prove that the inclusion
is an equality. Indeed, let f € k(X)) and t = diag(1,---,1,—1,1---,1) the
matrix with a unique —1 at the k-th position. Since B.I,, is dense, we may assume
that f is defined at I, and that f(I,) # 0. we have ¢, = I, and A;(¢)f(I,,) =
(t.f)(I,) = f(t'.1,) = f(I,). In particular Af(¢) =1 so writing A\f = Y, a;0; we
have ay € 2Z. Since this is true for all k, we get

A(X) = 2A(T).

Let D, = {A € X | di(A) = 0}. Since dy € k[X]®), we have D, € D(X).
Furthermore, one can check that X \ B.I,, = D; U---U D,,. Furthermore, the only
G-stable divisor is D,, = X,,_1, therefore

A(X) = {Dlv' e 7Dn—1} C @(X) = {Dla T 7Dn}
The above description shows that vp, (d;) = dx,; therefore
1
PX (Dk) = 50‘2}/7

where (@ )ic[1,n) is the dual basis of (wy)xe[1,n). Note that o] is not a coroot since
there is no root v, in GLy, (k). If (€;)ic[1,n) is the usual orthonormal basis of A(T)
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and setting €,+1 = 0, we have
k
wE = Zq, Oé\k/ = €k — €k+1, for all k£ € [171’4
i=1



CHAPTER 6

Local structure theorems

In this chapter, we assume char(k) = 0. We start with a structure theorem for
G-modules and deduce a structure theorem for G-spherical varieties.

1. Local structure for G-varieties

Let V be a G-module and let Y be a closed orbit of P(V). The stabiliser of
any point in Y is a parabolic subgroup of G because Y is projective. Furthermore,
there exists an element y € Y such that B.y is open and dense in Y.

LEMMA 6.1.1. Let v € V such that [v] = y.

(1) There exists a B-eigenvector n € (VY)B) such that (n,v) = 1.
(2) Gy and G, are opposite parabolic subgroups and we have B.y = G,.y.

Proof. (1) If for any 1 € (V) we have (n,v) = 0, then (n,b.v) =0 for all b€ B
thus (n,w) = 0 for all w € Y and because Y is a G-orbit we get (g.n,w) = 0 for
all g € G and w € Y therefore Y is anihilated by VV (since V'V is spanned by its
highest weight vectors (VV)(5)). This implies Y = (J, a contradiction.

(2) Let n as in (1) and let P = G,, be its stabiliser. The orbit Y is the quotient
G/G, and is projective. The subgroup G, is therefore a parabolic subgroup and
thus contains a Borel subgroup B’ of G. Since any two Borel subgroups contain
a maximal torus in their intersection, there exists 7" a maximal torus in B N B’.
But B.y is open and dense in Y = G/G,, thus BG,, is open and dense in G. This
implies the decomposition g = b + g, on the level of Lie algebras and therefore g,
contains b~ the opposite Borel Lie algebra with respect to the torus 7. Thus G,
contains B~ the Borel opposite to B and the vector v with [v] = y is a T-fixed
point (since T C B’ C G,). It is therefore a highest weight vector for B~. Let A,
be the T-weight of v and consider the decompositions

V=" and vV = PVY)™,

\e& Ae@

where the weights A € G are considered as dominant weight for the Borel B (thus
—A, is dominant). The element 7 must lie in (VY )™-*». The stabilisers of y and
[7] € P(VV) are therefore respectively spanned by T' and the unipotent subgroups
U, associated to the roots « such that (a¥,\,) > 0, respectively (aV,—X,) > 0
and are therefore opposite parabolic subgroups.

For the second statement, let us remark that P is spanned by B and the
unipotent subgroups U, with {(aV,—\,) = 0. But these subgroups U, are also in
G proving the result. O

Set P = G, and L = PN G,. The group L is reductive and is a maximal
reductive subgroup of both P and G,. Denote by R, (P) the unipotent radical

41
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of P, we have P = LR, (P). The subset P(V), where n does not vanish is open,
P-stable and contains P.y.

PROPOSITION 6.1.2. There exists a closed L-subvariety S of P(V'),, containing
y such that the morphism

Ru(P) x S = P(V),

defined by (p,x) — px is a P-equivariant isomorphism.

Proof. We first reduce to the case of simple modules. Denote by (G.v) and (G.n)
the G-submodules of V and V' spanned by v and 7. Note that (G.v) is simple while
(G.n) is isomorphic to its dual. The orthogonal (G.n)* is therefore of codimension
dim(G.v) in V and in direct sum with (G.v). We thus get a decomposition V =
(G.v) @ (G.n)*. The projection p from (G.n)* onto P(G.v) defines a rational G-
equivariant morphism p : P(V'),, — P(G.v). This morphism restricts to the identity
on Y since Y C P(G.v). If the statement is true for (G.v), then there exists S as
above and we get the Cartesian diagram

Ry (P) x p~H(8) ——=P(V),

| |

R,(P)x 8 P(G.v).

Since the bottom horizontal arrow is an isomorphism, the same is true for the top
horizontal arrow and the result follows.

We are left to prove the result for V' simple. Let T, = T,,(G.v) be the tangent
space of G.v at v. We consider T, as a vector subspace of V. Since v is a G-
eigenvector, the group G, acts on T,. Since the weight of v as an eigenvector is
non trivial (otherwise V' would be trivial), the space T, contains the line kv.

The space T, is thus a sub-L-representation of V' and since L is reductive there
is a decomposition

V=T,&F

with E a representation of L. Define S = P(kv & E),. This is a closed subvariety
of P(V'),, which is stable under L and contains y. Note that S is isomorphic to
the affine space y + F and that S meets Y tranversaly in y: indeed, the tangent
spaces of Y and S at y are T, /kv and E which are supplementary in V/kv. Also
note that the variety P(V'),, has a unique closed T-orbit: the fixed point y. Indeed,
since V' is simple, the weight A, is the smallest weight (for B) of V. Any weight
of V is therefore of the form A\, + p with g a non-negative linear combination of
simple roots of B. Any element z = [w] € P(V), can be written w = > wx, 1+,
with w1, of weight A, 4+ pand t € T acts via t.w =3 (A + p)(t)wx, - Let 0
be a dominant cocharacter, then

H(S)w = Z s<95)‘v+/1'>wAﬂ+# — 8(97>‘v> U)A,, + Z S<9’H>U})\v+#
H u#0

and when s goes to 0 we get [0(s).w] = [wy,] = y.

Consider R, (P) x S as a T-variety via the action t.(p,z) = (tpt—1,t.z). By
the same argument as before and since (e, y) has lowest weight for the T-action, we
also have that R,(P) x S has a unique closed T-orbit: the fixed point (e, y).
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Consider the multiplication morphism m : R, (P) x S — P(V),. We want to
prove that this morphism is an isomorphism. We first claim, that the differential
d(e,y)m is injective.

Let t,(P) be the Lie algebra of R, (P). We know that Py = R,(P)L.y =
R, (P).y is open in Y = G.y therefore the morphism R, (P) x kv — Y is dominant
and its tangent map v,(P) x kv — T,Y is surjective. We get the equality T,Y =
ty(P)v/kv. The same argument gives T, (G.v) = t,(P)v + kv.

Furthermore, since 7 is fixed by R,,(P), we have (n, pv) = (p~1n,v) = (n,v) =1
for all p € R, (P) and therefore 7 is constant on R, (P).y. This implies by derivation
that 7 vanishes on t,(P).v. In particular v,(P).v and kv are complement and
T, (G.v) = v, (P).v @ kv. This also implies the equality T,V = kv @ v, (P).v @ E.

These equalities lead to the identifications of S and P(V'),, with the affine spaces
v+ E and v+ (v, (P).v® E). The morphism m is given by m((p, (v+2z)) = p.(v+x).
We may now compute the differential: d.,ym(§,2) = v + v +x for £ € v, (P)
and z € F. Indeed, the first two terms come from the differentiation of the action
of R,(P) on v while the second term comes from the differential of the action on
FE which is linear.

We are left to prove that the map v, (P) — v, (P).v given by the action on v is
injective. This is true since the intersection of R, (P) with the stabiliser G, of y is
trivial thus R, (P) acts freely on y and v thus by differentiation the same is true at
the Lie algebra level.

Let Z be the locus in R, (P) x S where the differential of m is not surjective.
This is a closed subset of R, (P) x S. If Z is non empty, then it contains a closed T-
orbit which has to be (e, y), a contradiction. The morphism m : R,,(P)xS — P(V),,
is therefore open.

Let Z be the complement of the image, then Z is closed and T-stable. If it is
non empty, then it contains a closed T-orbit which has to be y, a contradiction.
Thus m is surjective.

Thus m is a covering but since both varieties are affine spaces which are simply
connected, the map m is an isomorphism. O

EXAMPLE 6.1.3. Consider V' = M, (k) and G = GL, (k) x GL, (k) acting via
(P,Q).M = PMQ~'. Consider Y the set of rank 1 matrices. It is the only closed
subvariety stable by G and let y = [M] € Y with

1 0 --- 0
M= 0 0

0

0 0 0

and 7 the linear form defined by 7(a; ;) = a1,1. If P is the stabiliser of 7, we have

/ /
(6 26 B eeen o e )

!
Gy = {((é g) bl <é/ B/)) | a7a’/ € G’rrlaDaD/ S GLn—l(k)7C/7BT € MTL—l,l(k)} °

Setting

S — {( Vo ) | MeMn_l(k)} ~ M, 1 (K),
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we have the isomorphism R, (P) x S — P(V),, given by the action

(Ce )00 5 ) (o ))m (e wzew)

Note that the action of L = PN Gy on S is given as follows
a 0 a 0 1 0\ [ a/d 0
0 D)'’\0 D ‘N0 M ) 0 DM(D)™!

(1 0
“\o oM@t )
To compute the invariants we may therefore use Example 5.2.5.

REMARK 6.1.4. The above result enables to replace locally the study of quasi-
projective G-varieties to quasi-affine G-varieties and of projective G-varieties to
affine G-varieties.

ExAMPLE 6.1.5. Let us consider V' to be the vector space of quadratic forms
on k™ j.e. V = (S%k™)V. There is a unique closed orbit of G = GL, (k) in P(V)
given by the quadratic forms of rank one. Pick y = x?. Then the stabiliser of y
is the stabiliser of the hyperplane given by the last n — 1 coordinate vectors. The
linear form n € VV can be chosen to be n(q) = ¢(1,0,---,0). If B is the Borel
subgroup of lower triangular matrices in G, we have n € (VV)B),

A quadratic form ¢ satisfies n(q) # 0 if and only if it can be writen in the form

Q(xlv T 7xn) = /\(xl + agxo + - - +anmn)2 +q/($27' e ;In)

where A # 0 and ¢’ is a quadratic form on the last n — 1 variables.

Now R, (P) maps e; to e + ases + - - - + ane, and is the identity on the other
vectors, therefore the above Theorem boils down to the fact that there exists a
unique u € Ry, (P) such that

q=u(y+q")

with ¢ = u~'¢ is a quadratic form in the last n — 1 variables thus here S is the
set of quadratic forms in these last n — 1 variables.

COROLLARY 6.1.6. For a G-variety X, the following are equivalent.

(1) We have the vanishing rk(X) = 0.
(2) Any G-orbit in X is compact.

Proof. Assume that any G-orbit is compact and let f € k(X)®). Let Y be a
G-orbit meeting the locus where f is defined. This orbit is compact it is of the
form G/P for some parabolic subgroup P. Thus there is a dense U-orbit in Y. In
particular we have f|y € k(G/P)B) = k(G/P)®? thus the weight of f is trivial.
Conversely, assume that rk(X) = 0. Let Y be a G-orbit and let Y be its closure
in X. Then we know that rk(Y") < rk(X) and since the rank is a birational invariant
we get rk(Y) = 0. We may therefore assume that X is homogeneous i.e. X =Y.
If X = G/H, we know that X is quasi-projective and that there exists V a G-
module such that G/ H is a locally closed subset of P(V). let X be the closure of X
in P(V) and let z € X be an element in a closed G-orbit Y. Then we get a parabolic
subgroup P (opposite to Stab(x)) with Levi factor L and a closed subvariety S of
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P(V), stable under L such that R,(P) x S — P(V), is an isomorphism. Let
Z =XnNS. We get an isomorphism R, (P) x Z — Yn thus an open immersion

R,(P)x Z = X.
Furthermore Z contains x which is fixed by L.

LEMMA 6.1.7. We have k(X)B) = k(Z)(LNB),

Proof. If f € k(Z)(F1B) is of weight A, then the composition R,(P) x Z ENYN
is a rational function f on X. Furthermore, for b € B we may write b = uc with
u € R,(P) and ¢ € L N B thus we get (b.f)(u/,2) = f(c ' cu™ c2) = f(c12) =
M) f(z) = M(b) f(«/, 2) proving that f is indeed in k(X)(5B),

Conversely for f € k(X)) then f defines a rational function on R, (P) x Z
such that if b = uc is a decomposition with v € R, (P) and ¢ € BN L we have
b.f(u',2) = flc'cu=t, e712) = A(b) f(/, 2). In particular for c = 1 and u = v’ we
have f(u',z) = f(e,z). We may define f(z) = f(e,z) = f(u/,z) for all u/ € R,(P)
which will therefore be a rational function on Z. We obviously have f € k(Z)(ENB),

Furthermore one checks that f = f and ]?: f proving the result. O

As a consequence we get that rk(Z) = 0 as a L-variety. We get that in k[Z],
any B N L-eigenfunction has a trivial weight. This implies that k[Z] is a trivial
L-module. But notice that Z is affine thus L acts trivally on Z. Therefore the
maximal torus T of G, which is contained in L acts trivally on Z. But Y was closed
thus compact and of the form G/P with P parabolic. Thus T only has finitely
many fixed points in Y. Therefore Z must be finite and since R, (P) X Z is open
in X is it irreducible thus Z is one point. Then Y is the G-orbit of Z and has to
be dense in X thus Y = X which is compact. O

2. Local structure for spherical varieties

For a spherical variety X, we describe the local structure not only along pro-
jective orbits but along any G-orbit Y. Recall that the following definitions:

D(X) = {D C X B-stable prime divisor},
A(X)={D € D(X) | D is not G-stable},

Dy (X)={D e D(X)|Y C D} and

Ay(X) ={D € A(X) | Y € D} = A(X) N Dy (X).

Finally denote the set of B-stable prime divisors containing no G-orbit by
AX) = A\ J Ay (X) = DO Dy (X)
Y Y

where Y runs over the set of G-orbits in X.

DEFINITION 6.2.1. A G-variety is called simple if it has a unique closed G-
orbit.

Define the G-chart Xy g ={r € X |Gz DY}

LEMMA 6.2.2. The G-chart Xy g is an open G-stable neighborhood of Y and
is a simple G-variety.



46 6. LOCAL STRUCTURE THEOREMS

Proof. Indeed Xy, is G-stable and Y C Xyg. If 2z € X \ Xy,g, then Gz C
X \ Xy,¢ thus Xy, is open. Finally any closed orbit in Xy ¢ has to contain Y
which is therefore the unique closed orbit. O

COROLLARY 6.2.3. Any spherical variety is covered by finitely many open simple
spherical varieties.

PROPOSITION 6.2.4. Let X be a simple G-spherical variety with closed orbit Y.

(1) Y has a unique dense B-orbit Y3.

(2) X contains a unique minimal B-stable affine open subset Xy g meeting Y
non trivially.

(3) We have Y3 =Y N Xy p.

(4) We have

Xyp=X\ U D
DED(X)\Dy (X)
and any divisor D € D(X) \ Dy (X) is Cartier and globally generated.
(5) We have Xy p={x€ X | BxDY}.

Proof. (1) Since X contains finitely many B-orbits, so does Y and the result follows.

