ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Embeddings of spherical homogeneous spaces

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:

Gandini, J. (2018). Embeddings of spherical homogeneous spaces. ACTA MATHEMATICA SINICA, 34(3),
299-340[10.1007/s10114-018-7162-2].

Availability:
This version is available at: https://hdl.handle.net/11585/714338 since: 2020-01-17
Published:

DOI: http://doi.org/10.1007/s10114-018-7162-2

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)

26 December 2024


http://doi.org/10.1007/s10114-018-7162-2
https://hdl.handle.net/11585/714338

This is the final peer-reviewed accepted manuscript of:

Gandini, J. Embeddings of Spherical Homogeneous Spaces. Acta. Math. Sin.-English
Ser. 34, 299-340 (2018).

The final published version is available online at: https://doi.org/10.1007/s10114-
018-7162-2

Rights / License:

The terms and conditions for the reuse of this version of the manuscript are specified in the
publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/
https://doi.org/10.1007/s10114-018-7162-2
https://doi.org/10.1007/s10114-018-7162-2

EMBEDDINGS OF SPHERICAL HOMOGENEOUS SPACES

JACOPO GANDINI

ABSTRACT. We review in these notes the theory of equivariant embeddings of
spherical homogeneous spaces. Given a spherical homogeneous space G/H,
the normal equivariant embeddings of G/H are classified by combinatorial
objects called colored fans, which generalize the fans appearing in the classifi-
cation of toric varieties and which encode several geometric properties of the
corresponding variety.
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1. INTRODUCTION

These notes are based on a series of lectures that I gave at the workshop Spher-
ical varieties, organized by Michel Brion and Baohua Fu at the Tsinghua Sanya
International Mathematics Forum in November 2016.

Given a connected reductive group G over an algebraically closed field of charac-
teristic zero, a general theory of the embeddings of a homogeneous space G/H was
formulated by Luna and Vust [24]. An invariant of G/H which plays an important
role here is the complezity of G/H, that is, the minimal codimension of a B-orbit
in G/H, where B is a fixed Borel subgroup of G. The theory of Luna and Vust
works particularly well when the complexity of G/H is zero, in which case G/H is
also called spherical.

The class of spherical homogeneous spaces contains several important families
which were studied independently and whose embedding theories are interesting in
their own right. For example, torus embeddings, embeddings of symmetric varieties
(i.e. H is the set of fixed points of an algebraic involution of G), embeddings of
horospherical varieties (i.e. H contains a maximal unipotent subgroup of G) all fall
within the theory of spherical embeddings.

The theory of spherical embeddings was then extended to arbitary characteristics
by Knop [17]. Other expositions can be found in Timashev’s book [34], where the
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2 JACOPO GANDINI

case of complexity 1 is also considered, in Brion’s lecture notes [5] and in Pezzini’s
lecture notes [27] (the latter two in characteristic zero).

Both in the exposition of the material and in the arguments that we present,
we mainly followed Knop’s paper [17]. In order to make the material as accessible
as possible for those who are new to the subject, detailed arguments are given, as
well as some examples treated in detail. A basic knowledge of algebraic geometry
and of algebraic groups is assumed, for which we refer respectively to [12] and to [31].

Acknowledgements. 1 am grateful to Michel Brion and Baohua Fu, both for the
invitation and for organizing this workshop and the conference which followed it.
I thank Johannes Hofscheier and Dmitry Timashev for helpful discussions, and es-
pecially Bart Van Steirteghem and the referee for several remarks and suggestions
which improved these notes.

Notation and conventions on algebraic groups and wvarieties. Throughout the
paper, we fix an algebraically closed field k of characteristic p > 0. Every variety
will be defined over k, and is assumed to be irreducible. We will denote by G,,
and by G, resp. the multiplicative group and the additive group of k, regarded
as algebraic groups. Given an algebraic group K, we denote by K° its connected
component containing the identity, by K, its unipotent radical and by X(K) its
group of characters. If V is a K-module, we denote by V¥ the subspace of K-
invariants and by V(%) the subspace of K-semi-invariants. If moreover xy € X (K),
we denote

VX(K) ={veV]kv=x(k)vforal k € K}.

Throughout the paper, G will denote a connected reductive group. We fix a Borel
subgroup B C G and a maximal torus T' C B. The opposite Borel subgroup of B
is denoted by B~, this is the unique Borel subgroup of G such that BN B~ =T.
The unipotent radicals of B and B~ are respectively denoted by U and U~. We
denote by X(T)* C X(T) the monoid of dominant characters with respect to B.
Finally, we denote by W be the Weyl group of G with respect to T', and by wy € W
the longest element defined by B.

If H C G is a closed subgroup and x € X(H), let

Imd% (x) = {f € k[G] | f(gh) = x(h"))f(g) Vg€ G, Vhe H}

be the corresponding induced representation of G (see [15, Chapter 1.3]). If char(k) =
0 and A\ € X(T)*, we denote by V()) the simple G-module of highest weight A\ and
by V*(A) its dual. More generally, in arbitrary characteristic, we denote by V() the
Weyl module of highest weight X, and by V*()) its dual, namely V*(\) = IndG(—\)
(see [15, Chapter I11.2]).

If V is a G-module and A € X(T)", we define the multiplicity of V/(\) in V by

mx(V) := dimy Homg(V(A), V).

By Frobenius reciprocity, we have my(V) = dim V/\(B). When char(k) = 0, this
is the number of times that V(A) occurs in a decomposition of V' into simple G-
modules.

A line bundle p : £ — X on a G-variety X is said to be G-linearized if its
total space is endowed with an action of G such that p is G-equivariant and the
induced map on the fibers £, — L, is linear for all g € G and z € X. If L is
a G-linearized line bundle on X, then the space of sections I'(X, £) has a natural
G-module structure, and all the powers L& are G-linearized as well.

Remark 1.1. Let H C G be a closed subgroup. The G-linearized line bundles
on G/H are easily described in terms of characters and associated bundles. If
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X € X(H), let £, = G x" k = (G x k)//H be the categorical quotient of G x k
by the action of H given by h.(g,z) = (gh~!,x(h)x): such a quotient always
exists, and it is also a geometric quotient (see [34, Section 2.1] for more details on
associated bundles). Then £, is a G-linearized line bundle on G/H, and the map
x +— L, defines a homomorphism X' (H) — Pic(G/H) whose image is the group of
G-linearizable line bundles. Indeed if p : £ — G/H is a G-linearized line bundle
and if x € X(H) is the character given by the action of H on the fiber L., then the
natural morphism G x L.y — £ induces a G-isomorphism £ ~ L,. If Pic(G) =0,
then every line bundle on G/H is G-linearizable, and if moreover G is semisimple
it can be linearized in a unique way: indeed we have an exact sequence

X(G) = X(H) = Pic(G/H) — Pic(G)

(see |20, Proposition 4.6]). By the definition of induced representation, we have the

following isomorphism of G-modules, with respect to the right action of H on k[G]:

[(G/H, Ly) ~ Ind§(x) = k[G]"). 0

Notations and conventions in conver geometry. Given a lattice A we denote by

AY = Homgy(A, Z) the dual lattice, and we set Ag = A ®7 Q. A subset C C Agq is

called a cone if it is closed under addition and multiplication by scalars in QT =
{g € Q| ¢ > 0}. The dual of C is the cone

CV={aeAy|{a,v)>20 Yoel},

and the annihilator of C is C+ = CY N (—CV). The linear part of C is the maximal
subspace Lin(C) C V which is contained in C. If v1,...,v, € Ag, we denote by
cone(vy,...,v,) the cone that they generate in Ag. A cone C is called strictly
convez if Lin(C) = 0. Tt is called rational if it is generated by elements of A, finitely
generated (or polyhedral) if it is generated by finitely many elements vq,...,v, €
Ag, and simplicial if it is generated by linearly independent vectors. A face of C is
the intersection of C with a hyperplane a® = {v € C | (o, v) = 0} where a € CV.
The dimension of C is the dimension of its linear span, an extremal ray is a face of
dimension 1. The relative interior of C is the subset C° obtained by removing from
C all its proper faces.

2. CHARACTERIZATIONS OF SPHERICALITY

Definition 2.1. A normal G-variety is called spherical if it contains an open B-
orbit.

Notice that every spherical variety X possesses in particular an open G-orbit,
which is a spherical homogeneous space. Therefore, once a base point g € X is
fixed, we can regard X as a normal equivariant embedding of a spherical homoge-
neous space. If moreover we assume that the orbit morphism G — Gz is separable
and if H is the stabilizer of g, then we get an embedding of G/H.

By an embedding of a spherical homogeneous space G/H we will always mean
a G-variety X together with an equivariant open embedding G/H — X. We
will say that G/H — X is a spherical embedding if moreover X is normal. In
particular, given a spherical embedding G/H < X, we will identify the orbit
morphism G — Gz with the projection 7 : G — G/H. We will say that a
subgroup H C G is spherical if G/H is spherical. Unless otherwise stated, we will
always assume that the base point x¢ is inside the open B-orbit, that is BH is an
open subset of G.

Example 2.2. We list here below some of the main examples of spherical varieties.
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i) (Flag varieties) Any complete homogeneous space is spherical. Indeed, it
is of the form G/P with P a parabolic subgroup, hence it contains finitely
many B-orbits by the Bruhat decomposition.

ii) (Horospherical varieties) Any homogeneous space G/H with H a closed
subgroup containing U. Indeed, again by the Bruhat decomposition, G/B
contains an open U-orbit, hence an open H-orbit.

iii) (Toric varieties) If G = T is a torus and X is a normal T-equivariant
embedding of T', then it is spherical with respect to T (in which case B = T).

iv) (Reductive groups) Any reductive group G is spherical with respect to the
action of G x G by left and right multiplication. Indeed, by the Bruhat
decomposition B x B has an open orbit on G.

v) (Symmetric matrices) Suppose that char(k) # 2 and let X = Sym,, be
the space of symmetric matrices of order n, with the action of GL,, by
congruence: for g € GL,, we set g.A = (¢-)TAg™!. Let B C GL, be
the subgroup of upper triangular matrices and let x,, € X be the identity
matrix: then Bz, C X is open, hence X is a spherical variety. Notice that
the open GL,-orbit, isomorphic to GL,/O,, is the space of nonsingular
symmetric matrices.

vi) (Determinantal varieties) Let M,, ,, be the space of m x n-matrices, and let
My . C My, be the subset of matrices whose rank is at most r, endowed
with the action of GL,, x GL,,. Then the matrices of rank r form an open

(GL,, x GL,)-orbit. If
(I 0
=10 o

then the stabilizer of xg consists of the matrices of the form

Ar,r Br,m—r > Ar,r 0
0 Om—r,m—r Dn—T,r En—r,n—r '

Hence M, . is an affine variety of dimension r(m +mn —r). Let B,,, (resp.
B,,) be the Borel subgroup of lower triangular (resp. upper triangular)
matrices in GL,, (resp. in GL,). By computing dimensions it follows that
the (B,, x By,)-orbit of x¢ is open in M,, ,, ». Since it is normal (see Example
3.5), it follows that M,, ., , is an affine spherical variety.

vii) (Symmetric spaces) Suppose that char(k) # 2 and let ¢ : G — G be an
algebraic involution, let G? be the subgroup of fixed points and let H be
a closed subgroup of G such that G C H C Ng(G7), then G/H is called
a symmetric space. As a consequence of the Iwasawa decomposition (see
[34, Theorem 26.14]), every symmetric space is spherical. Example iv) is a
particular instance of this situation, whereas Example v) is as an embedding
of a symmetric space: in the first case, consider the involution of G x G
defined by (g1, 92) = (92, 91), in the second case consider the involution of
GL,, defined by o(g) = (¢7)~ % A

We start by recalling some basic results from the theory of algebraic group and
their invariant theory. We start with a very basic result, for an (easy) proof see
[29, Lemma 1.4].