(2) By Proposition 2.2.5, there exists a B-stable affine open subset X meeting
Y. Since X is affine, its complement has codimension 1 and therefore X \ Xj is
the union of prime B-stable divisors not containing Y, in other words a subset of
D(X)\ Dy (X). Since this set is finite, so is the set of all such affine open subsets.
Since a finite intersection of non-empty affine open subsets is still non-empty affine
and open the results follows.

(3) Since the intersection YN Xy, p is non-empty and open, we have the inclusion
Y5 C Y NXyp. Conversely, let X; as in (1), or as in Proposition 2.2.5, and let
f € kK[Y N Xo)™®) such that f vanishes on (Y N Xp) \ Y5. Lift f to f' € k[Xo] P,
then XoN{x € X | f'(x) # 0} is a B-stable affine subset meeting Y non-trivially
along Y3 proving the converse inclusion.

(4) Let D = Upen(x)\ Dy (x)D. By the above, we have X \ D C Xy p.

LEMMA 6.2.5. Then Ox (D) is Cartier and globally generated. The same is
true for any of the sheaves associated to any irreducible component of D

Proof. Modulo replacing G by a finite cover, we may assume that Ox, , (D) is
G-linearised. In particular, the non-Cartier locus and the locus where it is non
globally generated are G-stable. If these loci are non empty, they must contain the
only closed G-orbit: Y. But Ox (D) is locally free and globally generated outside
D and therefore on an open subset of Y proving the assertion. The same argument
works for any irreducible component of D. O

We prove Xy, g = X\ D. For this it is enough to produce a affine B-stable open
subset meeting Y with trivial intersection with D. Let n € H°(X,Ox (D)) be the
canonical section defining D. Set N = (G.n) and M = NV. We have a morphism

v: X > P(M)

define by ¢(z) = [0 € N — o(z)]. This morphism is G-equivariant and is defined
everywhere. Indeed if there exists * € X with o(z) = 0 for all ¢ € N, then
g.n(z) =0forall g € G thus Y C G.x C D, a contradiction. By definition of 7, we
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have X \ D = ¢~ (P(M),). By Theorem 6.1.2, there exists S C X \ D closed and
stable under a Levi subgroup of P = Stab(n) such that the map

Ru(P)xS— X\D

is an isomorphism. Since B = R, (P)(B N L) and B N L is a Borel subgroup of
L, the variety S is L-spherical and meets Y. By Proposition 2.2.5, the variety S
contains an open B N L-stable affine open subset Sy meeting Y. Then R, (P)Sy is
an open affine B-stable open subset of X \ D meeting Y. This proves the equality
Xyp=X\D.

(5) Note that (4) implies that X \ D is affine and thus S is also affine. Fur-
thermore, the restriction of R,(P) x S — X \ D to Y induces an isomorphism
R,(P)x (Y NS)—= (X\D)NY = Xy pNY = Y3 which is a unique orbit thus
Y NS is a unique B N L-orbit.

We prove the equality Xy 5 = {r € X | B.x D Y}. Note that the right hand
side is B-stable, open and contains Y3. Let z € D, then B.x C D A Y thus x is
not in the right hand side. This proves the inclusion {x € X | B.x D Y} C Xy p.
Conversely, let Z be a closed B-orbit in Xy p. Then Z NS is a closed B N L-orbit
in S thus L(Z N S) is a closed L-orbit in S. Since S is affine and L-spherical,
it has a unique closed L-orbit. This Z NS and Y NS are closed L-orbits in .S,
we have ZNS =Y NSand Z C XypNY = Y5 This gives Z = Y3 and
XypC{reX|BxDY} a

COROLLARY 6.2.6. We have Xy, = GXy,p.

Proof. If x € Xy, p, then G.x D Bx DY thus z € Xy,¢ and since the later is
G-stable, we get GXy p C Xy,g. Let z € Xy g, then Y C G.z. Pick ' € G.z such
that B.2/ = G.z, then 2’ € Xy, and the result follows. O

REMARK 6.2.7. In positive characteristic, we will introduce Xy ¢ and Xy p in
a slightly different way. We will set:

Xyp=X\ U D and Xy = GXy p.
DED(XNDy (X)

The equality Xy g = {z € X | Gz D Y} will still hold true but the equality
Xy p={r € X | Bx DY} might fail.

Let P be the stabiliser of Xy g i.e. P={g9 € G| 9. Xy p = Xy,g}. Then P is
a parabolic subgroup containing B.

THEOREM 6.2.8. Let X be G-spherical andY C X be a G-orbit.

(1) There exists L C P a Levi subgroup and S C Xy p closed such that:
(a) The variety S is stable under L.

(b) The map R,(P) x S — Xy,B, (p,z) — p.x is a P-isomorphism.

(2) The variety S is affine L-spherical and SNY is an L-orbit with isotropy
subgroup L,, containing (L, L) the derived subgroup of L for anyy € SNY.
The subgroup L, is independent of y. Denote it by Ly .

(3) There exists a closed Ly -stable subvariety Sy C S containing an Ly -fized
point such that the morphism

L xSy — S 1,y Ly
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is an L-equivariant isomorphism. The variety Sy ts affine Ly -spherical
of rank rk(X) — rk(Y").

Proof. Since Xy,p is contained in Xy ¢ we may assume that X = Xy ¢ is simple.

(1) As in the previous proof, let D = X \ Xy . The divisor D is Cartier and
globally generated. Let n € H°(X,Ox (D) be the canonical section, N = (G.n)
and M = NV. We have a G-equivariant morphism ¢ : X — P(M) defined by
o(x) =[0c € N+ o(z)] and X \ D = ¢~ (P(M),). By Theorem 6.1.2, there exists
S C X \ D closed and stable under a Levi subgroup of P = Stab(n) such that the
map R,(P) xS — X \ D is an isomorphism.

(2) We have finitely many B-orbits in Xy, g since X is spherical thus B also has
finitely many orbits in R, (P)x S. Recall that P = R, (P)L thus B = R, (P)(LNB)
and LN B is a Borel subgroup of L. Recall also that the action of P = R, (P)L on
R, (P) x S is given by ul.(v/,x) = (ulu/l7!,l.2) thus BN L must have finitely many
orbits in S. Since Xy, p is normal as an open subset of X, the variety S is also normal
thus S is L-spherical. It is an affine variety as closed subvariety of the affine variety
Xy, . The isomorphism in (1) induces an isomorphism R, (P)x (SNY) - YNXy 5.
The right hand side is a P-orbit and a B-orbit, thus S NY is an L-orbit and a
(B N L)-orbit as well.

Let ye SNY. We have SNY = L.y = (BNL).ythus (BNL)L, =L.

LEMMA 6.2.9. Let H be a closed subgroup of a connected reductive group G
such that G = HB for B a Borel subgroup of G, then H contains (G,G).

Proof. Since (G, G) is connected, we may assume H to be connected. First assume
G to be semisimple. Since G = HB, we have G/B = H/(BN H). On the one
hand this implies rk(G) = rk(Pic(G/B)) = rk(Pic(H/(H N B))) < rk(H). On the
other hand dimUg = dim G/B = dim H/(H N B) < dim Uy where Ug and Uy are
maximal unipotent subgroups of G and H. We deduce dim H > dim G and H = G.

For a general G, let 7 : G — G’ = G/R(G) be the quotient of G by its radical.
We have G’ = H'B’ with H' = n(H) and B’ = 7(B). Since G’ is semisimple, we
deduce G' = (G',G') C H'. Thus 7|y is surjective and n((H, H)) = (G',G') = G.
Since (H,H) N R(G) C (G,G) N R(G) is finite, we get dim(H,H) = dimG' =
dim(G, G) thus (G,G) = (H,H) C H. O

We deduce that L, contains (L, L). This implies that L, does not depend on
y. Indeed, for | € L, then L;, = IL,~'. For any h € L, we have [hl='h™! €
(L,L) C L, thus (k' € L, and L;, C L, and by symmetry L;, = L,. Denote
by Ly this stabiliser. We have (L, L) C Ly thus L/Ly is a quotient of L/(L, L)
which is a torus.

(3) The orbit SNY = L.y is thus isomorphic to the torus L/Ly. Let (x1,- - , Xn)
a basis of the group of characters of L/Ly . Since SNY is closed in S which is affine,
we can extend these functions to functions (fi,--- , f,) on S. We may furthermore
assume that these functions are (L N B)-eigenfunctions of weights (x1, -, Xn)-
These functions do not vanish on the closed orbit S NY in S thus they do not
vanish at all on S. These functions therefore define an L-equivariant morphism
Y : S = (Gy)" ~ L/Ly. Let Sy be the fiber over the identity element of this
morphism. The natural map defined by the action: L x Sy — S factors through
L xSy — S. This map is bijective. Indeed, if s € S, then there exists [ € L
such that [ = 1(s) and if I’ satisfies the same condition, then I’ = Ih with h € Ly-.
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Define s + [I,[7!s] € L xLv Sy. This is well defined and an inverse map. But
since S is normal, this morphism must be an isomorphism.
Finally rk(X) —1k(Y) = rk(S) —rk(SNY) = rk(S) —dim(L/Ly) = rk(Sy). O

COROLLARY 6.2.10. Let X be a spherical G-variety, then any closed G-stable
subvariety Y is again a spherical G-variety.

Proof. We only have to prove that Y is normal. By the local structure Theorem,
we may assume X affine, the result follows from Corollary 3.3.10. O

REMARK 6.2.11. Recall from Example 3.3.11 that the previous result fails in
positive characteristic. In characteristic 0, spherical varieties enjoy even stronger
properties: any spherical variety is Cohen-Macaulay and has rational singularities
(see [22, Corollary 2.3.4]).

EXAMPLE 6.2.12. Let us consider again the case of quadratic forms: V is the
vector space of quadratic forms on k™ i.e. V = (S2k™)V. We have seen that the
G-orbits for G = GL, (k) in P(V) are given by the rank. Pick y = 23 +--- + 27 and
let Y be its G-orbit. Then Xy p is the set of quadratic forms such that the first i

principal minors are non zero. Let P be the stabiliser of (e1), -, {e1, -, e;), this
is a parabolic subgroup and is the stabiliser of Xy, p.
Let S be the set of quadratic forms of the form ayz2+- - +a;22+q (ziy1, -, Tn)

with ay € G,,,. Then S is stable under L = G!, x GL,,_;(k) which is a Levi subgroup
of P. We see that the natural map

RU(P) xS — XY,B

is an isomorphism.

The intersection SNY is the set of quadratic forms of the form a;z? +- - - +a;2?
with ay € G,,,. This is an L-orbit and the stabiliser of y is Ly = {1} x GL,,_;(k)
which contains (L, L) = SL,,_;(k).

If Sy is the set of elements of the form 2% + - -+ + 2?2 + ¢/(zi41, -+ ,¥n) We see
that Sy is stable under Ly and meets Y in the unique point y = 2% + -+ + 22
Furthermore, we have L x&v Sy ~ S.

3. Structure Theorem for toroidal varieties

We define an important class of spherical varieties.
DEFINITION 6.3.1. A a spherical variety is toroidal if A(X) = A(X).

For X toroidal, we set Ax = Upea(x)D. If )O(G is the dense G-orbit and )D(B
is the dense B-orbit, we have

Ax =X\ X5.
Let Px be the stabiliser of X B. It is also the stabiliser of Ay and B C Px.
REMARK 6.3.2. The group Px is a birational invariant of X.

THEOREM 6.3.3. Let X be spherical. The following conditions are equivalent.
(1) The variety X is toroidal.
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(2) There exists a Levi subgroup L C Px only depending on the open G-orbit
of X and a closed L-stable subvariety Z C X \ Ax such that the map

Ru(Px) X Z—)X\AX

is a Px-isomorphism, (L,L) acts trivially on Z which is a toric variety
for a quotient of L/(L,L). Any G-orbit meets Z along a unique L-orbit.

Proof. Assume that X is toroidal. First remark that Ax is Cartier and globally
generated. Indeed this is a local condition and can be checked on the simple spheri-
cal varieties Xy ¢ for Y any G-orbit. Then the restriction of Ax to Xy, g is Cartier
and globally generated by Lemma 6.2.5.

Now proceed as in the proof of Theorem 6.2.8 replacing D with Ay, to obtain
a variety Z (called S in the proof of Theorem 6.2.8).

The intersection of X, ¢ the dense G-orbit in X with X'\ Ax is the dense B-orbit
)Q(B. Thus )0((; NZ = )Q(B N Z. It is a BN L-orbit and also a L-orbit. By Lemma
6.2.9 we get that (L, L) acts trivially on Z which has to be a toric variety under
the action of a quotient of L/(L, L).

Let Y be a G-orbit in X. Then Y is not contained in Ax therefore YN(X\Ax)
is dense in Y and R, (Px)(ZNY) is also dense in Y. Since Y is a G-orbit, there is
a Px-orbit Y C Y dense in Y and Z/ =Y’ N Z is an L-orbit dense in ZNY. The
variety Z is toric for some torus T. The structure Theorem of spherical varieties
applied to toric varieties gives a Tz -variety Sz and an isomorphism

T x Tz Sz — Z.

The orbit Z’ therefore corresponds to a Tz-fixed point s in Sz/. Consider the
cone C4(Sz/) associated to s (see for example [6, Section 6]) and choose a basis
(p(vp)) (over Q of this cone) given by Ly -stable divisors D. The affine chart
gives that s is the intersection of these divisors therefore Z’ is the intersection of
divisors Dy, - - - D, of Z with r = codimz(Z"). Then each divisor X; = R, (Px)D; is
irreducible B-stable and does not meet the dense G-orbit (this is true since D; does
not meets the dense L-orbit of Z). This implies that X; is G-stable. Now consider
X" = R,(Px)Z'. Tt is a subvariety of codimension 7 in X which is contained in the
intersection of the X;. Since Ax contains no closed G-orbit the intersection of the
X; has a dense open subset given by ([, X;) N (X \ Ax). The variety X’ has to be
an irreducible components of the intersection of the X; and is thus G-stable. We
get X' =Y and Y N (X \ Ax) = R,(Px)Z' thus Y N Z = Z' proving the result.
Conversely, any G-orbit of X meets Z and thus is not contained in Ax and
therefore is not contained in any B-stable but not G-stable divisor. O

REMARK 6.3.4. Note that G(X \ Ax) = X.

COROLLARY 6.3.5. The irreducible G-stable subvarieties of a smooth toroidal
variety are smooth, toroidal and transverse intersections of G-stable divisors.

Proof. We need to consider the closure Y of a G-orbit G - y. The above Structure
Theorem for toroidal varieties gives an isomorphism X \ Ax ~ R, (Px) x Z and
any G-orbit meets Z along a unique L-orbit. Furthermore, Z is toric and smooth
therefore Y meets Z along a smooth toric subvariety Y’ (see Lemma ?7? for a
smoothness criterion for toric varieties). Then R, (Px) x Y’ is an open subset of Y
with G- Y’ =Y thus Y is smooth and toroidal.
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For the last assertion, Y’ being a toric subvariety of the smooth toric variety
7, it is a complete intersection of toric divisors and we get the result. O
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Classification of spherical varieties






CHAPTER 7

Invariant valuations

1. Valuations and existence of invariant valuations

DEFINITION 7.1.1. Let X be a normal variety. A wvaluation of X is a map
v:k(X) = QU {oo} satisfying the following four properties for fi, fo € k(X):

(V1) v(0) = o0 (V2) v(fi+ f2) = min(v(f1),v(f2))
(V3) v(fif2) =v(f1) +v(f2) (V4) v|ex =0.

If X is a G-variety and v(g.f) = v(f), then the valuation is called invariant. We
denote by V(X) the set of invariant valuations on X.

ExXAMPLE 7.1.2. The following are classical examples of valuations.
(1) The trivial valuation is defined by v(k(X)*) = 0 and v(0) = oco.
(2) A prime divisor D C X defines a valuation vp: the local ring R at the
generic point of D is a discrete valuation ring with fraction field k(X).
For f € k(X), write f = u/v with u,v € R and u = 2%/, v = 2%’ with 2
an uniformising element of R not divising «’ and v’. Set vp(f) =a —b.
(3) If v is a valuation and A € Qx¢, then Av is also a valuation.

The following is a classical fact on valuations (see [7, Proposition B.69]).

Fact 7.1.3. Let K be a field extension of k and L be an extension of K. If
v: K — Q is a valuation, then there exists a valuation v' : L — Q with V| = v.

DEFINITION 7.1.4. For v a valuation of k(X), set R, = {f € k(X) | v(f) > 0}
and m, = {f € k(X) | v(f) > 0}. A center for v is a subvariety Z of X such that
OX,Z C R, and my z Cm,.

REMARK 7.1.5. If Z is the center of a valuation v, then Z is the center of Av
for any A € Q.

LEMMA 7.1.6. Let v be a valuation on a normal variety X .

(1) If X is affine, then v has a center if and only if v is non negative on k[ X].
In that case its center is defined by the ideal m, Nk[X].

(2) A center, if it exists, is unique.

(3) Every subvariety Y C X s the center of a valuation.

(4) Assume that X is a G-variety. If v € V(X) has a center, then the center
is G-stable. Conversely every G-stable subvariety Y is the center of a
G-invariant valuation.

Proof. (1) If Z is a center, then k[X] C Ox,z C O, and v is non negative on k[X].
Conversely, define Z by its ideal I(Z) = k[X] Nm,. This is indeed a center.

(2) Taking an affine cover, it is enough to check the affine case so assume that
X is affine. Let Z be the center defined by I(Z) = k[X]Nm,. and let Y be another

55
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center for v. Then I(Y) C k[X]Nm, = I(Z) thus Z C Y. Let f € I(Z) \ I(Y),
then f has an inverse in Oxy C O, but f € m, thus cannot be invertible in O,. A
contradiction thus I[(Z) =I(Y) and Y = Z.

(3) Let Y be a subvariety and let E be a component of the exceptional divisor
of the normalisation of the blow-up of X along Y. The valuation vg is a valuation
on k(X) with center Y.

(4) Let Y be the center. Since v € V(X), for any g € G, both Y and ¢.Y are
centers therefore Y = ¢.Y. Conversely, since G is connected, the construction in 3,
can be done equivariantly giving a G-invariant valuation vg. O

REMARK 7.1.7. Let D C X be a prime divisor and vp the associated valuation,
then vp is the unique valuation in Q>ovp such that vp(k(X)*) = Z. Indeed,
since vp is the valuation of a valuation ring with quotient field k(X), we have
vp(k(X)*) = Z.

LEMMA 7.1.8. Let v be a valuation of k(G), there exists a unique invariant
valuation U of k(G) such that v(f) = v(g.f) for any f € k(G) and all g in a non
empty open subset Uy of G.

Proof. We claim that for f € k(G), there exists an open subset Uy C G such
that v(g.f) is constant for G € Uy. If the claim holds, define o(f) = v(g.f) for
g € Uy and 7(0) = oo. By definition 7 satisfies (V1) and for f, f" € k(G), let
geUrnNUp NUypyyp. We have

v(f+ f') =v(g-f+g.f") 2 min(v(g.f),v(g.f)) = min(z(f),7(f)) and
v(ff) =v((g-F)g-f)) =v(g.flv(g-f') = v(f)v(f),
proving (V2) and (V3) for 7. The condition (V4) is obviously satisfied. Furthermore
for h € UsNU, g, we have v(f) = v(h.f) = v(hg'.(g.f)) = v(g.f) thus v € V(G).
We are left to prove the claim. Since G is affine, we may assume that f € k[G].
For ¢ € Q, let V; = {f" € k[G] | v(f’) > ¢}. This is a linear subspace of k[G]. Let
V be a finite dimensional subrepresentation of k[G] containing f. Let f1,---, f» a
basis and set go = min; v(f;). Then V C V. Define V' = {f' € V | v(f’) > qo}.
This is a proper subspace of V and set Uy = {g € G | g.f ¢ V'} is open in G. For
g € Uy, we have g.f € V '\ V' therefore v(g.f) = qo. O

COROLLARY 7.1.9. Let H be a closed subgroup of G. We have a surjective
restriction map res : V(G) — V(G/H).

Proof. We have k(G/H) = k(G) C k(G) and we define res as the restriction of
the valuation. Let v/ € V(G/H). By Fact 7.1.3, we can lift v/ to a valuation o
of k(G) and by the previous lemma, we can find an invariant valuation v € V(QG)
with v(f) = v(g.f) for g in some open subset Uy of G. For f € k(G/H) = k(G)"
and g € Uy, we have v(f) = v(g.f) = v(g9.f) = v'(9.f) = V'(f) (note that the left
action of G commutes with the right action of H so that if f is H-invariant for the
right action, so is g.f for all g € G). O

2. Relation to weights of rational functions

For V' C k[G] a vector subspace and n an integer, we define V" to be the vector
space spanned by all the products of n elements of V: V" = (f;--- f,|fi € V)
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PROPOSITION 7.2.1. Let v € V(G/H) and let f € k(G/H). Assume that there
exists fo € k(G)B*H) such that ffo € k[G], and let V = (G.ffo). Then

(1) Foralln e N, V*fy™ C k(G/H).
(2) v(f) = min{5v(f'/f§) | n €N, f e (V"))

Proof. (1) Let A be the H-character of fy. The left G-action commutes with the
right H-action therefore all the elements in V"™ are H-eigenfunctions with eigenvalue
nA. We thus have V" ;" C k(G)H = k(G/H).

(2) Let v/ € V(G) be a lifting of v and consider V;, = {f" € k[G] | V'(f’) > ¢}.
Since v/ is G-invariant, this is a G-stable vector subspace of k[|G]. For f' € V™,
we have o/(f') > m/(ffo) = n(v(f) + V(o) and v(f) < LV/(f)) = V(fo) =
LY(f')f8) = Luv(f'/f§) by (1). This proves that the left hand side is smaller that
the right hand side in (2). Define R = @,>¢V"™. This is a graded integral k-algebra.
For r € R, denote by r,, its n-th graded part and for r € R, define

V() = inf (/) — /(£ o)}

Then v" is a G-invariant valuation with v”/|g > 0. Let I = {r € R | v"'(r) > 0}.
This is a G-invariant prime homogeneous ideal. Note that v”(f fy) = 0 thus the
quotient R/I contains non-trivial elements of positive degree. There exists therefore
a B-eigenvector in (R/I)®) of positive degree, a power of which can be lifted to a B-
eigenvector say f’ in R®). Taking graded parts, we may even choose f’ € (V”)(B).
We get v/ (f") = 0 therefore v/(f’) = nv/(f fo) concluding the proof.

Let z9 € G/H and B a Borel subgroup of G such that B.z is dense in G/H.

LEMMA 7.2.2. Assume that G is simply connected and let B x H act on G via
(b,h).g = bgh~'. If D C G is a B x H-stable divisor, there exists f € k(G)B*H)
such that D = div(f).

Proof. Since G is simply connected, we have Pic(G) = 0 (see Corollary B.2.7). In
particular if D is a divisor on G, then D = div(f) for some f € k(G). Since D
is B x H-stable, the function f is defined and non vanishing on the dense open
subset BH C G. In particular, we may furthermore assume f(1) = 1. Define
¢ € k(B x H) by ¢(b,h) = f(bh). We have ¢ € k[B x H]* and by Lemma
B.1.5, there exists A\ € k[B]* and p € k[H]* such that ¢ = Ap and by Exercise
B.1.6 the functions A and p can be chosen to be characters of B and H. For
b,b' € B and h,h’ € H, we thus have f(bb'h'h) = @(bb'hW'h) = AV )u(hh') =
AN ) u(h)p(R') = AD)p(h)p('R') = A(b)u(h) f(V'R). Since BH is dense in G,
we get f(bgh) = A(b)u(h) f(g) proving the result. O

COROLLARY 7.2.3. Let f € k|B.xg] and vy € V(G/H). There exists n > 0 and
f € k(G/H)B) such that the following three conditions hold:
(1) w(f") =w(f");
(2) v(f') > v(f*) for all v € V(G/H);
(3) vp(f') > vp(f™) for all D € A(G/H).

Proof. Replacing G by a finite cover, we may assume that G is simply connected.
Let ¢ be the B-stable part of div(1/f) and let D = #n*(8) with = : G — G/H.
Then by the previous lemma, D = div(fy) for some f; € k(G)B*H) Note that f fo
is defined on BH and on all the B-stable divisors of G by definition of fy. Since
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G \ BH contains only B-stable divisors, ffo is defined on a open subset whose
complement has codimension at least 2, by normality of G, f fo € k[G].

By Proposition 7.2.1, there exist n € N and ¢ € k[G](P) such that ¢/fJ €
K(G/H)B) with vo(/f§) = vo(f) and v(p/f§) > v(f") for any v € V(G/H),
proving (1) and (2). For D € A(G/H) a B-stable divisor and D’ any component
of 771(D), we have

vp(p/f') =vp(e/fi') = v (1/f") = vp (f") = v (f").
Setting f' = ¢/ f{, this concludes the proof. O

Any valuation v € V(G/H) induces a morphism p,, : k(G/H)B) — Q defined
by p.(f) = v(f). Therefore we have a map

p:V(G/H) = 9(X).
COROLLARY 7.2.4. The map p is injective.

Proof. Let v # v/ in V(G/H). Since BH/H ~ B/B N H and B is solvable, the
quotient BH/H is affine. In particular k(G/H) = k(BH/H) = Frac(k[BH/H])
and any valuation is determined by its value on k|[BH/H]. Therefore, there exists
f € k|[BH/H] with v(f) < v/(f). By the previous corollary, there exists f’ €
k(G/H)B) with v(f') = v(f™) < V' (f*) < V/'(f') proving the injectivity. O

For X a G-spherical variety and Y C X a G-orbit, we may now define the
B-chart and G-charts of Y in any characteristics.

DEFINITION 7.2.5. Let X be a G-spherical variety. Define the B-chart Xy g of
Y and the G-chart Xy ¢ of Y and as follows:

Xy =X\ U D and Xy = G. Xy 5.
DED(X)N\Dy (X)

PROPOSITION 7.2.6. Let X be a G-spherical variety and Y C X a G-orbit.

(1) Xy,p is the unique minimal B-stable affine open subset of X meeting Y
non trivially.

(2) We have Xgp={r€ X |GxDY}.

(3) YN Xy p is a B-orbit.

(4) Any D € A(Xy,g)\ Ay (Xyg) is Cartier and globally generated. We have

Xvie\ Xyvp = U D.
DeA(Xy,c)\Ay (Xy,c)

Proof. Let X be an affine open subset as in Proposition 2.2.5, let 1y be a valuation
with center Y. Let f € k[X(] be a function not vanishing on Y (thus vo(f) = 0)
but vanishing on all D € D(X) \ Dy (X) (thus vp(f) > 0 for all such D). By
Corollary 7.2.3, we may find fo € k(X)) with the same properties but since fo
is defined on Y (because vy(fy) = 0) and vanishes on all D € D(X) \ Dy (X)
(because vp(fo) = 0), we get that fy is defined on all B-stable divisors of Xy and
by B-semiinvariance of fy and normality of X that fo € k[Xo](P).

(1) Any B-stable affine open subset meeting Y has to contain Xy, g since the
complement of an affine open subset is of pure codimension 1. Thus Xy g C Xy
and we get Xy,p = {z € Xo | fo(z) # 0} thus Xy p is affine, meets ¥ and is
therefore minimal for this property.
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(2) Let Z C X be a G-orbit and assume that Y ¢ Z. Let vz be an invari-
ant valuation centered at Z, then in the construction of fy, we may assume that
vz(fo) > 0 thus Xy, g NZ = 0 and Y is the unique closed orbit in Xy, = G. Xy 5.
This gives the inclusion Xy C {z € X | Gz D Y}. Conversely, let = € X
such that G.x O Y and assume that G.x N Xy p = 0. Then G.z C D for some
DeDX)\Dy(X)and Y C G.x C D Y, a contradiction.

(3) Tt is enough to prove that any f € k[Xy g NY]P) is invertible. Indeed, let
Z C Xy,pNY be a closed B-orbit and let I(Z) C k| Xy g NY] be its ideal. Then
any element in I(Z)®) would be invertible and Z = {).

Let f € k[Xy. g NY]®)] then there exists d € N such that ff§ € k[X, N Y]
thus there exists n and f’ € k[Xo]®) such that f'|y = (ffo)". Now f'|x, , is
invertible since the only divisors on which it can vanish are the divisors D € Dy (X)
containing Y and f’ does not vanish on Y. This implies that f is invertible and
finishes the proof of (3).

(4). Since Xy p is affine and B-stable, its complement in Xy, is a union of
prime B-stable divisors non containing Y. By definition of Xy ¢, these divisors are
not G-stable proving the equality.

Let D be the union of all the above divisors and let X*™ — X be the inclusion
of the smooth locus in X. Let L™ = O xsm (D N X®™). This is an invertible sheaf
on X. Replacing G by a finite cover, we may assume that L™ is G-linearised. The
group G acts on L = i, L. Since X is normal we get L = Ox (D). The locus in
X where L is not locally free is a closed G-stable subset contained in D. It has to
contain a closed G-orbit. Its intersection with Xy, has to contain a closed G-orbit
as well but the only closed G-orbit is Y which is not contained in D thus D is
Cartier.

Let s be the canonical section of L = Ox (D). The group G acts on the sections
of L thus gs is again a section and the locus where all these section vanish is a closed
G-orbit therefore empty in Xy,g. O






CHAPTER 8

Simple embeddings

1. Classification of simple spherical embeddings

DEFINITION 8.1.1. An embedding of an homogeneous space G/H is a normal
G-variety with an open G-orbit isomorphic to G/H.

REMARK 8.1.2. A divisor D € D(X) \ A(X) is G-stable and defines a G-
invariant valuation vp € V(X) and we recover D from vp as its unique center.

DEeFINITION 8.1.3. For a G-spherical variety X with dense orbit G/H and
Y C X a G-orbit, define Vy (X) = {vp € V(G/H) | D € Dy(X) \ Ay (X)}. Since
p:V(X) — 9Q(X) is injective, we may view Vy (X) as a subset of Q(X).

THEOREM 8.1.4. A simple spherical embedding X of G/H with closed orbit Y
is completely determined by the pair (Vy (X), Ay (X)).

Proof. Let X’ be another simple embedding of G/H with closed orbit Y and with
(Vy (X'), Ay (X)) = (Vy(X),Ay(X)). Let Xy,p and Xy, p the corresponding
B-stable affine subsets and define Xy which is an open subset of both X and X’ as

follows:
Xo=G/H\ U
DeD(G/H)\Ay (X)
By normality of X and X', we have equalities
ki Xyl ={f €kiXo] | v(f) > 0forall v € Vy(X)} = k[X{,,,B].

Therefore, the G-birational isomorphism between X and X’ induces an isomorphism
Xy,p ~ Xy p and therefore an isomorphism X = Xy,¢ ~ X3, o = X' O

We now switch to convex geometry.

DEFINITION 8.1.5. Let V' be a Q-vector space and C' C V.

(1) C is a cone if it stable by addition and by multiplication with Qx>¢.

(2) The dual of a cone C CVisCY ={fe VY| f(v)>0forallveC}.
(3) A cone is strictly convex if C N —C = 0, equivalently C' contains no line.
(4) A cone is polyedral if C' can be written C' = Qx>ov1 + -+ - + Q>ovp.

(5) A face of a cone C'is a subset Fy = {v € C'| f(v) =0} for some f € CV.
(6) The dimension of a cone is the dimension of its linear span.

(7) An extremal ray is a face of dimension one.

(8) The relative interior C° of C is the complement of all proper faces of C.

DEFINITION 8.1.6. Let X be a spherical G-variety and Y C X a G-orbit. Define
the cone Cy (X) C Q(X) as the cone generated by Vy (X) and px (Ay (X)).