Lemma 2.3. If K is a linear algebraic group acting on an algebraic variety X,
then any element in k[X] is contained in a finite dimensional K -stable subspace.

The following is a fundamental result on the invariants of the maximal unipotent
subgroup U C G, which will be essential for our purposes.

Theorem 2.4 ([13, Theorem 9.4]). Let X be an affine G-variety, then k[X]Y is a
finitely generated k-algebra.
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We now recall an important consequence of the geometric reductivity of G (recall
that reductive is equivalent to geometrically reductive, and if char(k) = 0 it is even
equivalent to linearly reductive, see e.g. [9, Chapter 9]).

Theorem 2.5 ([13, Theorem 9.9]). Let X be an affine G-variety, let Y C X be
closed and G-stable and let f € k[Y]Y. Then there exist n € N and f' € k[X]Y such

that fl’Y = fm.

Notice that in the previous theorem one can always take n = 1 if char(k) = 0,
and a power of the characteristic if char(k) > 0. We can rephrase the previous
theorem in terms of B-eigenfunctions as follows. Recall that B = TU, and since
U has no nontrivial characters we have k[X](%) C k[X]V. On the other hand T is
linearly reductive, and since it normalizes U it acts on k[X]Y: therefore

k[X]U: @ ( (T) @ k (B).

AEX(T) \eX(B)

Therefore taking into account the T-action as well we can restate Theorem 2.5
as follows.

Corollary 2.6. Let X be an affine variety G-variety, let Y C X be closed and
G-stable and let f € K[Y]B). Then there exist n € N and f' € k[X]®) such that
f|/Y — fn

We now give a classical characterization of sphericality.

Definition 2.7. We say that a G-module V' is multiplicity-free if my(V) < 1 for
all A\ € X(T)*

Theorem 2.8. Let X be a normal G-variety, then the following are equivalent:
i) X is spherical;
i) Any B-invariant rational function on X is constant;
iii) If X is quasi-projective: for every G-linearized line bundle L on X, the
space of global sections T'(X, L) is a multiplicity-free G-module;
iii’) If X is quasi-affine: the coordinate ring k[X] is a multiplicity-free G-
module.

Proof i) < ii). The first implication is obvious, so we suppose that k(X)? = k.
By a theorem of Rosenlicht (see [13, Theorem 19.5]), B-orbits in general position
can be separated by B-invariant functions: that is, there exists a B-stable affine
open subset U C X such that for all z,y € U with Bx # By there exists f € k(U)?
such that f(z) # 0 and f(y) = 0. On the other hand f must be constant, therefore
U is a single B-orbit.

ii) = iii). Let 51,52 € (X, £)(5) be highest weight vectors of the same weight.
Then 2 € k(X )P = k, hence s; and sy are proportional. It follows that the

dimension of I'(X, E)(B) is 1 for all A € X(T)*, as claimed.

iii) = ii). This is basically a consequence of the following fact: every normal
quasi-projective G-variety can be embedded equivariantly in the projective space of
a finite dimensional G-module (see [20, Corollary 2.6]). Let ¢ : X — P(V') be such
an equivariant embedding and denote £ = i*Op(yy(1). Then L is by construction
a very ample and G-linearized line bundle on X, and for all n € N the restriction
to X yields a G-equivariant homomorphism S"V* — T'(X, L&").

Let now f € k(X)®, then there exist n € N and p,q € S"V* such that f = p‘x

We may assume that p,q are B-eigenvectors: indeed, the B-module V' = {q E
S"V* | fq' € S"V*} is nonzero and finite dimensional, hence it contains a nonzero
B-eigenvector by the Lie-Kolchin theorem (see e.g. [31, Theorem 6.3.1]). Since f
is B-invariant, if p and g are B-eigenvectors, then they have the same weight. On
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the other hand by assumption I'(X, £%") is a multiplicity-free G-module, thus PIx
and g x must be proportional, and f must be constant.

iii’) = ii). If X is quasi-affine, then k(X) is the quotient field of k[X]. Let
f € k(X)B and write f as the ratio of two elements p,q € k[X]. Notice that we
can assume p, ¢ € k[X]®). Let indeed V be the subspace of k| X] generated by the
B-orbit of g, then V is finitely dimensional by Lemma 2.3, and since it is B-stable
by the Lie-Kolchin theorem it contains a B-eigenvector ¢'. Write ¢’ = ). &(bi.q)
with & € k and b; € B and denote p’ = >, &(b;.p), then f = b,.f = Z:ﬁ—:z for

all 4, hence f = %, and it follows that p’ is B-semi-invariant as well. Clearly p’

and ¢’ must have the same weight, hence they are proportional because k[X] is
multiplicity-free, and f is constant.

By considering the normalization, one can restate the previous theorem for a
larger class of G-varieties.

Definition 2.9. A G-variety is called multiplicity-free if it contains an open B-
orbit.

Let X be a G-variety and let p : X — X be the normalization. Then the action
G x X — X induces a morphism G x X — X. On the other hand G x X is a normal
variety, thus by the universal property we get a morphism G x XX , which can
be easily seen to be an action of G on X making p an equivariant morphism.

Notice that X is multiplicity-free if and only if X is spherical. If moreover X
is quasi-projective (resp. quasi-affine), then X has the same property, and if £
is a G-linearized line bundle on X, then the pullback p*L is G-linearized as well
and T'(X, £) is identified with a G-stable subspace of I'(X, p*£). Therefore, we can
restate the previous theorem as follows.

Theorem 2.10. Let X be a G-variety and let X — X be the normalization, then
the following are equivalent:
i) X is multiplicity-free;
i) Any B-invariant rational function on X is constant;
iii) If X is quasi-projective: for every G-linearized line bundle L on )N(, the
space of global sections F()?, L) is a multiplicity-free G-module;
iti’) If X is quasi-affine: the coordinate ring k[X] is a multiplicity-free G-
module.

Other characterizations of sphericality (or more generally of multiplicity-freeness)
come from the study of the G-orbits and of the B-orbits. In particular we have the
following.

Theorem 2.11. Let X be a G-variety, then the following are equivalent:
i) X is multiplicity-free;
ii) Every G-variety which is equivariantly birational to X contains finitely
many G-orbits;
iii) X contains finitely many B-orbits.

The implication iii) = i) is clear from the definition. For the implication i) =
ii), by taking the normalization we can assume that X is normal, in which case the
claim will be proved later (see Corollary 5.3). For the other implication, and for
other characterizations as well, see [34, Section 25].

Every homogeneous G-variety G/H is smooth, and it is quasi-projective. The
latter claim follows by a theorem of Chevalley, stating that G/H can be equivari-
antly embedded in the projective space of a finite dimensional rational G-module
(see e.g. [31, Theorem 5.5.3]). Therefore Theorem 2.8 applies in particular to the
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case of homogeneous varieties. In that case, thanks to the description of the space
of global sections of a linearized line bundle on a homogeneous space in Remark 1.1,
we can also rephrase conditions iii) and iii’) of Theorem 2.8 in more representation
theoretical terms.

Theorem 2.12. Let H C G be a closed subgroup, then the following are equivalent:
i) G/H is spherical;
i) For all x € X(H), the G-module k[G]gCH) is multiplicity-free;
iii) For all A € X(T)" and for all x € X(H), we have dim V*()\)&H) <1;
iii") If G/H is quasi-affine: for all X € X(T)*, we have dim V*(\)H < 1.
Proof i) < ii). This is just a restatement of the equivalence i) < iii) of Theorem
2.8, by making use of Remark 1.1.

i) < iii). If k, denotes the one-dimensional vector space with the action given
by x, then by the Frobenius reciprocity together with Remark 1.1 we have

Homg(V()\),Indg(X)) ~ Hompg (V(A), ky) = V" ()\)(_IQ
Therefore the claim follows again by the equivalence i) < iii) of Theorem 2.8, thanks
to the isomorphism T'(G/H, L) ~ Ind% (x).
i) & iii”). This follows as the previous equivalence by Theorem 2.8, by making
use of the equality k[G/H] = k[G].

Definition 2.13. Given a G-variety X, define the weight lattice and the weight
monoid of X respectively as

A(X) ={X e X(T) | \is the weight of a function in k(X)®},
AHX) ={\ € X(T)" | \is the weight of a function in k[X]®)}.

The rank of A(X) is called the rank of X, denoted by rk X. For later use, we
also denote Q(X) = A(X)g-

Remark 2.14. Suppose that X is a multiplicity-free affine G-variety. Then AT(X)
is a finitely generated monoid by Theorem 2.4, and A(X) = Z A™(X): indeed the
argument used to prove the implication iii’) = ii) in Theorem 2.8 shows that every
f € k(X)) can be written as the ratio of two elements p, q € k[X](5). O

Notice that, if X is spherical, then every function in k(X )(B) is uniquely deter-
mined by its weight up to a constant: if indeed fi, fo € k(X)) have the same
weight, then f1f; ' € k(X)? = k. Given f € k(G/H)®), we denote by \; € A(X)
the corresponding weight. In particular we get an exact sequence

1— k" — k(X)) — A(X) —0 (2.1)

Given a submonoid I' C Ag, define the saturation of I' as the monoid r =
cone(I') NZT', and say that I' is saturated if I' =T

Proposition 2.15. Let X be a multiplicity-free affine G-variety and let X be its
normalization, then AH(X) = AT(X).

Proof Let A € A(X) besuch that n\ € AH(X) for somen € N, and let f € k(X)(P)
of weight A: then f™ € k(X)®) = k(X)®) has weight nX. Since f" € k[X], it
follows that f € k[X], hence A € AT(X).