LEMMA 8.1.7. The sets Qxov with v € Vy (X) are exactly the extremal rays of
Cy (X) which do not contain any element of p(Ay (X)).
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Proof. Let D € Dy (X) \ Ay(X) and let vp be the corresponding element in
Vy (X). Consider the affine chart Xy p and let D = Uprep, (x),p'2pD’. There
exists f’ € k[Xy,p] such that f’ vanishes on D and not on D. By Corollary 7.2.3
there exists a function f € k(G/H)P®) vanishing on all D’ € Dy (X) except D.
The face F), defined by the weight \; of f is therefore an extremal ray of Cy (X)
containing D and not containing any element of p(Ay (X)). The converse is obvious
by definition of Cy (X). O

COROLLARY 8.1.8. A simple spherical embedding X of G/H with closed orbit
Y is completely determined by the pair (Cy (X), Ay (X)).

Proof. 1t suffices to prove that we can recover Vy (X) from (Cy (X), Ay (X)). By the
above lemma we recover the ray Q>ovp for all vp € Vy (X). Now vp is determined
by the fact that vp(A(X)) = Z. O

PROPOSITION 8.1.9. Let X be a simple G-spherical embedding of G/H with
closed orbit Y and let v € V(G/H).
(1) We have the equality k[ Xy g]P) = {f € K(G/H)P) | \f € Cy(X)"}.
(2) The center of v exists if and only if v € Cy (X).
(3) The center of v is Y if and only if v € Cy(X)°.

Proof. (1) Let f € k[ Xy p]®). Then f € k(G/H)®) and is defined on the di-
visors D € Dy (X) thus A; is non negative on Cy(X). Conversely, a function
f € k(G/H)™®) non negative on Cy (X) is defined on BH/B and on all D € Dy (X)
therefore on an open subset of Xy p whose complement has codimension at least
2. By normality f € k[Xy,5].

(2) Since Xy, p is affine, v is G-invariant and X = GXy, g, the valuation v has
a center if and only if v is non negative on k[Xy g]. By (1), this is equivalent to
v e Cy (X)

(3) If Y is the center of v, then any f € k[Xy 5] with v(f) = 0 will not
vanish on Y and therefore will not vanish at all (since the zero locus of f is a
B-stable divisor of Xy, g thus has to contain Y'). Thus for any p(¢v') € Cy (X), we
have /() = 0 and the weight of f is in the vertex of €y (X)". This proves that v
is in the interior of Cy (X).

Now let v/ € Cy (X)) with center Z 2 Y. Let vy be the valuation associated to
Y. There exists f € k[ Xy,g] with /(f) =0 and vy (f) > 0. By Corollary 7.2.3 we
may assume f to be a B-eigenfunction and we get that v’ is not in the interior of
the cone. ]

DEFINITION 8.1.10. A colored cone for G/H, is a pair (€, F) with C C Q(G/H)
and F C A(G/H) having the following properties
(CC1) Cis a cone generated by p(F) and finitely many elements of V(G/H);
(CC2) The intersection €° N'V(G/H) is non empty.
The colored cone is called strictly convex if the following condition holds.
(SCC) The cone @ is strictly convex and 0 & p(F).

THEOREM 8.1.11. The map X — (Cy(X), Ay (X)) is a bijection between the
isomorphism classes of simple spherical embeddings X of G/H with closed orbit Y
and strictly convex colored cones.
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Proof. We first check that the map is well defined. For such a simple embedding
X, we already know that (CC1) is satisfied and by the previous proposition, since
Y induces an invariant valuation in the interior of the cone, we know that (CC2) is
also satisfied. Finaly, to prove that the cone is strictly convex we need to prove that
there is no linear subspace in it. Let D the union of B-stable divisors containing
Y, these are exactly the B-stable divisors meeting Xy, g. There exists f € k[ Xy, p]
vanishing on D. By Corollary 7.2.3, we may choose f € k[Xng}(B) and for any vp
with D € Dy (X) we have vp(f) > 0. Therefore Cy (X) is in the half-space with
non negative value on f proving (SCC).

The injectivity of the map follows from Theorem 8.1.4. Let us prove the surjec-
tivity. Let (€, F) be a colored cone with the above three properties (CC1), (CC2)
and (SCC). By (CC1) and Gordan’s Lemma (see [21, Page 3]), there exists a finite
set of elements g1, ,g, € k(G/H)®) C k(G)¥ such that the weights \,, span
CY N A(G/H) as a monoid. Denote by 7 : G — G/H the quotient map and let Dg
be the union of all divisors D € A(G/H) \ F. Note that the poles of the g; are
contained in Dy. Since Dy is a B-stable divisor of G/H, there exists an element
fo € k[G]B*H) vanishing on Dy and with f; = fog; € k[G] for all i € [1,n]. Let W
be the G-submodule of k[G] spanned by the (f;);c[o,n). Since the g; are H-invariants
while fj is a H-eigenfunction of weight say x € X(H ), we get that all the elements in
W are H-eigenfunctions of weight y. Therefore we have a G-equivariant morphism

0:G/H —P(WY)

defined by x +— [fo(z) : -+ : fu(z)]. Let D(fo) be the open subset of P(W") defined
by the non vanishing of fy and define X, and X’ by

X(/) = o(G/H)N D(fp) and X' = GX(/).

Note that ¢(G/H) is dense in X’ therefore X’ has a dense B-orbit and that X is
a B-stable dense open affine subset in X’ containing the dense B-orbit.

LEMMA 8.1.12. We have k[X{]B) = {f € k(G/H)B) | X\; € €V}.

Proof. Let f € k(G/H)B) with Ay € CV. Write Ay = >, a;\,, with a; > 0 for
all i. Define F = [[I_, g% = [[\m,(fi/fo)% € K[X§]®). Then A\; = Ap thus
f/F € k(G/H)® = k is constant. Therefore f is a multiple of F' € k[X}](B).

Conversely, let f € k[X}](®) and let v be in an extremal ray of C. If v = p(vp)
with D € JF, since ¢(D) meets non trivially D(fy), then f is defined on an open
subset of D thus vp(f) > 0. If v = v € V(G/H), first note that v(f;/fo) = v(g;) > 0
by definition of the g;. For a general f € k[X{(], write f = f'/f§ with f' € S"W
and extend v to an invariant valuation v € V(G). Write f' = [[; 32, aijgij-fr. ;4
with a; ; € k and g¢; ; € G. We then have

V(f) Z Zrnjln{lj(fkij) - D(f())} = Zrnjln{y(gki])} 2 0,

proving the result. O

Define Y = {\; | f € k[X{]®)}. The previous lemma implies that Cone(Y) =
€Y. We also have that Y spans A(G/H). Indeed, the orthogonal of the linear
span of T has to be contained in €. As C contains no linear subspace by (SCC),
this orthogonal is trivial. Since X|) is an affine open subset of X’ we get that

AX') = A(G/H).
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LEMMA 8.1.13. The fibers of ¢ are finite.

Proof. We prove that the fibers are affine and proper. We first prove that the fibers
are affine. Let D € F be a B-stable divisor. Then vp(f) > 0 for all f € k[X}](5) and
by (SCC) there exists f with vp(f) > 0. Thus D C {x € G/H | f(z) =0} and ¢|p
is not dominant on X’. If D € D(G/H)\F, then (D) C {x € G/H | fo(x) = 0} and
again | p is not dominant on X’. Since ¢ is equivariant, this implies that the proper
B-orbits of G/H are mapped to proper B-orbits in X’ thus ¢~ !(p(BH/H)) =
BH/H. This B-orbit and its image are affine thus the restriction of ¢ is a morphism
between affine varieties and the fibers are therefore affine.

Let us now prove that the fibers are proper. For this consider ¢ : G/H — X" a
proper embedding of G/H (for example embedded G/H equivariantly in a projec-
tive space and take the normalisation of its closure). Set x = p(H/H), 2’ = ()
and 2" = ¢(x) and define X" as the normalisation of G(z/,z") C X' x X”. This is
an embedding of G/ H since Stab(z’) D H = Stab(z”). Furthermore, the projection
p: X" — X' is proper since X" is proper. We claim that p~!(p(G/H)) = G/H.
This proves that the fibers of ¢ are equal to those of p and therefore proper. To
prove the claim, assume that there exists a closed G-stable subset Z in X’ disjoint
from G/H such that p|z is dominant on X’. Let vz € V(G/H) be the correspond-
ing valuation. The map p induces an injection of fields k(X’) — k(X"") = k(G/H).
Let f € k(X’) a non trivial element, the corresponding function induced on Z is
also non trivial since p|z is dominant on X’. In particular vz(f) = 0. So for
f € KX} P), we have vz(f) = 0 and vz € T+. By (SCC), vz must be trivial, a
contradition. (]

Let X be the normalisation of X’ in k(G/H). The morphism ¢ factors as
follows
G/H——X

X lw

X/
where all maps are G-equivariant, the horizontal map is an open embedding while
the map 1 is finite. Let X = ¢ 1(X}). Since 1 is finite, Xy is an affine B-
stable open subset of X. Note that X is the normalisation of X{ in k(G/H) and
X' = GX|, proving that GXy = X. The following lemma concludes the proof. [

LEMMA 8.1.14. X is a simple embedding with colored cone (C,F).

Proof. Since Xy — X is finite, we have k[X}]®) C k[X(](B) and for f € k[ X)),
there exists n € Z~ such that Ay = nAf’ with f' € k[X}§]®). Recall from Lemma
8.1.12 the equality

T={\p | fekXPY={p | f ek(G/H)P and Ay € CV}.

In particular, for f € k(G/H)®) with nA\; € Y, then \; € Y. We deduce that
KXo ) = KX (8.

By (CC2), there exists v € €° NV(G/H). By the above v is non negative on
k[X0]®). By Corollary 7.2.3 it is non negative on k[X]. Therefore it has a center
Yy in X and since v is G-invariant it has a G-stable center Y in X. Let Z C X be
a G-stable closed subvariety such that Y ¢ Z. Since X = G Xy, we have XqNZ # ()
and vz is non negative on k[Xp]. In particular vz € €. On the other hand, there
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exists a function f € k[Xo] with vz(f) > 0 and v(f) = 0. By Corollary 7.2.3, we
may assume f € k[Xo](®) so Ay € €Y. Since v € €° and vz € C, the vanishing
(Ar,p(v)) = v(f) = 0 implies Ay = 0 and therefore vz(f) = 0. A contradiction.
Thus Y is the only closed orbit of G in X and X is a simple embedding with closed
orbit Y. The same argument works replacing Z by D € F, so Y is contained in any
B-stable divisor of Xj.

Since X is normal and by the above Xy = Xy 5, we get that Cy (X)" NA(G/H)
is the set of weights of k[ X] and is therefore is equal to €V NA(G/H) by Proposition
8.1.9. This implies Cy(X) = €. By the above, we also have the inclusion F C
Ay (X). Conversely, for D € A(G/H)\F, we have (D) C Dg so D is not a divisor
of Xy and therefore not in Ay (X). O

REMARK 8.1.15. In characteristic 0, the variety X’ in the above proof is already
the simple embedding with colored cone (€,J): indeed with notations as in the
above proof ZY = A(G/H) thus A(X’) = A(G/H) and, in characteristic 0, this
implies that G/H — X' is injective (prove this as an exercise).

Here is a proof, a posteriori, that X = X' using the above construction of X
and X’. Using Theorem 6.2.8 and the fact that P = Stabg(Xo) = Stabg(X{), we
can write X ~ P xL Sy and X' = P xS, where L C P is a Levi subgroup,
Y' = ¢(Y) and where Sy C X; and S, C X' are closed L-stable subsets which are
multiplicity-free. The map v restricts to an L-equivariant finite morphism ¢ : Sy —
Sy, but A*T(Sy) = A(G/H) N €Y = A(S}/) and decomposing decomposing the
coordinate rings into irreducibleL-module, we get k[Sy] = k[S%{/], thus Sy ~ S},
and Xy ~ X, proving X ~ X',

DEFINITION 8.1.16. Let (C,F) be a colored cone. A colored cone (Cg,Fy) is
called a colored face of (€, F) if the following conditions are satisfied:

(CF1) €y is a face of the cone C;
(CFQ) Fo = gﬂp_l(eo).

REMARK 8.1.17. A colored face (Cp, JFp) of a colored cone (€, F) is completely
determined by the face Cy. The colored faces of a colored cone (€, F) are the faces
of € whose interior meets V(G/H).

LEMMA 8.1.18. Let X be a G-spherical embedding of G/H and let Y C X a
G-orbit. There is a bijection Z — (Cz(X), Az(X)) between the set of G-orbits in
X with Z DY and the set of faces of (Cy(X), Ay (X)).

Proof. If Z is a G-orbit with Z D Y, then Az(Y) C Ay (X), Dz(X) C Dy (X). We
get Cz(X) C Cy(X). We also get Xz p C Xy p corresponding to the localisation
morphism k[Xy7B] — k[XZ,B]. Let D € Dy(X)\Dz(X) and f S k[Xy,B] such that
vp(f) = 0 and vp/(f) > 0 for D’ € Dz(X). By Corollary 7.2.3, we may assume
that f € k[ Xy p]®). Then €z (X) is in the face defined by f while D is not. As we
can do this for any D € Dy (X) \ Dz(X), we get that Cz(X) is the intersection of
all these faces. Furthermore vz is in the interior of €z (X) thus (Cz(X),Az(X)) is
indeed a colored face of (Cy (X), Ay (X)).

If (Cy,Fo) is a colored face of (Cy(X), Ay (X)), pick v € €. By Proposition
8.1.9, it has a G-stable center. Since X is spherical, this center is the closure of a
G-orbit Z and Y C Z. We already proved that (Cz(X), Az(X)) is a colored face of
(Cy(X),Ay(X)). Proposition 8.1.9 implies that v = vz € €z(X)°. Since v € C°,
we must have € = Cz(X) and therefore F = Az (X). O
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ExaMPLE 8.1.19. Cousider the simplest simple embedding: X = G/H. The
unique closed orbit is G/H. The open subset Xy p is the dense B-orbit BH/H.
In this case the cones Cy(X) and Cy(X)" are trivial. The center of the trivial
valuation is X and V(G/H) = {0}.

ExXAMPLE 8.1.20. Let G = SLy(k) and let U be the maximal unipotent sub-
group of unipotent upper-triangular matrices. The standard action of G on A?
realises an isomorphism G/U ~ A? \ {0}. Set X = A2. The G-orbits are A2\ {0}
and Y = {0}. The latter is the unique closed orbit. The B-orbits are

e B.(1,0) = {(a,b) € A% | a # 0},

e B.(0,1) ={(a,b) € A’ | a =0 and b # 0} and

e B.(0,0) = {0}.
There is a unique B-stable divisor D = {(a,b) € A? | a =0} and Y C D. We thus
have Ay (X) = A(X) ={D} =D(X) =Dy(X) and Xy 5 = X.

We also have k(G/H)P) = k(A%)B) = k(a,b)B) = {a" | n € Z} and A(X) =
ZX, = Zw,. The cone Cy(X) = Z>op(v,) is one dimensional generated by the
image valuation v, with respect to a. We have vy = v, € Cy(X)° and p(D) = V.
We have V(G/H) = A(G/H).

EXAMPLE 8.1.21. Consider X = A2 as a spherical variety for G = B =T =
G2,. The G-orbits and the B-orbits coincide and are described by:
o {(a,b) € A2 | a#0, b+#0},
e {(a,b) € A2 | a#0, b=0},
e {(a,b) €A% | a=0, b+#0} and
e {(a,b)eA? |a=b=0}=Y.
Then Y is the unique closed orbit., there are two B-stable divisors and Xy p = X.
On the level of invariants we have k(G/H)®) = k(A?)(T) = {a"b™ | n,m € Z}.
The cone Cy (X) = Z>0p(Va) @ Z>op(vp) is of dimension 2. In this case we again
have the equality V(G/H) = A(G/H).

EXAMPLE 8.1.22 (Symmetric matrices). Recall the notation of Example 5.2.8.
Then X has a unique closed orbit Y = {0}. We have Ay (X) = A(X) and Dy (X) =
D(X). We get Xy, g = X. Furthermore, with the notation of Example 5.2.8, one

can prove that k[ X]Y = k[dy,-- ,d,]. By Proposition 8.1.9, we get
1 1
Cy (X) = Cone (2a}/, e 204){) .

There are n — 1 colors on Cy(X). Note that not all the faces are colored faces,
otherwise there would be 2" irreducible closed G-stable subvarieties. This comes
from the fact that the cone V(G/H) is strictly contained in Q(G/H) and even in
Cy(X): The only G-orbits are given by the rank and the only irreducible closed
G-stable subvarieties are their closure (X )ie[o,n- One can actually prove that the
following holds:

V(G/H) = Cone (wy, - ,@,)),

;' )ie1,n) is the dual basis of (;);ef1,5). Explicitly

where (w;

n
w,\c/ = E €; with ax = ey — €41.
i=k+1



CHAPTER 9

Classification of spherical embeddings

1. Colored fans

DEFINITION 9.1.1. A colored fan F is a finite collection of colored cones (C, F)
satisfying the following properties:

(CF1) Every colored face of a colored cone (C,F) of § is in F.
(CF2) For every v € V(G/H) there is at most one colored cone (€, F) of F such
that v € C°.

A colored cone is called stricly convex if any cone of § is strictly convex. This is
equivalent to the fact that (0,0) is in §.

DEFINITION 9.1.2. Let X be an embedding of G/H we define F(X) to be the
set of all colored cones (Cy (X), Ay (X)) for Y a G-orbit in X.

THEOREM 9.1.3. The map X — F(X) is a bijection between isomorphism
classes of embedding and strictly colored fans.

Proof. If X is a spherical embedding of G/H, we prove that §(X) is a colored fan.
By Lemma 8.1.18, we know that any face of a cone of F(X) is again a cone of F(X).
If Y7 and Y3 are such that a valuation v € V(G/H) lies in Cy, (X)° N Cy,(X)°, then
their closure are the center of ¥ and must be equal. Thus Y; = Y5. Finally, all the
colored cones are strictly convex.

Conversely, let § be a colored fan. Then for any cone (C,%F), there exists
a simple spherical embedding X (C,F). These embedding are isomorphic on the
smaller simple spherical embedding given by colored faces. We can therefore glue
these embedding along their intersection to get X. This is a priori not a separated
scheme. If we prove that it is separated, then it will be a spherical embedding with
colored fan §. So we are left to prove that X is indeed separated. By definition
we need to prove that the diagonal embedding X — X x X is closed. Let Y be
an orbit of the closure of the diagonal, we want to prove that Y is contained in
the diagonal. We may assume that Y is contained in a product X; x X, with
X = X(C,F) and X5 = X(€',F) and choose (€, F) and (€', F’) minimal for this
property. Let X3 be the normalisation of the closure of the diagonal embedding
of G/H in X; x X5. The variety X3 is a spherical embedding. Let Y3 be an
orbit in X3 mapping onto Y. Let Y; and Y5 be the orbits images of Y under
the projections to X; and X5. By minimality, Y7 and Y5 are the closed orbits in
X; and Xo. Let v € V(G/H) with center Y3. Then v has Y; and Y3 for center
therefore v € Cy, (X)° N Cy,(X)°NV(G/H) =C° N (C)° NV(G/H). By (CF2) we
get (C,F) = (€’,F), thus X; = X5 and Y is in the diagonal. O
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2. Morphisms

Let ¢ : G/H — G/H' a dominant (surjective) G-equivariant morphism be-
tween homogeneous spherical varieties. This morphism induces a field extension
k(G/H'") — k(G/H) which in turn induces an injection k(G/H')B) — k(G /H)(B).
Taking weight leads to the injection

©*: AMG/H') —— A(G/H).
Taking duals induces a surjection
vs: QG/H) ——Q(G/H').
Fact 9.2.1. We have the equality v.(V(G/H)) = V(G/H').

Proof. Any invariant valuation is mapped to an invariant valuation proving the
inclusion ¢.(V(G/H)) C V(G/H'). Conversely, for a valuation v € V(G/H’), then
lift the valuation to an invariant valuation of k(G) and restrict it to k(G/H) =
k(G)H. O

DEFINITION 9.2.2. Let ¢ : G/H — G/H' be a G-equivariant morphism.
1. Define ¥, = {D € D(G/H) | ¢ maps D dominantly onto G/H'}.
2. Define ¢, : A(G/H)\ F, = A(G/H') by D — ¢(D).

DEFINITION 9.2.3. Let ¢ : G/H — G/H' be a G-equivariant morphism.
1. Let (€,F) and (€', F) be colored cones of G/H and G/H' respectively. We
say that (C, ) maps to (€', F") is the following conditions holds:
(CM1) p.(€) C €
(CM2) ¢, (F\TF,) C T
2. Let § and § be colored fans of embeddings of G/H and G/H’ respectively.
The colored fan § maps to §’ if every colored cone of § is mapped to a colored cone
of .
THEOREM 9.24. Let ¢ : G/H — G/H' be a surjective morphism between
spherical homogeneous spaces. Let X and X' be embeddings of G/H and G/H'

respectively.
Then ¢ extends to a morphism X — X' if and only if F(X) maps to F(X').

Proof. We may assume that X and X’ are simple embedding. Assume that ¢
extends to such a morphism and let Y be the closed orbit in X. It is mapped to an
orbit Y in X’. This is the closed orbit: if Z is the closed orbit, then Y C ¢~1(Z)
thus Y/ C Z and both are orbits proving the equality. Let D € Ay (X). If (D) is

not dense, we have p(D) € Ay (X’). This proves (CM2). We now compare Xy g
and Xy, 5. We have the equalities

Xyp=X)\ U Dand Xy, 5= X"\ U D'
DED(X)\ Dy (X) D'ED(X N\ Dy s (X7)
For z € X, if p(x) ¢ Xy p, then there exists D' € D(X’) \ Dy/(X’) such that
¢(z) € D'. Let D be an irreducible component of ¢~*(D’) containing . Then Y ¢
DsoD e D(X)\Dy(X) and finally ¢ Xy, . This proves that ¢o(Xy,g) C X{,,,B.
In particular, for f' € k[Xy, p], we have p* f" € k[ Xy p]. We get p*A*(Xy, 5) C
At (Xy p) and thus ¢.Cy (X) C Cy/(X’). In particular (CM1) holds.
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Conversely, assume that (CM1) and (CM2) hold and consider the open subsets
of G/H and G/H' defined by

Xo=G/H)\ U D and X, = G/H'\ U D'
DeD(X)\Dy (X) D’'eD(X")\Dy/(X")

Since ¢, (F\ F,) C I’ and proceeding as above, we get that ¢ maps Xy to X{. On
the other hand we proved the following description:

k[ Xy.p] ={f € k[Xo] | v(f) >0 for v € V(G/H)NCy(X)} and
k[ Xy gl ={f € k[Xp] | V' (f) > 0 for v € V(G/H') N Cy+ (X')}.

By (CM1), if /" € k[Xy p], then o™ (f') € k[Xo] with v(¢*(f")) = ¢«(¥)(f) = 0
for v € V(G/H) N Cy(X). Therefore the map ¢ extends on these affine subspaces
and by G-invariance, it extends to X = GXy . [l

DEFINITION 9.2.5. The support Supp(F) of a colored fan § is defined as follows:

supp(3) =v(@/m)(| U ¢

(€,F)eF
REMARK 9.2.6. Note that Supp(F(X)) C o; (Supp(F(X'))) NV(G/H).

THEOREM 9.2.7. Let ¢ : X — X' be a dominant morphism extending a sur-
jective morphism G/H — G/H' between spherical embeddings. Then ¢ is proper if
and only if Supp(F(X)) = ¢, (Supp(F(X"))) N V(G/H).

In particular X is proper if and only if Supp(§(X)) = V(G/H).

Proof. Recall the valuative criterion of properness (see for example [13, Theorem
I1.4.7]). A morphism ¢ : X — X' is proper if and only if for every valuation ring
R with field of fractions K and for every commutative diagram

Spec(K) —— X

/1
Ve
e

Spec(R) —— X/,

we can complete the diagram with a unique morphism ¢ : Spec(R) — X. Note
that to prove properness we may assume that the map Spec(K) — X is dominant.

Assume that v € V(G/H) \ Supp(F(X)) but p.v € Supp(F(X’')). Then
F(X), (Qxov,0) is a colored fan associated to a spherical variety X,. Furthermore,
we have a factorisation

X —=X,
N
©x
X/
Then X, \ X =Y, which is a closed orbit associated to the maximal cone (Qxov, 0)

and Y’ = ¢, (Y;). Then Y’ is not in the image of varphi (since it is the center of
V) thus the image ¢(Y") is not closed (since its closure contains Y”). O
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3. The cone of valuations and Toroidal embedding

We prove that the set of invariant valuations is a convex polyhedral cone. For
this, we define a special class of embedding which have a simple combinatorial
description and are useful in many other geometric situations.

Let f1,---, fs € kK[G]#) and let M; C k[G]"), the submodule generated by f;
for all ¢ € [1,s]. Denote by My ---Ms C k[G] the G-submodule generated by all
products of s elements respectively in My,---, Ms. Any element in M; is of the
form >, g; - fi with g; € G.

Any f € My--- M is a linear combinaison of product [[; >°.g; - fi. Thus
f € kK[G]") has the same H-weight as the product f; - - - f,. Therefore fi- fof~' €
k(G)? = k(G/H). By the above description of f, we have for 7 € V(G), the
inequality 7(f) > >, 7(fi). Since any v € V(G/H) can be extended to 7 € V(G),

we have

v(fi-- fof 7N <0,
for all fi,---, fs € k[G]") and all f € M1---M,.

DEFINITION 9.3.1. In the above situation, assume furthermore that f; € k[G](Z>*H)
for all i € [1,s] and f € (M;--- M,)B). We have f,--- fof~! € k(G/H)®)

1. Define the weight v(f1, -+, fo, f) = Ap, + -+ Ap, — Ap.

2. Let I'{ C A(X) be the set of all weights v(f1,--- , fs, f) where fi,--, fs €
k[G]B>*H) run over all possible choices as above.

The root lattice I' of G/H is the sublattice of A(G/H) generated by I'y. The
root monoid I't of G/H is the monoid T' N Cone(T'y).

LEMMA 9.3.2. As a subset of A(T), the root monoid 'V is contained in the
monoid generated by the simple Toots.

Proof. Consider v = ~(f1,- , fs, ), with f1,---, fs, f € k[G]B). Then f; is a
highest weight of M; and for any T-weight A of M;, the difference Ay, — A is a sum
of simple roots. The result follows. O

PROPOSITION 9.3.3. The set of invariant valuations V(G/H) is a cone. More
precisely, we have

V(G/H) ={veQG/H) | (v,7) <0 for all y €T T}.

Proof. By the above discussion, the inclusion from the left hand side in the right
hand side holds. Let v € Q(G/H) \ {0} such that (v,v) < 0 for all v € T'".
Define (€,5) = (Q>ov,0). Then €Y is a polyhedral cone generated by finitely
many weights A1, - - -, A and for all i, we choose g1, --- ,gs € k(G/H)®) such that
Ay, = Aio Let fo € k[G]P*H) vanishing on all divisors D € D(G/H) and such
that f; = fog: € k|G]. With notation as above, let M be the G-submodule of
k[G] generated by the (fi)ico,s- We have a morphism ¢ : G/H — P(M"). Let
Xy ={2" € o(G/H) | fo(z') # 0} and X' = GX|.

Let f' € k(G/H)®) such that (A\;/,v) > 0. Write Ay = 3. a;\,, with a; > 0
for all i and define F' = [[1_, ¢ = [['_,(fi/fo)* € k[X{]B). Then Ay = Ap
thus f'/F € k(G/H)? = k is constant. Therefore f’ is a multiple of F' € k[X{](®)
and {f € k(G/H)P) | (A\jr,v) >0} C k[X{]. Conversely, let f’ € k[X{]®). Then
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fr=f/fy with f € (MM -+ M?<)B) and n =3, n;. We have

NI+ F ngAs — >‘f’ = nl(/\fl - >‘fo) +"'+ns(/\fs - >‘fo) - )‘f’
= no)\fo —|—n1)\f1 + - —Q—ns)\fs — )\f eTrt.

In particular (v, A\p/) > (v, A1) + -+ 4+ (v, As) > 0 therefore we have the equality
KXp] = {f € KG/H)P) | (Ap,v) = 0},

The same proof as in Lemma 8.1.13 shows that the fibers of ¢ are finite. We
therefore get a normal G-variety X such that ¢ factors through a spherical embed-
ding G/H — X and a finite morphism ¢ : X — X’. Set Xo = ¢~ 1(X}). This
is an affine B-stable open subset of X. By the above argument k[X(] = {f’ €
k(G/H)P) | (\p,v) > 0} C k[X(]P) and the same argument as in Lemma 8.1.14
gives the equality k[Xo](®) = k[X}]®). For D € D(G.H), we have (D) N X} =0
therefore Xo N G/H = BH/H. Now k[Xo|®) C k(G/H)B) c k[BH/H]®). In
particular X meets a non dense G-orbit Y C X. Let vy € V(G/H) be a valuation
with center Y. Then Vy\k[XU]Ug) > 0 therefore v C Q>ovy proving the result. O

We will see that this cone is actually a polyhedral cone.

DEFINITION 9.3.4. A spherical variety X is called toroidal if Ay (X) = @ for
all G-orbit Y C X.

REMARK 9.3.5. Define the set of B-stable prime divisors containing no G-orbit
by

AX) = A0\ JAv(X) = D)\ Dy (X)
Y Y

where Y runs in the set of G-orbits in X. The embedding G/H — X is toroidal if
and only if A(X) = A(X).

Suppose that G/H — X is a toroidal embedding and let Y C X be a closed
G-orbit. By definition we have Cy (X) C V(G/H). If moreover X is complete and
toroidal, then V(/G) = Uy Cy (X), where Y runs in the set of closed orbits of X.
In particular, every complete toroidal embeddings corresponds to a subdivision of
V(G/H) into strictly convex cones, and a simple complete toroidal embedding exists
if and only if V(G/H) is a strictly convex cone. In general such an embedding needs
not to exists, on the other hand complete toroidal embeddings always do exist.

PROPOSITION 9.3.6. Let G/H be a spherical homogeneous space, then G/H
admits a complete toroidal embedding.

Proof. Let m : G — G/H be the projection. Let fo € k[G]Z*H) be a function
vanishing on 7=1(D) for all D € A(G/H) and let V C k[G] be the G-module
generated by fo. This induces a G-equivariant map G/H — P(V"). Let X’ be the
closure of the image and 9 : X — X' the induced map. If Z C X’ is the locus
defined by the vanishing of fy, then ¢/(D) C Z for all D € A(G/H). fY C Zis a
G-orbit, then foly = 0 and also (g- fo)|y =0 for all g € G and finally f|y =0 for
all f € V. This implies Y = (), a contradiction.

Let G/H — X be a G-equivariant completion of G/H and define X as the
normalisation of the closure of the image of the diagonal map G/H — X' x X.
Since both X’ and X are proper, so is X. Let D € A(X), then the image of D in
X’ under the first projection is contained in Z and therefore contains no G-orbit.
So X is a toroidal embedding. O
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COROLLARY 9.3.7. The set of invariant valuations V(G/H) is a polyhedral
cone.

Proof. Let X be a toroidal proper embedding of G/H. Then V(G/H) is the union of
the cones of F(X). As there are finitely many such cones all of which are polyedral
the result follows. (]

EXAMPLE 9.3.8. Recall Example 5.2.4. Let G = SLa(k), let H = T be the
subgroup of diagonal matrices and let B be the subgroup of upper triangular ma-
trices. Denote by « the positive root, by w, the fundamental weight. We have
A(X) = Za and Q(G/H) = Qa¥. We also have A(G/H) = {D*,D~} with
p(D+) = (D7) = LaV.