To show the other inclusion, we follow the argument given in [6, Proposition 2.8].
Let I = {f € k[X] | fk[X] C k[X]}: since k[X] is finitely generated over k[X], it
follows that I is a nonzero G-stable ideal, and IV # 0 by the Lie-Kolchin theorem.
Let F € IV < {0}, then Fk[X]V is an ideal in k|X]V, which is a finitely generated
k-algebra by Theorem 2.4. Hence Fk[X]V is a finitely generated k[X]-module.
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On the other hand as k[X]V-modules we have an isomorphism k[X]V ~ Fk[X]V,
therefore k[ X]Y C k[f(]U is an integral extension.
Let now A € AH(X) and let f € k[)?}g\B). Then they exist a1, . ..a, € k[X]Y such
that
"4 af" '+ .. +an_1f +a,=0.

Projecting on the weight space k[X]g\), we may assume that a,, € k[X]gfg for all

m < n. On the other hand some a,, must be nonzero, therefore mA € A(X).

Let X be a multiplicity-free affine G-variety and let X be its normalization. If
char(k) = 0, notice that the G-stable subalgebra k[ X] C k[X] is uniquely determined
by the weight monoid of X: indeed k[)? | is a multiplicity-free G-module, and we can
consider its decomposition into simple G-modules. Therefore we get the following
corollary.

Corollary 2.16. Let X be a multiplicity-free affine G-variety.
i) If X is normal, then AY(X) is a saturated monoid.
ii) If char(k) = 0, then X is normal if and only if AT(X) is saturated.
For later use, we also recall the following fact (see e.g. [34, Theorem 3.5]).

Theorem 2.17. Let K be a solvable linear algebraic group and K' C K a closed
subgroup, then K/K' is an affine variety.

Remark 2.18. In the notation of the previous theorem, notice that the following
holds (see the proof of [34, Theorem 3.5] for more details): let S C K and S’ C K’ be
maximal diagonalizable subgroups and suppose that S’ C S, then the multiplication
induces a S-equivariant isomorphism
S x5 K./ K, K/K'.

Therefore K/K' is affine because S x K, /K], is affine, and

S x¥ KoK, = (S x K,/K.) /S
is the categorical quotient of an affine variety by a reductive group. Moreover,
notice that k(K/K")¥) = k(S/S")%): indeed every f € k(K/K')¥) is constant on
the fiber K,/K’, and the projection S x5 K,/K! — S/ induces an inclusion
k(S/S")) c k(K/K")F),

We can apply previous discussion in the case of a spherical variety as follows.
Suppose that X is a spherical G-variety with open B-orbit Bz and let K be the
stabilizer of 2o in B. Then k(X)B) = k(Bzo)®) = k(B/K)®), therefore A(X)
is naturally identified with X' (7/S), where S C K is any maximal diagonalizable
subgroup and 7' C B is any maximal torus containing S. %

Let X be a spherical G-variety and denote
D(X) = {B-stable prime divisors of X},
A(X)={D € D(X) | D is not G-stable}.
If moreover Y C X is a G-orbit, then we denote
Dy(X) = {D € D(X) | Y C D},
Ay (X) = A(X) N Dy (X).
Definition 2.19. The elements of A(X) are called the colors of X.

Proposition 2.20. D(X) is the set of the irreducible components of X \ Bxg. In
particular D(X) is a finite set, and

A(X) ={D € D(X) | DN Gxo # &}
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Proof By Theorem 2.17, the open B-orbit of X is an affine variety, thus its com-
plement has pure codimension one (see [12, Exercise 12.18] or [14, Proposition
11.3.1]).

Thanks to the sequence (2.1), every D € D(X) defines a homomorphism px (D) :
A(X) — Z by setting

(px (D), A) =vp(fx)

where fy € k(X)(P) is any eigenfunction of weight A\ and where vp(fy) is the order
of vanishing of f along D. Therefore we get a map

px t A(X) — O(X).

(when the variety X is clear from the context, we will often drop the index).

3. EXAMPLES

We present in this section some examples of spherical varieties, and compute the
corresponding weight lattices, weight monoids and sets of colors. Even if not always
needed, throughout this section we will assume for convenience that char(k) = 0: in
particular, this will allow us to use the Peter-Weyl theorem (see e.g. [11, Theorem
4.2.3]), namely the decomposition into G x G-modules

KGl~ @ viyevL,

AEX(T)+

which fails in positive characteristic.

Example 3.1. Suppose that X is a toric T-variety, where T is an algebraic torus of
dimension n. Then X contains an open T-orbit isomorphic to 7', and if n = dim(X)
then A(X) ~ Z™. Notice that in this case there are no colors: indeed T'= B = G,
therefore every B-stable divisor is G-stable. A

Example 3.2. Suppose that G/P is a flag variety, then A(G/P) = 0. Indeed, U
has an open orbit in G/P. Moreover, every rational B-eigenfunction on G/P is
U-invariant, hence it must be constant. Suppose for simplicity that P = B: then
the B-orbits in G/ B are the Schubert cells, and by the Bruhat decomposition they
are in correspondence with the elements of the Weyl group of G. The colors are the
Schubert divisors, and they are in correspondence with the simple roots of G. A

Example 3.3. Let T' C SLs be the subgroup of diagonal matrices, let B C SLo be
the subgroup of upper triangular matrices and let @ = 2w, be the corresponding
positive root. Set $o = (% §) and uo = (§ 1), then SLy decomposes into double

cosets with respect to the action of B x T as follows:
SLy = BU Bs, U BsquaT.

Therefore SLy/T is spherical, since it decomposes into three B-orbits: the open
orbit BsauaT/T, and the two B-stable divisors DT = B/T and D~ = B3, /T.
To compute the weight lattice, by the Peter-Weyl theorem it follows

k[SLy/T] = k[SLo]” = @ V(mwa) ®@ V*(mwa ) = @ V(ma).
meN meN
Therefore AT(SLy/T) = Na, and since SLy/T is affine we get by Remark 2.14 that
A(SLy/T) = Za.

We now compute the map p : A(SLy/T) — Q(SLy/T). For 1 < 4,5 < 2,
let a;; € k[SLg] be the corresponding matrix coefficient, then B = div(as;) and
B, = div(ags). Let V = k[z,y]2 be the space of homogeneous polynomials in z,y
of degree 2, regarded as a SLe-module with the linear action on the coordinates
given by g¢.(y) — ¢ ' (3). Fix the basis 2% zy,y? and let es,e11,€02 be the
dual basis in V*. Since zy € VT we obtain a function f € k[SLy/T] by setting
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f(g) = (ex,g.7zy). Notice that div(f) = DT + D~: indeed, regarding f as a
function on SLg, we have f = —asjase. On the other hand ey € (V*)(B) is a
highest weight function of weight «, therefore f € k[SLy/T]®) also has weight
a and we get (p(DT),a) = vp+(f) = 1 and (p(D~),a) = vp+(f) = 1. Since
A(SLy/T) = Za, in particular we get the equalities

p(D*) = p(D™) = LaV. A

Example 3.4 (Symmetric matrices, part II). Let X = Sym, be the space of
symmetric matrices of order n with the action of G = GL,,, and keep the notation
of Example 2.2 v).

By the classification of the quadratic forms up to congruence, the G-orbits in X
are parametrized by the rank. More precisely, for i < n, let X; = {z € X | rk(z) <
i} and let z; € X; be the rank ¢ diagonal matrix which is the identity in the upper
left block and zero everywhere else. Then the G-orbits are precisely Gxy, ..., Gx,,
and X; = Guz; for all i < n. Therefore we have the following inclusions of G-orbit
closures:

0=Gxyg CGry C...C Guz,.

Let di be the determinant of the upper left square block of order k, and notice
that dy € k[X]Y. Moreover dj, € k[X]™), where T C GL,, is the torus of diagonal
matrices, and for ¢t = (¢1,...,t,) € T it holds

(t.di)([ai;]) = die(t" [ai;]) = di([titjai;)) = 1] - tdi([a]).

If ; € X(T') denotes the projection on the i-th coordinate of T' and w; denotes the
highest weight of GL,, in A’k™, we get then

)\dk:251+...+25k:2wk.

On the other hand, notice that AT(X) C 2X(T)*. Let indeed x € AT(X),
write x = Y a;e; and let ¢(i) = diag(1l,...,1,—1,1,...,1) be the diagonal matrix
whose unique negative entry is in position 4: then t(i)~‘.z,, = xz,. Since Bx,
is open in X, it follows —1% = x(¢(i)) = 1, hence a; is even. It follows that
AT(X) =2X(T)", and by Remark 2.14 we get the equality A(X) = 2X(T). Since
k[X] is a multiplicity-free G-module and A(X) is a free monoid, it follows moreover
that k[ X]Y = k[dy, ..., d,] is a polynomial ring, and k[X]®) is the set of monomials
therein.

Since dy, € k[X]®) and dj(z,) = 1, we have Bz, C {z € X | d(z) # 0} for all
i < n. On the other hand one can actually check that

Bz, = ﬂ{a: € X | di(x) # 0},
i=1
and being determinants the polynomials dj are irreducible. Therefore X \ Bz, is
the union of the irreducible hypersurfaces Dy, ..., D, defined by dy,...,d,, namely
D(X)={Ds,...,D,}. On the other hand d,, is the determinant, therefore D,, =
Xp—1 is the unique G-stable divisor and we get A(X) = {D1,...,Dp_1}.

By the irreducibility of the dj, it follows that vp, (dn) = Opi is the Kronecker
delta whenever 1 < h,k < n. Therefore we get p(Dy) = %a% for all kK < n and
p(Dy) = twi, where {ay,...,ay/_;,wi} C X(T) is the dual basis of {wy, ... ,wy}.

A

Example 3.5 (Determinantal varieties, part II). Keep the notation of Example
2.2 vi), and denote by U, (resp. U,) the unipotent subgroup of lower triangular
(resp. upper triangular) matrices in GL,, (resp. in GL,,) and denote U = U,,, x U,.
As in the previous example, the G-orbits in M, , , are parametrized by the rank.
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By the dimension formula of a determinantal variety, notice that M,, , , contains
a G-stable divisor if and only if m =n = r.

Given z € My, and k < r, we denote by dj the determinant of the upper
left square block of order k. It is easily seen that dy,...,d, € k[Mm7n7T]U. We now
show the equality

K[Mypnr]¥ =Kldy,...,d,]

by showing that AT(M,, ) is freely generated by the weights w] — w1, ..., w. —w,.
Let T, (resp. T;,) be the maximal torus of B;, (resp. of By,) and set T = T}, X T5,.