Note that G/H has the following two embeddings:

(1) G/H the homogeneous space.
(2) X =P x P! with diagonal action of SLa (k).
We will prove that these are the only possible embedding.

Consider X given by embedding (2). The dense orbit is G.([1 : 0],]0 : 1]) and
X has a unique closed orbit Y = G.([1 : 0],[1 : 0]) which is the diagonal in X.
The variety X has only two G-orbits Y and X \' Y = G/H. Note in particular
that X is simple and no color contains Y (since Y is a divisor). This means that
(Ey(X), Ay (X)) = (V(G/H). ).

We use this to compute V(G/H). One easily checks that the open affine B-chart
is given by Xy g = X \ ({0} x P UP! x {0}) = Spec (k [, <]) with coordinates
([a:b],[c:d]) in X. Furthermore Aa = Ae = —a. Therefore, the weights occuring
in k[ Xy 5]®) form the cone Q>¢(—a). We deduce that V(G/H) is the dual of this
cone thus V(G/H) = Qso(—aY).

It is now easy to use the definition of colored cones and fans to see that there
are only two possible colored cones :

(1) (0,0) and

(2) (Qzo(-),0)
These two colored cones correspond to the above two embeddings and there is no
other embedding.

EXAMPLE 9.3.9. Recall Example 8.1.20 with G = SLy(k) and H = U the
maximal unipotent subgroup of unipotent upper-triangular matrices. We have
ANG/H) = Zw, and Q(G/H) = QaY. We also have A(G/H) = {D} with
p(D) = V. Finally, we have V(G/H) = Q(G/H). We list the possible colored
fans and the associated embeddings.

Colored fans:

(1) (0,0)

Associated embeddings:
(1) G/H = A*\ {0}
(2) A?
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(6) Blo(P?)
where Blp(A?) and Blg(PP?) are the blow-ups of A? and P? at the origin 0. It is
also easy to check on the colored fans that we have maps as follows between the
embeddings:

A\ {0} — P2\ {0}

l |

A — P2

]

Bly(A2) — > Bly(P2).
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APPENDIX A

Principal bundles

In this chapter be explain some constructions used in the text especially con-
tracted products. We start with finite groups.

1. Galois and unramified coverings
1.1. Existence of quotients by finite groups.

LEMMA A.1.1. Let A be a finitely generated k-algebra and G a finite group
acting on A. Then AS is finitely generated.

Proof. The ring A is integrally closed over A“. Indeed, for a € A, we have the

equation

H (a—g-a)=0.

geG
Let ay,---a, be generators of A as an algebra and let P; be equations for the a;
over B. Let C be the subalgebra of B spanned by the coefficients of the P;. The
elements a; are integral over C' thus A is a finite module over C. But B is a sub-
C-module of A and C is noetherian (because C' = k[coefficients of the P;]. Thus B
is also finite over C' and B = Clby, - - - , bi], the result follows. O

PROPOSITION A.1.2. Let X = Spec(A) be affine and G be a finite group acting
on X. Let X/G = Spec(A%) and m: X — X/G be the induced morphism.

(1) The morphism 7 is constant on the orbits of G and any morphism X — Z
constant on the G-orbits factors through X/G.

(2) The morphism 7 is finite.

(3) The variety X/G has the quotient topology.

(4) The fibers of ™ contain a unique closed orbit.

REMARK A.1.3. Note that as any orbit if finite and therefore closed, the last
condition implies that X/G is the set of orbits justifying a posteriori the notation.

COROLLARY A.1.4. Assume that X is a variety such that any finite set is
contained in an affine open subset (for example X is quasi-projective). Then there
exists an algebraic variety X/G with a morphism w: X — X/G constant on the G
orbits and such that for any morphism ¢ : X — Z constant on the G-orbits, there
exists a morphism v : X/G — Z with ¢ = om.

Proof. The condition tells us that X can be covered by affine subsets (U;) stable
under the action of X. The quotient exists on U; and by the universal property
is unique. Therefore on U; N U; the two quotients coming from U; and U; are
isomorphic. We can glue them to get the quotient of X. O

7
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REMARK A.1.5. If we replace G by a reductive group, then it is harder to find
a mild condition to replace the condition that any finite subset of X is contained in
an affine open subset which ensured the existence of an affine covering stable under
the action. This is where the so called stability conditions are needed. We shall
not enter this subject. For more details, see for example [19].

1.2. Unramified covers.

DEFINITION A.1.6. A morphism f : X — Y is called unramified if the condition
Qﬁ( Iy = 0 is satisfied. Unramified finite morphism are called an unramified cover.

REMARK A.1.7. Few remarks on unramified morphisms.

(1) There are several equivalent conditions for a morphism to be unramified
(see for example [11, IV, Théoréme 17.4.1]). A map f : X — Y is
unramified if and only if one of the following equivalent conditions are
satisfied
(a) the diagonal morphism X — X xy X is open;

(b) for any point y in Y, the fiber of 7 over y is a disjoint union of reduced
points (here we assume that k is algebraic closed).

(2) A finite cover is not necessarily étale. To get the étale property, we need
to add the assumption that the morphism is flat. If f : X — Y is a non
ramified cover between irreducible varieties, then there is an open subset
where f is flat and therefore étale.

(3) For f : X — Y a separable morphism between irreducible varieties (i.e.
such that k(X)/k(Y) is separable) then set of point in Y such that the
morphism is separable is open and dense.

Let us state the following two facts that we shall use without proof.

FacTt A.1.8.[11, IV, Proposition 17.3.3] Unramified covers are stable under
base change.

Fact A.1.9.[24, Section 1.4] If 7 : X — X/K is the quotient of a variety X
by a finite groups K, then w is an unramified cover if and only if K acts freely on
X. These unramified covers are called Galois covers.

LEMMA A.1.10. Let f : X — Y be an unramified cover. There exists a Galois
cover w: Z — 'Y such that X is a partial quotient of Z.

Proof. Let n be the degree of f and consider Xy the n-fold fibered product of
X over Y. Remove the (open because of the unramification and closed) subset of
points fixed by at least one non trivial element in &,, acting by permuting the points.
Then the complement Z maps to Y and this map Z — Y is an unramified covering.
We have X = 7/6,,_1 and Y = Z/&,, (the degree of the maps Z7/&,,_1 — X and
Z/6, =Y are both 1). O

LEMMA A.1.11. Let 7 : X — X/K be a Galois cover of group K and let
[:Y = X/K be a morphism, then the base change morphism X Xx,xY — Y is
again a galois cover.

Proof. Define the action on X X x/x Y by o (v,y) = (¢(x),y) and let Z be the
quotient. The map X Xx,x Y — Y is constant on the K-orbits thus we have a
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morphism Z — Y and therefore a commutative diagram:

XXX/KY*)Y

|

Z.

Both maps starting from X x x/x Y are of degre |K| thus Z — Y is of degree 1
and therefore an isomorphism. O

2. Principal bundles
2.1. Isotrivial bundles and special groups.

DEFINITION A.2.1. A principal bundle of group G over X is a morphism f :
P — X with a faithful right action of G on P such that f is G-equivariant for the
trivial action of G on X.

DEFINITION A.2.2. Let f: P — X be a G-principal bundle.

(1) The fibration is called trivial if there is an isomorphism P ~ X x G such
that f is the first projection.

(2) The fibration is called isotrivial if there exists an unramified cover X’ — X
such that the pull-back of the fibration to X’ (obtained by base change)
is trivial.

(3) A fibration is called locally trivial if there exists a open covering (U;)icr
of X (for the Zariski topology) such that the restriction of the fibration
to U; is trivial for all 4 € I.

(4) A fibration is called locally isotrivial if there exists a open covering (U;)icr
(for the Zariski topology) and unramified maps U] — U; such that pull-
back to U/ of the restriction of the fibration to U; is trivial for all i € I.

REMARK A.2.3. It can be proved, see [12] that if G is a linear algebraic group,
then any principal bundle is locally isotrivial.

LEMMA A.2.4. Let f: P — X be a principal G-bundle and let m: X' — X be
a Galois cover of group K.
(1) Assume that the pull-back X' X x P is trivial over X', then the action of
K on X' x G is given by morphisms f, : X' — G for o € K such that

o (z,9) = (0(x), fo(2)g)-
(2) Furthermore, the principal bundle f : P — X is trivial if (and only if)
there is a morphism a : X' — G such that

fo(@) = a(o(x)) " a(x).

REMARK A.2.5. The classes of families (f,),ex such that the above formula

gives an action modulo the classes of functions of the form f,(z) = a(o(x)) ta(x)
is a pointed set usually denoted by H' (K, Hom(X',G)).

Proof. (1) We know that the base change of the Galois cover is again a Galois cover
thus we have an action of K on X’ x . This action has to induce an equivariant
map X' X G — X' thus o(z, g) = (0(x),as(x,g)). Furthermore, the action has to
respect the G-action i.e.

o(x,gh) = o(x,g)h.
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In particular o(z, g) = o(x, e)g therefore o(x, g) = (o(x), as(x, e)g) proving (1) by
setting f,(z) = a,(z,e). Note that the associativity of the action gives the cocycle
condition f,r = froo - fs.

(2) Consider the composition X’ x G — X' x G — (X x G)/K whose first
map is given by (z,g) — (z,a(x)"tg) and second map is given by the quotient of
the action given by f,(r) = a(o(x)) ta(x). This map is constant on the orbits of
the action o - (z,g) = (0(x), g) and therefore factors through X/K x G. The same
argument gives the inverse map. O

EXERCISE A.2.6. With the assumptions of the previous lemma.

(1) Prove the converse statement of (2) in the previous lemma.
(2) Prove that if we define an action on X’ x G as in the above lemma with

the cocycle condition f, = f, oo - f,, then the quotient is a principal
G-bundle over X.

DEFINITION A.2.7. A group G is called special if any isotrivial principal bundle
of group G is locally trivial.

REMARK A.2.8. We have the following results on special groups, see [24, 10].

1) Any special group is connected and linear.

2) Connected solvable groups are special.

3) The groups GL, SL or Sp are special.

4) The groups PGL, SO or Spin are not special.

5) A subgroup G of GL is special if and only if the fibration GL — GL/G is
locally trivial.

(6) There is a complete classification of special groups, see [10].

(
(
(
(
(

Let us now prove that GL is special (Hilbert’s Theorem 90).
THEOREM A.2.9. Any isotrivial GL-principal fibration is locally trivial.

Proof. Let P — X be a locally isotrivial principal GL fibration. We thus have an
unramified covering 7 : X’ — X such that X’ xx P is trivial i.e. isomorphic to
X' x GL. We want to prove that P is trivial. It is enough to prove this for X’ — X
a Galois covering in view of Lemma A.1.10.

Let X’ — X be a Galois covering trivialising P i.e. X’ xx P ~ X’ x GL. We
need to prove that locally the cocycle (po)sex € Hom(X’, GL)X defining the action
of K on X’ x GL comes from a boundary i.e. is of the form ¢, (z) = a(o(x)) ta(z)
for a € Hom(X’, GL).

For this let z € X, we will work locally around x. Consider the scheme 71 (z).
This is a discrete disjoint union of 0-dimensional irreducible schemes. Let A(z) be
the (semi)local ring Ox/ r-1(). Let 2’ be a point in 7~ 1(z) and pick an element h
in GL(A(z)) with h(2’) = id and h(y) = 0 for y € 7~ !(z) and y # 2’. Define

a= Z hoo- ¢, € GL(A(z)).
ceK
We can now check the following equalities:
aoo P, = Zh0700-<p700~g00 = Z hoToo: -pre =a
TeEK TEK
the second equality coming from the cocycle condition. O
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2.2. Existence of some quotients. Let G be an algebraic group and let H
be a closed subgroup.

PROPOSITION A.2.10. The quotient morphismm : G — G/H is a locally isotriv-
ial H-principal bundle.

In other words, there exists a covering of G/H by open subsets (U;)ic; and
unramified coverings @; : Ul — U; such that the map 7 : G — G/H trivialises when
pulled-back to U].

Proof. Because the morphism is equivariant and G/H homogeneous, it is enough
to check that there exists a non trivial open subset U of G/H with an unramified
covering ¢ : U" — U such that the fibration 7 trivialises on U’.

Let G° be the connected component of G and let Hy = H N G°. The variety
GY/H, is irreducible and it is the connected component of G/H at the image of e
the unit of G. Because 7 is separable, the extension k(G®) — k(G°/H,) is sepa-
rable. Consider the map on local rings (Og/p.z, ma/m,z) = (Og,e,ma,e). Because
the morphism is separable, the corresponding map meg, g z/mg, JHe MG /me .
is injective. Pick a subspace n of mg . such that its image in the quotient is a
supplementary of the image of this injection. Let I be the ideal in O¢g . spanned
by n. Then the local ring (O¢ /I, mg,/I) is the local ring of a subvariety X
in G containing e whose tangent space is supplementary to that of H. The map
7w : X — G/H is therefore separable at e and dim X = dim G/H. Thus the map is
quasi-finite and this implies that there exist an open dense subset U of G/H such
that if we set U’ = X N7 ~1(U), the morphism ¢ = w|¢ : U’ — U is finite and thus
an unramified covering (see last semester lecture Theorem 6.2.25).

We now only need to check that 7 trivialises when restricted to U’. We look
at the pull-back diagram

U’XG/HG T
U’ > UcCG/H.

We want to prove that U’ x H is isomorphic to U’ xg,z G. For this we check
the universal property of the product. We have a natural map ¢ : U' — G (the
inclusion) such that ¢ o m = idy. We may thus define maps U’ x H — G and
U x H — U by (u,h) = ¢(u)h and (u,h) — u. This map obviously factors
through the fibered product. If we have maps a : Z — G and b : Z — U’ with
moa = pob then we define Z — U’ x H by z — (a(z),a(z)"1¢(b(z))). This
concludes the proof. O

COROLLARY A.2.11. Let H be a closed subgroup of an algebraic group G and
let X be a variety with a left action of H. Assume furthermore that any finite set of
points in X is contained in an affine open subset (for example X quasi-projective).
Let us define a right action of H on G x X by h-(g,7) = (gh,h~'x).

(1) Then there exists an unique structure of algebraic variety on the set G xH
X of H-classes in G x X. The morphism G x X — G x" X is flat and

separable.
(2) There is an action of G on G xH X.
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(3) There is a G-equivariant morphism G x™ X — G/H which is isotrivial
with fibers isomorphic to X.

Proof. The quotient being the solution of an universal problem. If it exists it is
unique therefore we only need to construct it locally. By uniqueness the resulting
quotients will glue together.

Since the map 7 : G — G/H it is locally isotrivial, we first consider an open
subset U and an unramified covering ¢ : U’ — U such that we have a trivialisation
7 Y (U') ~ U’ x H and thus we get an isomorphism 7~ }(U’") x X = U’ x H x X.
Furthermore, the action is given by h - (u,h/,z) = (u,h'h,h~1z). In particular on
this open set, there is a quotient isomorphic to U’ x X . Indeed, we have a morphism
¢: U x Hx X — U’ x X defined by (u, h,x) — (u, hxz). This morphism is contant
on the H-orbits. Furthermore, for any morphism ¢ : U’ x H x X — Z which is
constant on the H-orbits, we may define ¢ : U’ x X — Z simply by composition
with the map U’ x X — U’ x H x X given by (u,z) — (u,e,z). This map is a
section of the quotient map ¢ thus ¢ factorises ).

To prove the existence of the quotient on U, we only need to descent from U’
to U. But the morphism ¢ : U’ — U is an unramified cover. By taking another
covering, we may assume that U = U’/ K with K a finite group (see Lemma A.1.10).
We may thus assume that U’ — U is given as the quotient by a finite group K.
Therefore the pull-back U’ x H — 7= 1(U) is also given by a quotient of an action
of K. Because of the compatibility with the first projection and the action of H,
the action is given by o - (u,h) = (o(u), fo(u)h) with f, : U’ — H a morphism.
We may therefore define an action of K on U’ x X by o - (u,z) = (o(u), fo(u) - ).
By our assumption on X there is a quotient of U’ x X by K. For this quotient we
have the diagram

U’XHXXHﬂfl(U)XX
!

!
\L

(U x X)/K
l
4
U

U——
that we want to complete with the dashed arrows to get a commutative diagram.
But the composition morphism U’/ x H x X — U’ x X — (U’ x X)/K is constant on
the K-orbits thus factors through (U’ x H x X)/K = 7~}(U) x X. This gives the
first right vertical arrow. Now because the top square is commutative we get that
the map 7~ (U) x X is constant on the H-orbits. We need to check that it satisfies
the universal property of the quotient. If ¢ : 771(U) x X — Z is constant on the
H-orbits, then the composition U’ x H x X — 7 1(U) x X — Z is constant on
the H-orbits and thus factors through U’ x X. Furthermore the above composition
and therefore the induced map U’ x X — Z is constant on the K-orbits thus it
factors through (U’ x X)/K. The existence of the last dashed arrow comes from
the universal property of the quotient U = U'/K.

Again, because of the universal property of the quotient, the quotients on open
subsets with trivialisation on an unramified covering will patch together to give a
global quotient G x* X which furthermore has a morphism to G/H (because it is
the case locally) which is locally isotrivial.
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Note that the morphism G X G x X — G x X defined by left multiplication on
G is equivariant under the H-action thus by the same construction for the H-action
on G x G x X, this induces a morphism G x G x7 X — G x* X and it is easy to
check that this morphism defines an action. O

REMARK A.2.12. With the above assumptions.

(1) If H is a parabolic subgroup, then the map G — G/H is locally trivial
for the Zariski topology and the result is even easier.

(2) This result is a special case of faithfully flat descent (see [12]): indeed the
map G — G/H is faithfully flat and there is a locally trivial fibration with
fiber isomorphic to X over G: the trivial fibration G x X — G therefore
by faithfully flat descent, there exists a fibration G x X — G/H with
fibers isomorphic to X such that the following diagram is Cartesian:

Gx X —@G

L

Gx"1 X —=G/H.

COROLLARY A.2.13. Let X' — X be a Galois covering of Galois group K and
let p: K — GL(V) be a representation of K. Consider the action of K on X' x V
defined by o(x,v) = (o(x), p(o)(v)).

Then the quotient X' xEV := (X' x V))/K s a vector bundle over X' /K = X
i.e. locally trivial.

Proof. Consider the trivial principal GL(V') bundle X’ x GL(V') and the action
of K on it induced by the representation p. The quotient X’ x® GL(V) has a
morphism to X’'/K = X and is an isotrivial principal GL(V') bundle. By the above
result, we may assume that this principal bundle is trivial over X (by restriction
to an open subset). The above fibration X’ x¥ V — X’/K is obtained from
X' xK GL(V) - X'/K as follows:

X' 5BV = (X' xEQL(V)) x PV V ~ (X' /K) x (GL(V) xSV V) ~ X' /K x V.
Proving the result. U

ExXAMPLE A.2.14. A very special case of the above construction is the following.
Let V be a linear representation of H, then G x V — G/H is a vector bundle
over G/H with fibers isomorphic to V. This is the very first example of linearised
vector bundle.

Note that if the action of H on V extends to an action of GG, then the bundle is
trivial. Indeed, we have the trivialisation morphisms given by (g,v) — (g,971 - v)
and (g,0) - (3,9 - v).

Note also that we only proved that the fibration G x# V — G/H is isotrivial.
But as GL is special it is locally trivial and thus a vector bundle.






APPENDIX B

Linearisation of line bundles

1. First definitions

Let G be a linear algebraic group and let X be a variety acted on by G.

DEFINITION B.1.1. A G-linearisation of a vector (line) bundle 7 : L — X is a
G-action on L given by ® : G x L — L such that

(1) the morphism 7 : M — X is G-equivariant and
(2) the action of G on the fibers is linear i.e. for all z € X and g € G, the
map @g, : Ly — Ly, is linear.

We shall mainly consider G-linearised line bundles but in the following lemma
we get G-linearised vector bundles as well.

LEMMA B.1.2. Let G be a linear algebraic group

(1) Let V' be a representation of H, then G x®'V — G/H is a G-linearised
vector bundle.

(2) In particular for x € X*(H) a character of H we get a linearised line
bundle L, = G xH k with action h.(g,z) = (gh, x(h)~'z). Any linearised
line bundle is of that form. We thus have a group morphism

X*(H) — Pic(G/H)
whose image is the subgroup Picg(G/H) of linearised line bundles.

Proof. (1) As observed in the construction of G' x V this variety has a G-
equivariant map to G/H whose fibers are isomorphic to V and furthermore the
local trivialisation shows that the action is linear on the fibers.

(2) Assume conversely that 7 : L — G/H is a G-linearised line bundle. Then H
acts linearly on the fiber L. over the class of the identity element e. In particular,
we get a character of H via the action map x : H — GL(L.) defined by h.l = x(h)l
for | € Le. Cousider the morphism G x L. — L defined by (g,1) — ¢.l and the
action of H on G x L., defined by h.(g,1) + (gh,x~1(h)l). The map is then constant
on the H-orbits, thus factors through L, — L. The morphism G x L. — L being
surjective, so is L, — L and therefore this is an isomorphism of line bundles. [

We denote by px and pg the projections from G x X to X and G respectively
and by ¢ : Gx X — X and @ : G x L — L the action of G on X and a linearisation
of this action on a line bundle L.

85
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LEMMA B.1.3. For ® : G x L — L a linearisation of a line bundle, there is a
commutative diagram:

GxL-2 1

idXTri ifr
Gx X2 sXx
which is furthermore cartesian. In otherwords, we have an isomorphism of line
bundles
Py (L) = ¢*(L).
The restriction of ® to {e} x L is the identity.

Proof. The commutativity of the diagram is equivalent to the fact that 7 : L — X
is equivariant. To prove that the diagram is cartesian, let us check the universal
property of the product. Let a: Z — L and §: Z — G x X such that mroa = pof.
We define v : Z — G x L by v = (pg o 3,®(i(pg o B8),a)). We need to check
the equalities (id X ) oy = 8 and ® oy = . We compute 7(®(i(pg o 8),a)) =
p(m(2(i(pc © B),a))) = ¢(i(pc © B), p(pc © B,px o B)) = px o B giving the first
equality. The second equality is obvious.

The last assertion is obvious. (I

ProprosiTION B.1.4. Conversely, assume that L is a line bundle together with
a morphism ® : G x L — L satisfying the following two conditions:

(1) There is a commutative diagram:

GXLL>L

Gx X2 X

which is furthermore cartesian. In otherwords, we have an isomorphism
of line bundles

Px (L) = ¢*(L).
(2) The restriction of ® to {e} x L is the identity and ®(g,-) : L — L maps
the zero section to itself for all g € G.

Then ® is a linearisation of L.
Proof. We only need to check that this defines an action which is linear on the
fibers. For g € G, the morphism ®(g,-) : Ly — Ly, is bijective and map 0 to 0.
It is therefore a linear isomorphism. We thus has a function f: G X G x L — G,,
such that for all gh € G and z € L we have the equality

D(gh, 2) = f(g,h,2)®(g, B(h, 2)).
But looking at trivialisations, we easily see that this function is regular.

LEMMA B.1.5. The map k[X]* x k[Y]* = k[X x Y]* is surjective, for X and
Y irreducible varieties.

Proof. Let zp and yo be normal points on X and Y and let f € k[X xY]*. We may
define the function F : X x Y — G,, by F(z,y) = f(xo0,v0) ' f(z,y0) f(x0,y). We
only need to prove that f = F. For this it is sufficient to prove that these functions
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coincide in a neighbourhood U x V of (xg,y0). We may therefore assume that X
and Y are affine and normal.

Let X and Y be normal projective compactifications of X and Y, in particular
X and Y are dense open subsets in these compactifications. Consider f and F' as
rational functions on X x Y. The support of the divisor div(f/F) is contained in
(X\X)xY)U(X x (Y\Y)). It is therefore a sum of divisors of the form D x YV’
and X x D’ with D and D’ irreducible components of the boundary of X and Y.
If f/F has a zero on a divisor D x Y, then it is regular on an open set meeting
D x {yo}. But f(z,y0) = F(z,yo) for all z € X and therefore also on X leading to
a contradiction. The same argument prove that f/F has no pole and is therefore
in k[X x Y]*. It has to be a constant and the value at (zq,yo) proves that this
constant is 1. O

EXERCISE B.1.6. Prove the following consequence of this lemma: any invertible
function f € k[G]* over a group G with f(e) =1 is a character.

This lemma implies that f above has the form f(g,h,z) = r(g)r(h)t(z) for
some functions r € k[G]*, s € k|G]* and t € k[L]*. Now the equality ®(e, z) = z
gives the equalities

r(e)s(h)t(z) =1 and r(g)s(e)t(z) = 1.
for all g,h € G and z € L. We then get the equalities
flg:h,2) = r(g)s(h)t(z) = (r(g)s(h)t(2))(r(e)s(e)i(2))
(r(g)s(e)t(2))(r(e)s(h)i(2)) = 1.
The result follows. U

COROLLARY B.1.7. A line bundle L over X with a G-action ¢ : G x X — X

is linearisable is and only if there exists an isomorphism ¢*(L) ~ p% (L).

Proof. The former Lemma implies that if L is linearisable, then such an isomorphism
exists. Conversely such an isomorphism induces a pull-back diagram

GxL-2 ~1p

Gx X2 X

such that for all ¢ € G the map ®(g,-) sends the zero section to itself (because
it is a pull-back diagram). Furthermore, the restriction of ¢ to {e} x L is an
isomorphism of L. Therefore there is a regular function A : X — G,, defined by
A(7(z)).2 = ®(e,z). Replacing ® by A~!® we obtain a morphism satisfying the
conditions of the previous proposition and the result follows. O

2. The Picard group of homogeneous spaces
Let us recall the following fact on reductive algebraic groups.

Fact B.2.1. A reductive algebraic group contains an open dense affine subset
isomorphic to GE x G24.
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Proof. Use Bruhat decomposition to write the dense open cell as UTU ™~ where T is
a maximal torus and U a maximal unipotent subgroup with U~ its opposite. Then
we have seen that '~ G¢ while U ~ G ~ U~ g

REMARK B.2.2. The fact that an open subset of GG is isomorphic to a product of
G, and G, is true for any connected algebraic group: by a result of Grothendieck
[9], if G is connected then as variety we have G ~ R(G) X (G/R(G)) and G/R(G)
is reductive. The group R(G) is unipotent and one can prove that it is isomorphic
to GJ.

Let us prove the following result.

LEMMA B.2.3. Let X be a normal variety with an action of G and let L be a
line bundle on G x X. Then we have an isomorphism

L~ pg(Llax{zo}) © Px (Ll{eyxx),

for some xg € X.

Proof. Let M = L™ @ p&(L|Gx {z0}) @ Pk (Ll{eyxx)-

Let us assume first that X is smooth. The Picard group of G x X is then
isomorphic to the group of Weil divisors CI(G x X) (cf. [13, Chapter II, Section
6]). By loc. cit. Proposition I1.6.6, the pull-back gives identifications Cl(G, x X) ~
Cl(X) and Cl(G,, x X) ~ CI(X). Therefore on an affine open space U of G, we
have M|y ~ Oyp.

Therefore the divisor class corresponding to M is represented by a divisor D
supported in (G'\ U) x X. Therefore we have D = p;'(D’) with D’ a divisor in G.
We thus have

M >~ p&:(Mas(z0})
but Mgy {4} is trivial therefore so is M.

If X is normal but not necessarily smooth, then X*™ the smooth locus of X
has complementary in codimension 2 and every function defined on X*™ extends
to a regular function on X. By the previous argument M |ysm is trivial therefore
so is M. (|

PROPOSITION B.2.4. Let L be a line bundle on G and denote by L* the com-
plement of the zero section. Then L* has a structure of a linear algebraic group
such that the following two conditions hold.

(1) The projection p : L — G induces a group morphism L* — G with kernel
central in L>* and isomorphic to G,,.
(2) The line bundle L is L*-linearisable.

Proof. We need to define the multiplication map p : L* — L*. Let us denote
by m : G x G — G the multiplication in G and by p; and p the two projections
on G x G. We know by the previous lemma that there is an isomorphism 1 :
pi(L) ® p5(L) — m*(L). We construct via ¢ a morphism p : L x L — L as the
composition:

L x L—> pi(L) & pi(L) —> m*(L) —

id Gx QO id Ie.

Vg

G 2>
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If M is the locally free k[G]-module corresponding to L, then this map is given as
follows

mt m P
M —— M &} k[G x G] —— M ®j, k|G x G] @kjaxa) M ®jig kG x G ——= M @ M

where ®£[G]k[G x (] is the tensor product using the map f : G x G — G and where
m? is given by the formula mf((m ® (a ® b)) ® (m' ® (a’ @ b'))) = aa’m @ bb'm’.

We want to modify ¢ so that p will induce the desired multiplication map. Let
us fix an identification L, ~ G, and fix 1 € L. be the element corresponding to
the unit in G,. The composition L — L x {1} £ L is an isomorphism (check on
the modules!) inducing the identity on G i.e. an isomorphism of vector bundles.
Therefore there is an invertible function r € k[G]* with

p(l, 1) = r(p))
for all [ € L. The same argument gives an invertible function s € k[G]* with
p(L1) = s(p))I'

for all I’ € L. Let us replace ¢ by ¢ o (r~' ® s7!) and denote by A : L x L — L
the corresponding morphism. Then 1 € L, is a unit for this morphism:
A1) = p(r~Hp(),1) =1 and A(1,1) = p(1, s HpI')N) = 1.
Let us now prove that A is associative. Indeed, by linearity (use the same arguments
as in Proposition B.1.4) of the maps, there is an invertible function t € k[GXGXxG]*
with
Ad x ALY = t(p(l), p(l'), p(I") A(A x id(1,1',1")).

As usual we can write t(g,¢’, ") = u(g)v(g")w(g"”) with u,v,w € k[G]*. We have
(because 1 is a unit) the equality ¢(e,e,e) = 1 therefore we may assume u(e) =
v(e) = w(e) (replace u by u(e)~'u and do the same for v and w). Because 1 is a
unit we have t(g,e,e) = t(e,g’,e) = t(e,e,g"”) = 1. We obtain the equalities u(g) =
v(g') =w(g”) =1 for all g,¢',9" € G therefore A is associative. Furthermore the
morphism A being bilinear, the subset L* is contained in the locus of invertible
elements this proves the existence of the group structure on L*.

Furthermore by construction the map p : L — G induces a group morphism
L* — @G. The kernel of this map is LS ~ G,,,. This groups acts by scalar multipli-
cation on the fibers and is therefore in the center of L*.

Finally, the restriction of A give a group action L* x L. — L which is a lineari-
sation of the action of L* on G (L* acts on G via G and the map L* — G), in
other words the central kernel L} ~ G,,, acts trivially on G. [l

COROLLARY B.2.5. Let G be a linear algebraic group and let L € Pic(G). There
exists a finite covering m : G’ — G such that 7 L is trivial.

Proof. We may assume G to be connected since all the connected components of
G are isomorphic.