Let t = (t1,.-tm,S1,.-.,8,) € T, then dj, € k[Mmm,r}(T) and we have

((t,9)-di)([aig]) = di((t71, 71 [ai]) = di([t7 " s5a55]) = 17 51 -+ £ swdy ([aig)-
If ¢; € X(T),) (resp. €} € X(T},)) denotes the projection on the i-th coordinate of

T (vesp. of Tp,) and if w; (resp. w!) denotes the highest weight of GL,, in Ak™
(resp. of GL,, in A'k™), we get then

/ / /
Ad,, =€1—€1+...+¢€) — €k =W, — Wk

Decompose T,,, = T, X Tpp— and T, = T;. X T,,—,, and notice that diag(T,.) x
T X Ty, fixes xg. If f € k[Mm7n7T](B) has weight Ay = (A1, A2, A3, 1) €
X (T ) x X (T ) x X (T7) x X (T, ), it follows that (A1 +A3)| diag(r,) = A2 = Ag = 0,
consequently

A (Mpny) CEL =1, 60 — &)z
On the other hand every weight in A*(M,,, ,, ) is dominant with respect to B,, X By,
and since dy, is not invertible of weight wj, — wy, it follows that

AT (M) = (W) — w1,y .., Wl — wp)N.
Finally, by Remark 2.14 we get the equality
A My pyr) = (W) — w1, ..., w) — wyp)z.

Notice that the weight monoid A"‘(Mm,n,r) is saturated, thus M,, ,, , is a normal
variety by Corollary 2.16 (this holds true in all characteristics, see [8, Proposition
1.4c]). Therefore M,, , , is an affine spherical variety. A

Example 3.6 (Reductive groups, part I). Recall from Example 2.2 iv) that G is
a spherical (G x G)-variety, and fix B~ x B as a Borel subgroup of G x G. Let
f € K[G)B™*B) and write A\; = (A1, A2) with A, Ay € X(T): since diag(G) fixes the
identity of G and since B~ B C G is open, it follows that A\; + A2 = 0. Conversely,
recall that the multiplication induces an isomorphism B~ B ~ U~ x T x U (see [31,
Theorem 6.3.5 and Lemma 8.3.6]. Therefore, for all A € X(T'), we get a function
fr € k(G) B XB) = k(B~B)B" *B) of weight (—\,\) by setting fy(utu’) = A(t)
forallt € T, u e U~ and v € U. Hence we have the following description:

AG) ={(-\ ) | xex(D)}.

When A € X(T)™", we can also give a more representation theoretical description
of the function fy. Let vy € V(\)(P) be a highest weight vector and ¢y € V*(\)(B™)
be a lowest weight vector, and define fx(g) = (¢, gva): then fy € k[G](F™*B) has
weight (=X, A), and up to a normalization fy(utuw') = A(t) for allt € T, u € U™
and v’ € U.

We now describe the colors of G, and the map p : A(G) — A(G). By the Bruhat
decomposition, the colors coincide with the Schubert divisors D, = B~ $, B, where
« is a simple root and where $, € Ng(T') is a representative for the corresponding
simple reflection s, € W. Therefore A(G) is identified with the set of simple roots
of G. Up to replacing G with a finite covering, we can assume that Pic(G) = 0 (see
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[20, Proposition 4.6]). In particular, every divisor on G is principal, or equivalently
k[G] is a factorial ring (see [12, Proposition B.72]).

Notice that D, has an equation in k[G] which is (B~ x B)-semi-invariant of weight
(—Wa,Wwa), where w, denotes the fundamental weight associated to «. Indeed,
let P, C G be the maximal parabolic subgroup containing B associated to «
and let X, = B~s,P,/P, be the unique Schubert divisor of G/P,. Then the
line bundle O(X,) € Pic(G/P,) is very ample and induces a closed equivariant
embedding G/P, C P(V(w,)), and the lowest weight vector ¢, is the canonical
section of X, in I'(G/P,,O0(X,)) = V*(wa). In particular, composing with the
projection G — G/P,, it follows that the function f,_ that we defined above is an
equation for D,. Finally, notice that p(D,) = (—a",a"), where oV is the coroot
associated to a. Indeed, k[G] is a factorial ring and a multiplicity-free (G x G)-
module, therefore, up to a scalar factor, for all A € X(T') we have an equality of

the shape f) = Ao [] ff,ﬁ’av> for some Ay € X(G). A

Example 3.7. Recall from Example 2.2 ii) that G/U is a spherical variety. Then
k[G/UY = k[G]Y*Y, thus by the Peter-Weyl theorem

K/l ~ @ vix V*(\)Y
AeX(T)+
and we get AH(G/U) = X(T)*. Since A(G/U) is a lattice containing AT(G/U), it
follows that A(G/U) = X(T).

As in Examples 3.2 and 3.6, the B-orbits and the colors in G/U are described
in terms of Weyl group elements by making use of the Bruhat decomposition. In
particular, the colors are parametrized by the simple roots of G associated to B:
if wg € W is the longest element, then the colors are the orbit closures of the
shape D, = BsawoB/U, where « is a simple root and where $, € Ng(T) is a
representative for the corresponding simple reflection s, € W. Reasoning as in
Example 3.6, one checks that p(D,) = aV. A

4. INVARIANT VALUATIONS ON A SPHERICAL HOMOGENEOUS SPACE

Definition 4.1. Let X be a normal variety. A valuation on X is amap v : k(X) —
QU {+o0} with the following properties, whenever fi, fo € k(X):

1) v(fi+ f2) 2 min{v(f1),v(f2)};
ii) v(fif2) = v(f1) +v(f2);
ili) v|x» =0, v(0) = +o0 and v(k(X)*) C Q.
If moreover X is a G-variety, then a valuation v is called invariant if v(g.f) = v(f)
for all g € G.

We denote by V(X) the set of invariant valuations on a normal G-variety X.

Example 4.2. Let D be a prime divisor on a normal variety X, then D defines
a valuation vp, which associates to any function f € k(X) its order along D (for
a detailed treatment, we refer to [12, Section 11.3]). Indeed, since it is normal, X
is smooth in codimension one, and the local ring Ox p of the rational functions
defined on D is a discrete valuation ring with quotient field k(X). In particular, the
maximal ideal mx p C Ox,p of the rational functions vanishing identically on D is
principal, generated by any irreducible element z € mx, p. Therefore every function
f € k(X) can be written in the form z"% with n € Z and f1, fo € Ox,p ~mx p.
By definition vp(f) = n. A

Given a valuation v of a normal variety X, we define

O, ={f e k(X) [ v(f) = 0}, m, = {f e k(X) | v(f) > 0}.
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Notice that O, is a local ring with maximal ideal m,. We say that a closed subva-
riety Y C X is a center of v if Oxy C O, and mxy C m,.

Proposition 4.3. Let v be a valuation on a normal variety X .

i) If X is affine, then v has a center on X if and only if vjx) = 0. In this
case the center is unique, defined by the ideal m, Nk[X].
il) The center of v is unique, if it exists.
iii) If X is a G-variety and v € V(X), then the center of v is G-stable.

Proof 1) Suppose that Y is a center for v, then k[X] C Oxy C O,, therefore
Vikix] = 0. Suppose conversely that v x) = 0, and let Y be the subvariety of X
defined by the prime ideal m, Nk[X]. This is clearly a center for v, suppose that Y’
is another center. Then the ideal of Y’ in k[X] is contained m,,, hence in the ideal
of Y and it follows that Y/ C Y. Suppose that f € k[X] vanishes on Y, but not
on Y: then f is invertible in Ox y C O,, but f € mx y C m,, absurd. Therefore
Y =Y’ must hold.

ii) Suppose that Y,Y’ are both centers for v. Then for every affine open subset
U C X the intersections Y NU and Y/ NU are both centers for v on U, hence they
coincide by i). Therefore Y =Y since we can cover X with affine open subsets.

iii) Let Y be the center of v. Since v is invariant it follows that ¢.Y is also a
center of v, therefore g.Y =Y because the center is unique by ii).

Remark 4.4. Let X be a normal variety, then every subvariety Y C X is the center
of a valuation on X. This is clear if Y is a divisor, so we can assume codim(Y") > 1.
Let p : )?y — X be the normalization of the blow up of X along Y, then we
can consider any irreducible component Z C p~!(Y) of the exceptional divisor,
and since k(Xy) = k(X) the corresponding valuation v is a valuation on X with
center Y. Notice that vz is invariant if Y is G-stable: therefore every G-invariant
subvariety of X is the center of an invariant valuation. O

The following proposition is due to Sumihiro (see [32, Lemma 10 and 11])

Proposition 4.5 ([24, Lemma 3.2], [17, Lemma 2.4]). Let v be a valuation on G,
then there ezists a unique 7 € V(G) such that 7(f) = v(g.f) for all f € k(G) and
for all g in a nonempty open subset Uy C G.

Proof We show that, for all f € k(G), the value v(g.f) is constant for g in a
nonempty open subset Uy C G. Once this will be proved, the claim will follow
because we can define 7(f) = v(g.f), where g € Uy. This actually defines a
valuation on G: if indeed g € Uy, N Uy, N Uy, 14, (which is not empty) then we get

U(f1+ f2) = v(g.-f1 +g-f2) = min(v(g.f1),v(g.f2)) = min(7(f1),7(f2)),
v(f1f2) = v((9-f1)(g-f2)) = v(g-f1) + v(g.f2) = D(f1) + D(f2).

Moreover 7 € V(G), because for g € G we can take U, f = Usg~!.

To show that v(g.f) is constant on a nonempty open subset of G, we may
assume that f € k[G]. For n € Q define V(n) = {f’ € k(G) | v(f’) = n}. By
Lemma 2.3, the orbit Gf generates a finite dimensional submodule M C k[G]. Let
fis-.., fm be a basis of M, and denote ny = min; v(f;). Then M C V(ng), and
M ={f"e€ M |v(f') >no} is a proper subspace of M. Denote

Up={9€G|g.f&M}:
then Uy is a nonempty open subset of G, and v(g.f) = ng for all g € Uy.

Corollary 4.6 ([17, Corollary 2.5]). Let H C G be a closed subgroup. If v €
V(G/H), then there exists 7 € V(G) whose restriction to k(G/H) is v.
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Proof By a general result in valuation theory (see e.g. [12, Proposition B.69]), we
can extend v to a valuation v’ of G. Then by Proposition 4.5 there exists 7 € V(G)
such that 7(f) = v/(g.f) for all g in a nonempty open subset of G, and the claim
follows because v/(g.f) = v(f) for all f € k(G/H).

Let now G/H be a spherical homogeneous space, and assume that BH C G is
open. Given a subspace M C k[G], let M™ be the subspace generated by all the
possible products of n elements of M.