We consider L* as a linear algebraic group and denote by L) the kernel of the
map L* — G. Choose a representation V of L* such that L does not act trivially
(for example take a faithful representation, see [25, Theorem 2.3.7]). Replacing V'
by a submodule W, we may assume that LX acts by a nontrivial scalar on W (take
an eigenspace V), of V with x a non trivial character of L} ~ G,,, because L
is central, this is again a sub-L*-module). We may furthermore assume that the
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representation V is also faithful on the Lie algebra level (i.e. dep : Lie(L*) — gl(V)
is injective, see [25, Lemma 5.5.1]). The character x corresponds to an integer n, the
action is t.v = x(¢)v = t"v. By the condition on the Lie algebra, the integer n has
to be prime to p = char(k). Denote by p: L™ — GL(W) this new representation.
Let G’ be the identity component of p~!(SL(W)). Then the restriction 7 :
G' — G of p: L™ — @ is surjective and with finite fibers (the dimension of G’ is
dim L* —1 = dim G and G is connected). The map = is quasi-finite and affine thus
finite. Note that the kernel of the map 7 : G’ — G is isomorphic to the intersection
G N p~Y(SL(W)) and therefore is isomorphic to the finite group of n-th root of
the unit and therefore is a reduced finite group K and the map 7 is unramified.
Now the restriction of the action of L™ to G’ induces a G’-linearisation of L.
Therefore the line bundle 7*L is G'-linearised on G’ and by Lemma B.1.2 it is
trivial. (]

COROLLARY B.2.6. The Picard group Pic(G) is finite.

Proof. Let L € Pic(G) and let 7 : G — G be a covering such that L is linearised
and 7*(L) is trivial. If K is the kernel of 7, then K acts on L and if n is the order
of K, the action of K on L®" is trivial. Therefore G acts on L®" and thus L®" is
G-linearisable. As above we get that L®" is trivial. Therefore Pic(G) is a torsion
group.

We are left to prove that Pic(G) is of finite type. But we have seen that there
is an open subset U of G isomorphic to GE x G%,. We thus have Pic(U) = 0
and the non trivial elements in Pic(G) are supported by divisors corresponding to
irreducible components of G\ U. There are only finitely many of them concluding
the proof (note that we use here the fact that G is smooth and thus that Pic(G)
coincides with Cl(G) the group of Weil divisors. O

COROLLARY B.2.7. There is a finite covering 7 : G' — G such that Pic(G') = 0.
In particular if G is simply connected, then Pic(G) = 0.

Proof. Again we may assume that G (and G’) are connected.

By what we proved, it is enough to check that if 7 : G’ — G is a finite covering,
then the morphism 7* : Pic(G) — Pic(G’) is surjective. Let L’ € Pic(G’) and let
¢ : G"” — G’ be a finite covering such that L’ is G”-linearisable and ¢*(L’) is trivial.
Let K be the kernel of ¢. As L’ is G”-linearisable, there exists a representation k,
of K such that L' ~ G” xK L, .

Let K’ be the kernel of the composition mo¢ : G’ — G. Then K is a subgroup
of K/. But K’ is finite and abelian, thus we may extend the representation of
K in k, in a K'-representation k, (we act by roots of the unit). We may set
L=G"x¥ k. Then L' = 7* L and the result follows.

If G is simply connected, then there are only trivial finite coverings. O

REMARK B.2.8. Note that we used here the fact that any non trivial covering
of G comes from an abelian kernel or equivalentely that the fundamental group of
G is abelian. Here is a proof for char(k) = 0.

Let f:[0,1] = G and g : [0,1] — G be loops in G with f(1) = g(1) = e. Define
the product f - g of loops by (f - g)(t) = f(t)g(¢t) and the concatenation of loops by:

4miz 1
(fjg)(e%mw):_{ f(e ) ’ 0§37§2

1
l<a<l.

)
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We construct a homotopy of loops f7g =~ f-g ~ g~ f. For each —1 < € < 1,
let pe : [0,1] — [0,1] x [0,1] be a path in the unit square starting at (0,0) and
ending at (1,1), such that p_; goes along the left and top boundaries, py goes
along the diagonal, and p; goes along the bottom and right boundaries. Define
H :[0,1] x[0,1] — K by H(xq,13) := f(e*™@1) g(€2>7%*2). Then defining h, : S* —
K by h(e?™®) := H(p.(z)) gives a continuous family of loops with h_; = f~g,
ho=f-g,and hy =g~ f. U

PROPOSITION B.2.9. Let G be a connected algebraic group and let H be a
closed subgroup and denote by m : G — G/H the quotient map. Let us also denote
by ¢ : X*(H) — Pic(G/H) the group morphism defined in Lemma B.1.2. Then we
have an exact sequence

X*(G) —%> X*(H) —Y> Pic(G/H) = Pic(G).
Recall that the image of 1 is the subgroup of linearisable line bundles.

Proof. Let us start with the exactness at X*(H). If x is a character of G, then
we have already seen that the line bundle L, = G xH k, is trivial (see Example
A.2.14). Conversely, if x is a character of H such that L, = G x k, is trivial,
then we have a trivialisation 1 : G/H x k ~ L, but G acts on G x! k, therefore
it acts on k and this action extends the action of H.

Consider the exactness at Pic(G/H). Let L € Pic(G/H) and denote by ¢ :
G x G/H — G/H the action of G. By Lemma B.2.3 we have an isomorphism
"L ~ pM & pg g N with M = ¢*Llgx{ey = 7L and N = ¢*L|teyxa/um = L.
In other words, we have an isomorphism

¢ L~ pem*(L) ®pg uL-

The image of ¥ is composed of the G-linearisable line bundles. We know that
L is linearisable if and only if there is an isomorphism ¢* L ~ p7, / gL which in turn
is equivalent to the fact that 7*(L) is trivial. t

COROLLARY B.2.10. Assume that G is semisimple and simply connected. Let
P be a parabolic subgroup of G, then we have Pic(G/P) ~ X*(P).
In particular rank(Pic(G/B)) = rank(G) for B a Borel subgroup of G.

Proof. If G is semisimple, then X*(G) = 0 (we have G = D(G) for example) and if

it is semisimple then Pic(G) = 0. The result follows from the above exact sequence.
O

3. Existence of linearisations and a result of Sumihiro
In this section we present a result of Sumuhiro [26] and [27].

PropoOSITION B.3.1. Let L be a line bundle on a normal G-variety. There
exists a positive integer n such that L®" is G-linearisable.

Proof. By Lemma B.2.3 we have an isomorphism ¢*L ~ p5 M ® p&N (this uses
the normality assumption). Note that we have M = ¢*L|{cy}xx = L.

But the Picard group of G is finite therefore there exists a positive integer n such
that N®" is trivial. We get an isomorphism ¢*(L®") ~ p% (M®") @ p&(M®") ~
pe(L®™). Therefore L®" is linearisable. O
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LEMMA B.3.2. Let L be a G-linearisable line bundle on X. Then G acts on
H°(X, L) via
g.o(z) = g(o(g~ .2))
forallge G, o € H*(X,L) and v € X. Furthermore this representation is locally
finite and rational.

Recall that a representation V' of G is locally finite and rational if for all v € V|

there is a finite dimensional G-subspace W of V' containing v such that the action
is given by an algebraic group morphism G — GL(W).
Proof. Note that there is an isomorphism H°(G x X,p%L) ~ k[G] ® H°(X, L)
defined by s — (f,o) with o(z) = s(e,z) and s(g,2) = f(g)s(e,x) (such an f
exists because we take the pull-back of a line bundle on X). The inverse is defined
by f @0 [(g,2) = (g, f(g)o()].

But because L is G-linearisable, the linearisation ® : G x L — L proves that
p% L is also isomorphic to ¢*L. Pulling back sections, we get a morphism

d*: HY(X,L) — H°(G x X,¢*L) ~ H°(G x X, p% (L)) ~ k[G] ® H°(X, L)

defined by o — s with s(g,z) = g t.o(gr) = ®(g71,0(gz)). We may write * (o) =
> fi ® oy with f; € k[G] and o; € H°(X, L), the sum being finite. We get
g.oc =Y, fil¢g~')o; and the result follows. O

DEFINITION B.3.3. (1) A G-variety is called linear if there exists a represen-
tation V of G and a G-equivariant isomorphism of X to a G-stable locally closed
subvariety of P(V).

(1) A G-variety is called locally linear if there exists a covering of X by linear
G-stable open subsets.

The next result proves that normal G-varieties are locally linear.

THEOREM B.3.4 (Sumihiro’s Theorem). Let X be a normal variety with an
action of an algebraic group G. Let'Y be a G-orbit in X.

There exists a finite dimensional representation V. of G and a G-stable neig-
bourhood U of Y in X such that U is G-equivariantly isomorphic to a G-stable
locally closed subvariety in P(V).

Proof. Let Uy be an affine open subset in X meeting Y non trivially. Consider the
divisor D = X \ Up and the invertible sheaf Ox (mD). Recall that Ox(mD) is the
sheaf of rational functions with pole of order at most m at D.

Let fo = 1, f1,---, fn be generators of the algebra k[U] C k(X) and let N
be the linear span of these elements in k(X). Then for some m > 0, we have the
inclusion N € H%(X, Ox(mD)).

Now there exists an integer n > m such that Ox(nD) is linearisable. Therefore
we have a locally finite and rational action of G on H°(X,Ox(nD)). The space
N is contained in H°(X,0x(nD)) and we denote by W the (finite dimensional)
subspace spaned by all the G-translates of N. We get a rational map

b X s P(WY)
defined by = +— [£;] with £,(s) = s(z) and where [¢,] is the class in the projective

space of £,. This map is G-equivariant. Indeed, we have (g.,)(s) = £.(g7t.s) =
l:(g7 sg) = g 's(g9x) = g7, (s). But g acts by scalar multiplication thus there
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exists an invertible function (it is even a character) f € k[G]* with g.¢, = f(g)lgz(s)
therefore [g.0;] = [(gq).

The map v induces an isomorphism on Uy and by G-equivariance on U = GUj
concluding the proof. O

REMARK B.3.5. The normality assumption is important as shows the following
example. Consider X a plane nodal cubic. It has a G,, action with 2 orbits: the
node and the complement of the node.

But the closure of any non trivial G,,-orbit in a projective space is isomorphic
to P! with 3 orbits. Therefore X does not satisfy the conclusion of the previous
proposition.






APPENDIX C

Finite generation of U-invariants

In this appendix, we want to prove for char(k) = 0 the following result proved
in full generality in [8]. Recall that G is a reductive group. Denote by B a Borel
subgroup of G and by U C B its unipotent radical. The subgroup U is a maximal
unipotent closed connected subgroup in G.

THEOREM C.0.1. Let X be an affine G-variety, then k| XY is finitely generated.

1. Isotypical decomposition

DEeFINITION C.1.1. Let G be a reductive group.

(1) For V and W two G-module. Denote by Homg(V, W) the group of mor-
phisms of G-module from V to W.

(2) Let X and Y be G-varieties. Denote by Morg(X,Y) the set of G-equiva-
riant morphisms from X to Y.

Fact C.1.2. For X a G-variety and V a G-module, we have isomorphisms
Homg(V, k[X]) ~ (k[X] ® VV)¢ ~ Morg(X, V).

Proof. Let (e;);c[1,n] be a basis of V and (e;);c(1,,) be the dual basis. Define the
map [+ Y. f(e;) ®e). One easily checks that this does not depend on the choice
of the base. The action on the tensor product is given by the diagonal action:

g9-2 i fle) @el =35(9-f)(e)) @ (g-ef) = 32, flg-ei) ®(g.€/) =, fle:) @) thus
we get an invariant. The converse map is ) . a; ® l; — f with f(z) = Y, a;li(z)
(complete the I; in a basis of V¥ and take the dual basis to get the expression as
>, f(e;) ®e). This proves the first isomorphism.

For the second map, define Homg (V, k[X]) — Morg(X,V"Y) by f — ¢ with
¢f(x) = (v = f(v)(z)) and the converse map ¢ — fo with fs(v)(z) = ¢(x)(v).
One easily checks the compatibility of the actions. O

Note that the group Homeg(V, k[X]) is a k[X]%-module with action given by
(¢.f)(v) = ¢.[f(v)]. Let @ be the set of irreducible representations of G.

LEMMA C.1.3. Let M be a G-module M. The assigment f @ v — f(v) induces
a G-module isomorphism

P Homa(V, M) @V ~ M
ved
In particular for any G-variety X, we have a G-module isomorphism
k[X] ~ @ Morg(X,VY)@V
ved

and each of the k| X]%-modules Morg (X, V) are finitely generated.

95
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Proof. Because M is a rational representation, it has to be the direct sum of its
irreducible finite dimensional sub-G-modules. We therefore only have to deal with
M a simple module. The first assertion is then easy to verify.

For the second assertion, recall the isomorphism Morg (X, VV) ~ (k[ X]@VV)C.
But the algebra k[X x V]9 is isomorphic to

KX x V]9 ~ @ k[X] @ 5"VY)C.
n>0
Therefore this algebra is finitely generated as a k-algebra and has a grading. Let
fi,--+, fn be generators of this algebra. The algebra k[X]“ is generated by the
elements f; of degree 0 while the k[X]%-module (k[X]® VY)¢ = (k[X x V]%); is
generated by the elements of degree 1. U

COROLLARY C.1.4. There is a canonical decomposition as G X G-module
kG~ P Ve VY =ED End(V).
ved ved
Proof. Lemma C.1.3 gives the G x G-equivariant decomposition
K[G] = @5 Morg (G, V) @ V.
ved

We claim that there is a G-module isomorphism Morg(G,V"Y) ~ VV. Indeed, the
direct map is given by ¢ — ¢(eq) while the inverse map is defined by f — (g — g-f).
Both maps are G-equivariant. O

Assume that G is connected and let B be a Borel subgroup, 7' a maximal torus
in B and U be the unipotent part of B. We can write B = TU and U being normal
we have an exact sequence

1-U—-B—>T—1

giving on the level of characters the identification X(B) = X(7T) since U has no
nontrivial character (being unipotent). Denote by R the root system associated to
T and by RT the set of positive roots associated to B. Recall the following result
from the representation theory of G.

THEOREM C.1.5. Let G be a reductive group.
(1) If V be a simple G-module, then VY is of dimension 1 on which B acts
by a character A € X(T) and V is uniquely determined by \.
(2) The set X(T)*t of all possible characters X as above for simple G-module
is the set of dominant characters:
XMt ={XeX(T)| (\aY)y>0 forallac R}
(3) In particular X(T)" is a finitely generated monoid.

DEFINITION C.1.6. Let A € X(T')".
(1) Denote by V(X) the simple G-module of highest weight A .
(2) For M a G-module, denote by M /{B) the subspace of semi-B-invariants
where B acts by : M)(\B) ={m e M | b.m = Ab)m for all b € B}.

COROLLARY C.1.7. Let M be a G-module.
(1) We have a G-equivariant isomorphism M ~ GBAE%(T)* M)(\B) @V (N).
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(2) We have isomorphisms Homg(V (X), M) ~ MﬁB) for all X\ € X*(G)*.
COROLLARY C.1.8. The G-module M is determined by the T-module MY .

2. U-invariants
We are now in position to prove the following result.
THEOREM C.2.1. For X an affine G-variety, k[X]Y is finitely generated.

Proof. We first reduce this problem to the case where X = G. Indeed, consider
the principal U-bundle 7w : G — G/U and the action of G on X x G/U defined by
h.(z,[g]) = (h.z,[hg]). We claim that there is an isomorphism

kXY ~ k[X x G/UC.

Indeed, define the map f +— @5 by ¢f(z,[g]) = f(g~'x). Tt is well defined since f
is U-invariant thus (z,g) — f(g~'z) is constant on U-orbits. The converse map is
defined by ¢ — f, with f,(z) = ¢(z, [e]).

By Theorem 3.1.1, we only need to check that k[X x G/U] is finitely generated
i.e. that k[G /U] is finitely generated or that k[G]Y is finitely generated. Recall the
decomposition k[G] = @, gV ® V¥ as G x G-module. This induces the following

decomposition
kGl =PVvi=Pv= & v.
ved ved AeX(T)+
But the monoid X(7T)* of dominant character is finitely generated, this concludes
the proof because the span of V(A)V (1) is a G-module contained in V(A + p) and
therefore equal to that module. O