Proposition 4.7 ([17, Theorem 2.6]). Let v € V(G/H), let f € k(G/H) and let
fo € k(G)BXH) - Suppose that ffy € k[G], and let M C k[G] be the G-submodule
generated by ffo. Then the following hold:

i) M"f;™ C k(G/H), for all n € N.

i) v(f) =min{ v(f ") [neN, f € (M) P}

Proof i) Let x € X(H) be the weight of fy with respect to the right action of H.
Since the action of G commutes with the action of H, all elements of M™ are H-
eigenvectors of weight ny. Therefore M™ f; ™ C k(G)*, and by the basic properties
of homogeneous spaces the latter coincides with k(G/H).

ii) Let 7 € V(G) be a lifting of v, which exists by Corollary 4.6, and set ¢ =
7(f fo). Define V(q) = {f’ € k|G] | 7(f') = q}: since ¥ is a G-invariant valuation,
V(q) is a G-submodule of k[G]. Since f fy € V(q), by the very definition of invariant
valuation we get M™ C V(ng). Let f' € M™: then

v(f') = ng=nv(ffo), (4.1)
hence
v(f)=7(f) < 3o(f'fe™) = sv(ffe ™)
where we used i) in the last equality.
To show that v(f) is actually the minimum of such expressions, consider the
integral graded k-algebra R = @i>0 M with the inherited G-action, and let X be

the corresponding affine G-variety. If r € R, we denote by r; its component in M®.
If r # 0, define

v (r) = min{v(ri) — iq}.
One checks that v/ defines a G-invariant valuation on (the normalization of) X, and
by (4.1) we have I/‘/R > 0. Therefore v/ has a center Y C X, corresponding to the
G-stable homogeneous prime ideal p = {r € R | v/(r) > 0} C R. Since ffo € M
and v'(ffo) = 0, it follows that M/M Np # 0 is a nonzero finite dimensional
G-submodule of k[Y], therefore by the Lie-Kolchin theorem there exists a nonzero
element a € (M/M Np)B). Applying Corollary 2.6 to X and Y, there exist n € N
and f € R®) such that f’|y = a™. Since p is homogeneous, we can assume that
e (M™)B). Since a # 0, we have f/ € R~ p, hence v/(f') = 0. Therefore
v(f) =ng=nv(f)+v(f}) and we get v(f) = Lv(f f;™), which shows the claim.

Corollary 4.8 ([17, Corollary 2.7]). Let f € kK[ BH/H] and let vy € V(G/H). Then
there exist n € N and fo € k(G/H)P) such that
i) vo(fo) = (™),
ii) v(fo) = v(f") for allv € V(G/H),
iii) vp(fo) = vp(f™) for all D € A(G/H).

Proof Up to replacing G by a finite covering, we may assume that Pic(G) = 0 (see
[20, Proposition 4.6]), which means that k[G] is a factorial ring (see [12, Proposition
B.72]). In particular, every divisor § on G is the divisor of a function h € k(G), and
if moreover § is stable under B x H then h € k(G)P*H), Let 7 : G — G/H be the
projection, and denote by § the B-stable part of div(f~!), where f~! is regarded
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as a rational function on G/H. Let h € k(G)B*H) be such that 7*(5) = div(h):
then fh € k[G], hence by Proposition 4.7 there exist n € N and f' € k[G](P)
with f'h~" € k(G/H) such that vo(f'h™™) = vo(f™) and v(f'h=™) = v(f") for all
v € V(G/H). If moreover D € A(G/H) and D’ is an irreducible component of
7~ YD), then vp(f*) = vp/ (h™") < vp (f'h™") = vp(f'h™").

Thanks to the sequence (2.1), every valuation v of G/H induces a homomorphism
pa/u(v) « AM(G/H) — Q, defined by setting (pg/u(v),\) = v(f) where f €
k(G/H)P) is any eigenfunction of weight A. Therefore we get a map

payu - {valuations on G/H} — Q(G/H)

Corollary 4.9 ([17, Corollary 2.8], [24, Proposition 7.4]). The restriction of pg,u
to V(G/H) is injective.

Proof Let Bxog C G/H be the open B-orbit, then k(G/H) = k(Bxy), so that every
valuation on G/H is uniquely determined by its restriction to k[Bxzg]. Let v,v' €
V(G/H), suppose that v # v/ and let f € k[Bxzg] be such that v(f) # v/(f). Assume
that v(f) < v/(f): then by Corollary 4.8 there exist n € N and F € k(G/H)®)
such that v(F) = v(f™) and v/(F) = v/(f™). Therefore v/(F) > v(f") = v(F) and
it follows pg (V) # pa/a(V').

From now on, we will regard V(G/H) as a subset of Q(G//H) via the map p¢ /p .

5. THE B-STABLE AFFINE OPEN SUBSET ASSOCIATED TO A (G-ORBIT

Given a spherical variety X and a G-orbit Y C X, in this section we show the
existence of a canonical B-stable affine open subset of X intersecting Y. This will
be a main object in the classification of spherical embeddings. Our main tools will
be Corollary 2.6 and Corollary 4.8.

Proposition 5.1 ([17, Theorem 2.3]). Let X be a normal G-variety X and let Y C
X be a G-orbit. Then there exists a B-stable affine open subset Xo C X intersecting
Y such that, for all f € k[Xo NY]B), there exist n € N and f' € k[Xo]B) with

/ —
le()ﬁY - fn'

Proof By a theorem of Sumihiro (see [20, Theorem 1.1]) there exists a finite
dimensional G-module V' and a G-stable open subset U C X containing Y such
that U embeds G-equivariantly in P(V'). Therefore, up to replacing X with U, we
may assume that X is equivariantly embedded in the projective space of a finite
dimensional G-module V.

Let X be the closure of X in P(V) and set Z = X\ X. Let I(Z) and I(Y) be the
homogeneous ideals in k[V] respectively of Z and of Y, the closure of Y in P(V).
Then I(Z) and I(Y) are G-stable, and since Y ¢ Z we have I(Z) ¢ I(Y). Let

feI(Z)NI(Y) and let M C I(Z) be the (finite dimensional) G-module generated
by f and denote R = ,5o M™. Then by the Lie-Kolchin theorem M /M N I(Y)
contains a nonzero B-eigenvector v. By Corollary 2.6 applied to Spec(R) and its
subvariety defined by I(Y), there exists n € N such that v™ € R/RNI(Y) lifts to
an element fy € R(P). Since the ideal I(Y) is homogeneous, we can assume that
fo is homogeneous, therefore we can define a B-stable affine open subset of X by
setting Xo = {z € X | fo(z) # 0}. Since v € M/M N I(Y) is nonzero, notice that
fo€I(Z)NI(Y), hence XoNY # @ and Xy C X.

Let now f € k[XoNY]®). If Y C V is the affine cone over Y, let d € N be
such that f¢f € k[Y] is homogeneous. If X denotes the affine cone over X, then by
Corollary 2.6 there exists n € N such that (f¢f)" lifts to an element f” € k[X](?)

which we can choose to be homogeneous, and we conclude by setting f' = f” f; dn
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If Y C X is a G-orbit, define

XY,B =X~ U D and XY,G = GXY,B-
D(X)\Dy (X)

Theorem 5.2 ([17, Theorem 3.1]). Let X be a spherical G-variety and let Y C X
be a G-orbit.

i) Xy p is the minimal B-stable affine open subset of X which intersects Y;
ii) Y is the unique closed G-orbit in Xy,q, and

Xyg={reX|Y C Gz}
i) Xy,pNY is a single B-orbit.

Proof Let Xy be a B-stable affine open subset intersecting Y as in Proposition
5.1, and let 19 € V(X) be a valuation with center Y (which exists by Remark 4.4).
Let fo € k[Xo] be a function not vanishing on Y N X such that vp(fy) > 0 for
all D € D(X) \ Dy(X) with DN Xy # @. Then vy(fy) = 0, and by Corollary
4.8 we can assume that fy € k[Xo](B): if f € k(X)B) satisfies vp(ff) = 0 for all
D € D(X) with DN Xy # @, then f{ is defined on all divisors of Xj, therefore
14 € k[Xo] because X is normal.

i) Clearly Xy, p is a B-stable open subset of X, and by [12, Exercise 12.18] it is
contained inside every B-stable affine open subset which intersects Y. In particular,
we have Xy g C Xo, and by the definition of fy we get Xy g = {z € Xo | fo(z) #
0}.

ii) Let Z C X be a G-orbit which intersects Xy and suppose that Y ¢ Z. We
may in addition assume that the function fy defining Xy, p vanishes on Z. Hence
XypNZ = @ and Y is the unique closed G-orbit in Xy,c. Set X;@G ={z €
X | Y C Gz}, then we have inclusions Xy p C Xya C Xy . Let 2 € Xy 4
and suppose by contradiction that Gox N Xy g = @: then Gz is contained in some
D € D(X) \ Dy(X), hence Y ¢ Gz, a contradiction.

iii) The claim follows if we prove that every nonzero function f € k[Xy, gNY]®) is
invertible: indeed, if Z C Xy, pNY is a closed B-orbit and I(Z) C k[Xy,gNY] is the
corresponding ideal, then by the Lie-Kolchin theorem I(Z )(B ) %0, and any element
therein is a non-invertible B-eigenfunction. Suppose that f € k[Xy g N Y](B) is
nonzero. For some d € N we have féf € k[Xo N Y]P), hence by the definition of
X, there exist n € N and f’ € k[X]®) such that f|/X0ﬂY = (fdf)". Tt follows that
f|/XY,B is invertible: indeed vp(f’) = 0 for all D € Dy (X) because fI/XomY # 0,
hence f’ does not vanish on any divisor of Xy, g. Therefore fl’ Xy Ay 18 invertible,
and f is invertible as well.

Corollary 5.3 ([24, Proposition 7.5], [17, Corollary 3.2]). Let X be a multiplicity-
free G-variety, then X possesses finitely many G-orbits, and all of them are spher-
ical.

Proof Up to replacing X with its normalization, we may assume that X is spher-
ical. By Theorem 5.2 ii), every G-orbit ¥ C X is uniquely determined by the
corresponding B-stable affine open subset Xy p. On the other hand D(X) is a
finite set by Proposition 2.20, hence there are finitely many possibilities for Xy p
and for Y as well. This show the first claim, and the second one follows by Theorem
5.2 iii).

Remark 5.4. Suppose that char(k) = 0. Then we have the equality
Xy)B:{$€X|YCF$},
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namely Y N Xy p C Xy p is the unique closed B-orbit. Indeed, denote P = {g €
G | gXy,B = Xy,g}. Then P is a parabolic subgroup of G, and if P = LP, is the
Levi decomposition of P then by the local structure theorem (see e.g. [26, Theorem
3.2.2]) there exists a L-stable closed subvariety Sy C Xy, p which is L-spherical and
such that the P-action gives rise to a P-equivariant isomorphims Xy g ~ P x% Sy-.
Since it is affine and it possesses an open L-orbit, we have k[Sy]X = k, thus the
categorical quotient Sy /L is a single point and there exists a unique closed L-orbit
in Sy. By Theorem 5.2, this L-orbit must be Sy NY: indeed Y is the unique
closed G-orbit in Xy ¢, and Xy,g NY is a single B-orbit. Let now Z C Xy g be a
closed B-orbit and let x € Sy be such that Z = Bx: then ZNSy = (BN L)z is a
closed (BN L)-orbit in Sy. It follows that Lz is a closed orbit in Sy: indeed, the
L-action induces a morphism L xP7L Sy — Sy which is proper because L/BN L is
projective (see e.g. [34, Proposition 2.7]), and Lz is the image of the closed subset
L xB"L (BN L)x. It follows that Lz = Sy NY, and therefore Z = XyvpnNY. O

Definition 5.5. A spherical G-variety X is called simple if it contains a unique
closed G-orbit. A spherical embedding G/H — X is called simple if X is simple.

By Theorem 5.2 and Corollary 5.3, every spherical G-variety can be covered with
finitely many simple spherical G-varieties, namely those of the shape Xy ¢, where
Y runs among the G-orbits of X.

Fix now a spherical G-variety X, let Bxg C X be the open B-orbit and let
H C G be the stabilizer of xg. Assume moreover that the orbit morphism G — Gxg
is separable (e.g. if char(k) = 0). Then we can identify Gzo ~ G/H, and we may
regard X as a spherical embedding of G/H. Since Gxg C Xy ¢ for all G-orbits
Y C X, we can regard all the simple spherical varieties Xy, as embeddings of the
same homogeneous space G/H.

Every G-stable prime divisor D C X is either B-stable (in which case D € A(X))
or G-stable (in which case D € D(X) ~\ A(X)). Notice that we can canonically
identify A(X) and A(G/H). On the other hand every D € D(X) \ A(X) defines a
an invariant valuation vp € V(X), and if Y C X is a G-orbit we can define a finite
set of G-invariant valuations by setting

Vy (X) = {vp | D € Dy (X) ~ A(X)} € V(X).

Since A(X) = A(G/H), A(X) = A(G/H) and V(X) = V(G/H) are all birational
invariants of X, it follows that to every G-orbit Y C X we may associate the
following data on G/H:

i) Ay (X), a subset of the finite set A(G/H);
i) Vy(X), a finite subset of V(G/H).
These will be the main objects that will allow us to classify the spherical embeddings

of G/H.

6. SIMPLE SPHERICAL EMBEDDINGS AND COLORED CONES

Let G/H be a spherical homogeneous space, we keep the notation of previous
sections. In particular, we assume that BH is open in G.

In this section, we will show that every simple spherical embedding G/H — X
is uniquely determined by a strictly convex cone in Q(G/H) together with the
set of colors Ay (X) C A(G/H). Conversely, we will also give a combinatorial
characterization of the admissible pairs (C,F) with C a strictly convex cone in
Q(G/H) and F C A(G/H) which give rise to a simple spherical embedding of
G/H, leading to the notion of colored cone. This generalizes the fact that in the
theory of toric varieties (where colors do not exist) affine toric varieties with an
effective action of a torus T are classified by strictly convex cones in X (T').
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Let Cy(X) C Q(X) be the cone generated by p(Ay (X)) together with Vy (X).

Theorem 6.1 ([24, Proposition 8.3], [17, Theorem 3.3]). Let G/H — X be a
simple spherical embedding with closed orbit Y C X. As a spherical embedding of
G/H, X is uniquely determined up to G-isomorphism by the pair (Cy (X), Ay (X)).

Proof We first show that, among the spherical embeddings of G/H, X is uniquely
determined by the pair (Vy(X), Ay (X)). Let

U=G/HNXyp=G/H~ U D.
DeEA(G/H)NAy (X)

By the algebraic version of Hartogs’ theorem (see [12, Theorem 6.45]), regular
functions on a normal variety always extend in codimension two. Therefore a
function f € k[U] extends to Xy, p if and only if v(f) > 0 for all D € Dy (X)\NA(X),
namely

k[ Xyv,g] ={f eklU]|v(f) >0 VYveVy(X)}

Thus Xy p is uniquely determined by G/H together with (Vy (X), Ay (X)).

Notice that, up to G-isomorphism, the spherical embedding G/H — X is
uniquely determined by the pair (Vy(X),Ay(X)). Indeed, let G/H — X' be
another simple spherical embedding with closed orbit Y’ € X', and suppose that
Wy (X)), Ay/(X")) = (Wy(X),Ay(X)). Let zg € X and z, € X’ be the base
points fixed by H, then by the previous discussion the G-equivariant birational
morphism ¢ : X --» X’ defined by the isomorphism Gxy — Gz, induces an iso-
morphism Xy, p — Xg/,’B. Since X is simple, Theorem 5.2 shows that X = GXy 5.
Therefore ¢ is defined everywhere, and since X’ = G Xy, 5 it follows that ¢ is sur-
jective. On the other hand ¢ is a local isomorphism, therefore X and X’ are
G-equivariantly isomorphic.

We now show that Vy (X) can be recovered by the pair (Cy (X), Ay (X)). Let
vy € Vy(X) and let Dy € Dy (X) ~ A(X) be the corresponding G-stable divisor.
Let f € k[Xy,g| be a function vanishing on all D € Dy (X) except Dy. Then
vo(f) = 0 and v(f) > 0 for all v € Vy(X) different from 9. By Corollary 4.8
there exists f/ € k(G/H)®) with the same properties, and such that vp(f’) > 0
for all D € Ay (X). Therefore Ay € Cy(X)Y, and A N Cy(X) = Qtwy. Hence
the half-lines Qtv with v € Vy(X) are exactly the extremal rays of Cy (X) which
do not contain any element of p(Ay (X)), and they are uniquely determined by
the pair (Cy (X), Ay (X)). To conclude the proof, it is enough to notice that every
v € Vy(X) is uniquely determined by its ray QT v: indeed, since v is the valuation
defined by a divisor, its image is precisely Z.

Proposition 6.2 ([17, Theorem 3.5]). Let G/H — X be a simple spherical em-
bedding with closed orbit Y C X and let v € V(G/H). Then the following hold:
i) k[Xy,5]") = {f € k(G/H)P) | \; € Cy (X)V};
ii) v has center on X if and only if v € Cy (X);
iii) the center of v is Y if and only if v € Cy (X)°.

Proof i) Let Bxy C X be the open B-orbit. By definition the B-stable prime
divisors of Xy, p correspond to the elements of Dy (X). Since Xy, p is normal, it
follows that a function f € k[Ba;O](B) extends to Xy p if and only if vp(f) > 0 for
all D € Dy (X). On the other hand every function in k(G/H)®) is regular when
restricted to Bz, therefore f extends to Xy g if and only if Ay € Cy (X)V.

ii) Since v is G-invariant and since X = GXy p, it follows that v has center on
X if and only if it has center on Xy p. By Proposition 4.3 the latter holds if and
only if v(f) > 0 for all f € k[Xy,g]. On the other hand by Corollary 4.8 for all



EMBEDDINGS OF SPHERICAL HOMOGENEOUS SPACES 19

[ € k[ Xy p] there exist f' € k[ Xy 5]®) and n € N such that v(f') = v(f"). It
follows from i) that v has center on X if and only if v € Cy (X).

iii) Given v € V(G/H) N Cy(X), notice that v € Cy(X)° if and only if v+ N
Cy(X)V = Cy(X)L. Suppose that Y is the center of v. Since Y is contained in
every B-stable divisor of Xy, p, it follows that every function f € k[Xy, B](B) with
v(f) = 0 is invertible. Therefore v+ NCy (X)¥ = Cy(X)* by i), hence v € Cy (X)°.

Let now v € V(G/H)NCy (X) with center Z, and assume Z # Y. Let f € k[ Xy g]
be a function vanishing on Y and not on Z, by Corollary 4.8 we may assume that
f € k[Xyg]P). If yy € V(G/H) is a valuation with center Y, it follows that
(v, Ay =0 and (vg, As) > 0, therefore A\ € v+ N Cy(X)* and v ¢ Cy (X)°.

We come now to the main definition of this section, and to the corresponding
classification theorem.

Definition 6.3. A colored cone for G/H is a pair (C,F) where C C Q(G/H) and
F C A(G/H) satisty the following conditions:

(CC1) C is a convex cone generated by p(F) and by finitely many elements of
V(G/H).

(CC2) The intersection C° N V(G/H) is nonempty.

A colored cone (C, F) is called strictly convez if the following condition holds:

(SCC) C is strictly convex, and 0 & p(F).

Proposition 6.4. Let G/H — X be a simple spherical embedding with closed
orbit Y C X, then (Cy (X), Ay (X)) is a strictly convex colored cone, and up to G-
isomorphism X is uniquely determined by such a pair among the simple spherical
embeddings of G/H .

Proof To show that (Cy (X), Ay (X)) is a colored cone, notice that (CC1) holds by
definition, whereas (CC2) holds by Remark 4.4 together with Proposition 6.2. To
show (SCC), let f € k[ Xy, ] be a function vanishing on every B-stable prime divisor
of Xy . By Corollary 4.8 we may assume f € k[Xy 5](P): therefore vp(f) > 0 for
all D € Dy (X), and 0 ¢ p(Ay (X)). Moreover A € Cy(X)" and A NCy(X) =0,
hence we get (SCC). The last claim was already proved in Theorem 6.1.

Theorem 6.5 ([24, Theorem 8.10], [17, Theorem 4.1]). Up to G-isomorphism, the
map which associates to a simple spherical embedding G/H — X the corresponding
colored cone is a bijection between the G-isomorphism classes of simple spherical
embeddings of G/H and the strictly convex colored cones for G/H.

The rest of the section will be devoted to the proof of previous theorem. We
will split the proof in several partial results. For simplicity,we will denote A(G/H),
AG/H),V(G/H), Q(G/H) and pg g simply by A, A, V,Q and p.

We already showed the uniqueness part of the theorem. So we are left to show
that every strictly convex colored cone corresponds to a simple spherical embedding
of G/H. Let (C, F) be a strictly convex colored cone. By (CC1) the cone C is finitely
generated, therefore C¥ N A is a finitely generated semigroup by Gordan’s Lemma.
Let Ap,...,Am € CY N A be a set of generators, and let Fi,..., F,, € k(G/H)®)
with weights A1,..., A\, Let Dy be the union of the colors D € A~ F, then the
poles of Fy,...,F,, on G/H are contained inside Dy. Let 7 : G — G/H be the
projection, and let fo € k[G](B*H) be a function vanishing precisely on 7~ (D)
and such that f; := foF; € k[G] for all i < m. Let x € X(H) be the weight of f
with respect to the right action of H, and notice that f; € k[G]&H) for all i < m.

Let V' C k[G] be the G-module generated by fo,..., fm, then the evaluation of
functions (g, f) = f(g~ ') defines an equivariant morphism G' — V*. Since V is
G-stable, the image of G does not contain 0: indeed if ¢’ € G is such that f(¢g’) =0
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for all f € V, then f(g) = (¢'¢71.f)(¢') = 0 for all g € G, hence f = 0. Since
Vc k[G]&H), we get then an equivariant morphism ¢ : G/H — P(V*). Let

Xy ={z € 9(G/H) | fo(x) # 0}
and define X’ = GX{. Notice that X’ is a multiplicity-free G-variety (because
G/H is so) and that X|, is a B-stable affine open subset in X’ containing the open
B-orbit Bz, where oy € X' denotes the image of the base point of G/H.

Lemma 6.6. In the above notation, the following equality holds:
kX)) = {f € k(G/H)P) | Ap eC).

In particular, if T C A is the semigroup of the weights of B occurring in k[ X})](P),
then C = cone(T)V.

Proof Observe first of all that k[X[] is the subalgebra of k(G/H) generated by
the functions f'/fy with f' € V. Let f € k(G/H)®) and suppose that Ar €CY,
then by construction Ay = >~ a;\; is a linear combination with integral coefficients
of A\1,..., A\. Therefore the function

(fi/fo)™ - (fm/ fo)* € k[Xg]P)

has weight Ar, hence up to a scalar factor this function is precisely f.

Conversely, let f € k[ X}]®) and let v € C be an element generating an extremal
ray. By (CC1), up to rescaling we may assume that v € p(F) U V. Since the poles
of f are all contained in Dy, it follows that v(f) > 0 if v € p(F). Suppose that
v € CNYV and notice that by construction we have v(f) > 0if f = % = F; for some
i with 1 < ¢ < m. For a general f, write f = f'/fJ with f' € S”V, and extend v to
an invariant valuation 7 € V(G) as in Corollary 4.6. Write f' =[]}, > @iGij-fr;
with a;; € k and g;; € G for some choice of the indices 0 < k;; < m, then we get

V() = S min{F(f,) - 7o)} > minfu(1), (R v(Fn)} > 0,

Lemma 6.7. The morphism ¢ : G/H — X' has finite fibers.

Proof We show that the fibers of ¢ are both affine and complete.

To show that the fibers of ¢ are affine, it is enough to show that ¢~!(Bxj) =
BH/H: indeed BH/H is an affine variety by Theorem 2.17, and we can cover G/H
by its translates. If D € A~ F, then by construction fo vanishes on 7~*(D), hence
(D) C X'\ Xy, and in particular p(D)NBzj = @. If D € F, then p(D)tNCY is a
proper face of C¥ by (SCC). Hence there exists A € C¥ N A such that (p(D), \) > 0,
and by Lemma 6.6 there exists a nonzero function h € k[X}](®) vanishing on D.
Therefore ¢(D) N Bz, = @ for all D € A. On the other hand by Proposition
2.20 A is the set of irreducible components of G/H ~ BH/H, therefore we get
¢ Y(Bz{) = BH/H.

Let now X" be any complete embedding of G/H (which exists for instance
by Chevalley’s theorem [31, Theorem 5.5.3]). Let X"’ be the normalization of the
closure of G/H diagonally embedded in X’ x X”. Then the projection g : X" — X’
is a proper morphism which extends ¢, and to show that the fibers of  are complete
it is enough to show that ~'(Gz}) = G/H. Suppose that Z C X" \ G/H is
a G-stable subvariety mapping dominantly on X', by Remark 4.4 there exists a
valuation v € V having center Z on X’”’. Then v vanishes identically on k(X’),
hence on its subset k[X}](®). On the other hand C is strictly convex by (SCC),
hence CV has maximal dimension and A is generated by C¥V N A. It follows that
k(G/H)B) is generated as a multiplicative group by k[Xo](®), therefore v(f) = 0
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for all f € k(G/H)B). Since v is not the trivial valuation, we get a contradiction
by Corollary 4.9.

Since ¢ has finite fibers, it follows by a version of Zariski’s main theorem (see [12,
Corollary 12.87]) that there exists a variety X such that ¢ factors through an open
embedding ¢ : G/H < X and a finite morphism ¢ : X — X’. Since G/H is normal,
we can take X to be the normalization of X’ in k(G/H) (see [12, Section 12.11] for
the definition of the latter). In particular, considering the morphism given by the
G-actions a: G x G/H — G/H and ' : G x X’ — X', by the universal property
of the normalization we get a canonical morphism § : G x X — X which makes
the following diagram commute:

GxG/HLGxX e Gx X'

: S

G/H : X X'

Notice that S makes X into a G-variety, in such a way that ¢ and ¢ are G-equivariant
morphisms. In particular, we get a spherical embedding G/H — X.

Denote Xo = 1~ 1(X}), since 1 is a finite morphism X is a B-stable affine open
subset of X, which contains the open B-orbit Bz, where xy € X denotes the
image of the base point of G/H. Since 1 induces an inclusion k[Xj] C k[Xy], for
all B-stable prime divisors D C Xj and for all f € k[X{]®) we have vp(f) > 0. In
particular by Lemma 6.6 it follows that p(vp) € cone(T)Y = C for all D € D(X)
such that DN Xy # @. Since Xp is normal and k(G/H)B) = k[Bux,]®),

k[Xo]B) = {f e k(G/H)P) | up(f) = 0 for all B-stable prime divisor of X;},

therefore k[Xo](B) c {f € k(G/H)P) | \; € CV}, and again by Lemma 6.6 we get
the equality k[Xo](B) = k[X}](B).

Proposition 6.8. The morphism G/H — X is a simple embedding, and if Y is
the closed G-orbit of X then Xy p = Xy and (Cy(X), Ay (X)) = (C,F).

Proof By (CC2), there exists an element vy € VN C°. Thus vy is nonnegative on
k[X0]®) by the previous discussion, hence it is nonnegative on k[X¢] by Corollary
4.8. By Proposition 4.3 it follows that v has a center on X, whose closure Y € X
is G-stable since v is G-invariant.

Let Z C X be a G-stable closed subvariety, and let v € V be a valuation with
center Z. By the construction of X’ and X, we have Z N Xy # @. Therefore v has
a center on Xg and it follows v),x,] = 0, hence v € C. Suppose that Y ¢ Z and let
f € k[Xo] be a function which vanishes on Z and not on Y, so that vy(f) = 0 and
v(f) > 0. On the other hand by Corollary 4.8 we may assume that f € k[ X)),
therefore (v, Af) = 0. Since vy € C°, it follows that Ay = 0, a contradicition since
(v,A) > 0. Therefore Y C Z and G/H — X is a simple spherical embedding,
with closed orbit Y.

Since p(F) C C, notice that the same argument works if v = vp for some D € F:
therefore F C Ay (X). The same argument also shows that Y is contained in all
B-stable prime divisors of Xy, which gives us that Xo C Xy g, thus Xg = Xy g by
the minimality of Xy g in Theorem 5.2. By Proposition 6.2 we get then C¥Y N A =
Cy (X)Y NA, thus C = Cy(X). Finally, by construction every D € A \ F maps on
Y(G/H) ~ X{, hence F = Ay (X).

Remark 6.9. If char(k) = 0, by making use of the local structure theorems (see
[26, Proposition 3.1.1 and Theorem 3.2.2]) it is possible to show that, in the previ-
ous notation, X ~ X’. Indeed if g € G, then g. Xy = X, if and only if 9. X} = X{,
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therefore we can write X ~ P xSy and X' ~ P xL S, where Y/ = 9(Y)
and P = {g € G | g.Xo = Xo} and where Sy C Xy and S}, C X, are suitable
closed L-stable subvarieties, which are multiplicity-free. Moreover, 1 restricts to
a L-equivariant finite morphism Sy — S}, and AT(S},) = ANCY = AT(S).
Therefore, by decomposing the coordinate rings into irreducible L-modules, it fol-
lows that the inclusion k[S%/] C k[Sy] is actually an equality. Therefore S}, ~ Sy
are L-equivariantly isomorphic, hence Xy ~ X|, are isomorphic P-varieties, and
X ~ X'’ are isomorphic G-varieties. %

Example 6.10. Regard A? as a SLo-variety, then A2 \ {0} is an open orbit, and
the stabilizer of (1,0) is the maximal unipotent subgroup U of unipotent upper
triangular matrices. Therefore SLo/U <+ A? is a spherical embedding. Let B the
Borel subgroup of upper triangular matrices. Notice that there are three B-orbits
in A% the fixed point 0, the codimension one B-orbit D = {(a,0) | a # 0} and
the open B-orbit {(a,b) | b # 0}. It follows that Ag(A?) = A(SLy/U) = {D} and
AJ 5 = A?, therefore by Proposition 6.2 it follows that Co(A*) = cone(AT(A?))Y.
On the other hand k[z,y]®) = {y™ | n € N}, therefore At(A?) = A and Cy(A?) C
Q = Ag ~ Q is the positive half-line generated by the simple coroot a. Notice
that p(D) = aV. As for all horospherical varieties, we will see in Corollary 11.7
that in this case V = Q.

Regard now A% as a G2 -variety, then there are four orbits: the open orbit
{(a,b) | a # 0,b # 0}, two codimension one orbits {(a,0) | a # 0} and {(0,b) | b #
0}, and the fixed point 0. Again every G2 -stable divisor contains the origin,
hence Aj 5 = A% and Cy(A?) = cone(AT(A?))¥. On the other hand K[z, y)©m) =
{z™y™ | m,n € N}, therefore Cy(A?) is the positive quadrant in Q ~ Q2. A

Example 6.11 (Symmetric matrices, part III). Consider the space X = Sym,, of
symmetric matrices with the action of G = GL,, as in Example 3.4, and keep the
notation therein. Let Y C X be the unique closed G-orbit (namely the fixed point
xo = 0). Since zg € D; for all i < n, it follows that Ay (X) = A(X) and Xy p = X.
Therefore by Proposition 6.2 we get

Cy(X) =cone(2ay,..., a1, 3wr). A

Example 6.12 (The space of quadrics). Keep the notation of Example 3.4 and
consider now the space of quadrics @, = P(Sym,,), which is spherical under the
action of G = PGL,, with open orbit PGL,,/PSO,,. Denote by B (resp. by U, T)
the image of B (resp. of U, T) in G, and for a subvariety Z C Sym,, denote by Z
its image in @,,. Then the G-orbits in Q,, are the images of the nonzero G-orbits
in Sym,,, thus X,,_; is the unique G-stable divisor and Y = X is the unique
closed G-orbit. Similarly, D(Q,) = {D1,...,D,} and A(Q,) = {D1,...Dn_1},
hence Ay (Q,) = A(Q,) ~ {D1}. Therefore the B-stable affine open subset of Q,,
associated to Y is Q% = Q,, N {d; # 0} and

KI@u)" = {f/d7" | f € K[Sym,]" bas degree m}.
On the other hand k[Sym,,|V = Kk[d1,...,d,], and d; is a T-eigenfunction of degree

i of weight 2w;. Therefore k[Q%](®) is the set of monomials in the polynomial ring
k[%,..., %]

AR |
Notice that for 1 < i < n the T-weight of d;d] " is
>‘d7‘, — i/\dl = 2&)1' — inl = 7((27, — 2)011 + (QZ — 4)0&2 + ...+ 20&1‘_1).

In particular, A(Q,) = QX(T). Let @,...,@,_1 be the fundamental weights of
PGL,, (namely @; = w; — *wp, where wy,...,w, are the fundamental weights of

GLy,). As in Example 3.4, notice that v (djd;?) = & for all i > 1. Therefore
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{p(D2),...,p(Dp-1),vp } is the dual basis of {2w; — 2iwy | i = 2,...,n}, and it

follows p(D;) = 3o if 2 <i <nand vy = —3wy ; (where @y,... @), are
the fundamental coweights). Thus we get

Cy(Qn) = cone(3ay, ..., 200 1, —2w) 4).
One can see that in this case V(Q,) = cone(—iwy,...,—iw) ;) (see e.g. [35,
Proposition 2], where the general case of a symmetric variety is considered). There-
fore V(Qn) C Cy(Qn), and (Cy (Qn), Ay (Qy)) is indeed a colored cone. A

Remark 6.13. As already mentioned, the theory of spherical embeddings can be
adapted (and possibly simplified) in several situations which are interesting in their
own right. In particular, for the case of toric varieties we refer the reader to Fulton’s
book [10], for the case of symmetric spaces to Vust’s paper [35], for the case of group
embeddings to Timashev’s paper [33]. O

7. THE CLASSIFICATION OF SPHERICAL EMBEDDINGS

We keep the notation of the previous sections. In particular, G/H is a spherical
homogeneous space, and BH is open in G.

Definition 7.1. Let (C,F) be a colored cone. A face of (C,F) is a colored cone
(Co, Fo) such that Cy is a face of C and Fy = F N p~1(Co).

Notice that a face of a colored cone (C,F) is uniquely determined by the corre-
sponding face of C: the faces of (C, F) correspond to the faces of C which intersect
V(G/H) nontrivially in their relative interior. In particular, we can regard every
face of (C,F) as a face of C.

Proposition 7.2 ([17, Lemma 4.2]). Let G/H — X be a spherical embedding and
letY C X be a G-orbit. Then the map Z — (Cz(X), Az(X)) is a bijection between
G-orbits in X whose closure contain'Y and faces of (Cy (X), Ay (X)).

Proof We may assume that X is simple with closed orbit Y. Let Z C X be a
G-orbit, and let f € k[ Xy, g] be a function vanishing on all D € Dy (X) \ Dz(X)
and not vanishing on Z, then vp(f) = 0 for all D € Dz(X) and vp(f) > 0
for all D € Dy (X) \ Dz(X). Moreover, by Corollary 4.8 we may assume f €
k[ Xy p]P), therefore Cz(X) is the face of Cy (X) defined by A;. As well, it fol-
lows that Az(X) = Ay (X) N p~1(Cz(X)), therefore (Cz(X),Az(X)) is a face of
(Cy (X), Ay(X)).

Let now (C,F) be a face of (Cy(X),Ay(X)) and let v € V(G/H) NC°. By
Proposition 6.2 it follows that v has a center on X, which must be the closure of
a G-orbit Z because it is G-stable and there are finitely many orbits by Corollary
5.3. We already showed that (Cz(X),Az(X)) is a face of (Cy (X), Ay (X)). Since
v has center Z, Proposition 6.2 implies that v € Cz(X)°: therefore C = Cz(X) and
F =Az(X).

In particular, the poset of orbit closures of a simple spherical variety X with
closed orbit Y is isomorphic to the poset of faces of Cy (X) which intersect V(G/H)
nontrivially in their relative interior, with the reverse order.

Definition 7.3. A colored fan is a nonempty set § of colored cones with the
following properties:

(CF1) Every face of a colored cone in § belongs to §.

(CF2) For all v € V(G/H) there is at most one colored cone (C, F) € § such that
veCce.

A colored fan § is strictly convex if all its elements are strictly convex, namely if

(0,2) € 3.
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Given a spherical embedding G/H — X, we denote
F(X) ={(Cy(X),Ay (X)) : Y C X is a G-orbit}.

Theorem 7.4 ([17, Theorem 4.3]). Up to G-isomorphism, the map which associates
F(X) to G/H — X is a bijection between spherical embeddings of G/H and strictly
convex colored fans.

Proof Let G/H — X be aspherical embedding. Then (CF1) holds by Proposition
7.2, and §(X) is strictly convex by Theorem 6.5. Suppose that Y, Z C X are both
G-orbits such that v € V(G/H) N Cy(X)° NCz(X)°: then v has both center Y’
and Z on X by Proposition 6.2, therefore Y = Z because the center is unique.
Therefore §F(X) is a colored fan, which uniquely determines X thanks to Theorem
6.5.

Suppose that § is a strictly convex colored fan. For all colored cones (C, F) € §F,
let G/H — X r be the simple spherical embedding defined by the colored cone is
(C,F). Let X be the scheme obtained by glueing together all such varieties along
their maximal isomorphic open subsets corresponding to the intersection of cones.
Notice that X is a normal integral scheme of finite type. Since X contains G/H as
an open orbit, to conclude the proof we need to show that X is separated, namely
that the diagonal embedding ¢ : X — X x X is closed. Let ¥ C «(X) \ «(X)
be a G-orbit, then ¥ C X¢, 7, X X¢, 7, for some colored cones in §F(X) with
(C1, F1) # (C2, F2). We may assume that (C1,F1) and (Cq, F2) are maximal with
this property. Let X’ be the spherical variety obtained as the normalization of
the closure of G/H diagonally embedded in X¢, r, X X¢, 7, and let Y/ C X' be
an orbit mapping on Y. For i = 1,2, let ¢; : X' — X¢, 7, be the projection,
and set Y; = ¢;(Y’): then by the maximality of the correspondng colored cones
it follows that ¥; C X¢, #, is the unique closed orbit. Let v € V(G/H) be a
valuation with center Y on X', then v has center Y; on X¢, 7, and Y2 on X, 7,.
Therefore Proposition 6.2 implies v € C? NC3, hence (C1, F1) = (Ca, F2) by (CF2),
a contradiction.

8. MORPHISMS BETWEEN SPHERICAL EMBEDDINGS

Let now G/H and G/H' be spherical homogeneous spaces, and assume that
H C H'. As usual, we assume that BH is open in G. Then we have a surjective
equivariant morphism ¢ : G/H — G/H'. The inclusion ¢* : k(G/H') — k(G/H)
induces an injection ¢* : A(G/H') — A(G/H), hence a surjection ¢, : Q(G/H) —
Q(G/H"). Notice that if we restrict ¢, to the valuation cone, then by Corollary
4.6 we get a surjective map

v« : V(G/H) - V(G/H").
Lastly, if A, C A(G/H) is the set of colors which project dominantly onto G/H’,
then we have a map (that we still denote by the same symbol)
0.« : A(G/H) N Ay, — A(G/H')
Proposition 8.1. Suppose that H C H' C Ng(H), then
ANG/H)/ANG/H') ~ X(H'/H).

Proof Notice that BH = BH': indeed for all g € H' both BH and BHg~ ' are
open in G and homogeneous under B x H, hence they coincide. On the other hand
as B-varieties we have BH/H ~ B/B N H and BH'/H' ~ B/B N H', therefore
H'/H~BNH'/BNH.

Fix maximal diagonalizable subgroups S C BN H and S’ € BN H' such that
S C S’, and let T C B be a maximal torus such that S € S’ C T. Remark 2.18
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shows that A(G/H) ~ X(T/S) and A(G/H') ~ X(T/S’). On the other hand,
the exact sequence 1 — S’/S — T/S — T/S" — 1 induces an exact sequence
1 = X(T/8") —» xX(T/S) — X(5'/S) — 1 (see [1, Proposition 8.2]), therefore
AG/H)/A(G/H') ~ X(5'/S).

Again, by Remark 2.18 it follows that X (S’/S) is the set of (B N H')-weights
occurring in k(BN H'/BN H)(BOH/). Since BN H is normal in BN H', this set is
precisely X(BNH'/BNH)~ X(H'/H).

Corollary 8.2. Suppose that [H' : H] < oo, then A(G/H') C A(G/H) is a sub-
lattice of finite index and V(G/H) = V(G/H') under the natural identification
QG/H) = Q(G/H').

Proof Notice that H and H’ have the same identity component H°, which is a

spherical subgroup of G. Therefore we may assume that H is connected. Then H is
a normal subgroup of H’, and by previous proposition we get A(G/H)/A(G/H') ~

X(H'/H).
We now define morphisms between colored cones.
Definition 8.3. i) Let (C,F) and (C’, F’) be colored cones resp. for G/H

and G/H', then we say that ¢. maps (C,F) to (C',F') if the following
inclusions hold:

(CM1) ¢.(C) C ',

(CM2) pu(FNAy,) CF.

ii) Let § and § be colored fans for G/H and G/H’ respectively, then we say
that ¢, maps § to § if every element of § maps to some element of §'.

Remark 8.4. Notice that, if § and § are colored fans for G/H, then § maps to
§ if and only if every maximal element of § maps to some element of F'. O

Theorem 8.5 ([17, Theorem 5.1)). Let ¢ : G/H — G/H' be a surjective equivari-
ant morphism, and let G/H — X and G/H' — X' be spherical embeddings. Then
@ lifts to a morphism X — X' if and only if v. maps F(X) to F(X').

Proof We may assume that both X and X’ are simple embeddings, with closed
orbits resp. Y and Y’. Suppose that ¢ extends to a morphism ¢ : X — X’. Then
Y’ C oY), therefore Y’ C (D) for all D € Ay (X), and we get (CM2). On the
other hand Y” is contained in every G-stable divisor of X’, thus the same argument
as above shows that ¢~ '(X’ \ Xy, p) C X \ Xy,p. Therefore ¢ restricts to a

morphism Xy p — XQ/’B, hence we get an inclusion k[Xg/,’B](B) — k[Xy7B](B)
and (CM1) follows by Proposition 6.2.

Suppose now that (Cy (X), Ay (X)) maps to (Cy:(X’), Ay/(X’)) and define Uy =
G/H N Xy,p and Uy = G/H' N Xy, g. Since (D) = BH'/H' for all D € A,
by (CM2) the restriction of ¢ gives a dominant morphism Uy — Uj, hence an
inclusion k[U{] < k[Up]. On the other hand since X and X’ are normal, a function
[ € K[Uo] (resp. f € k[Uj]) extends to k[Xv,p] (resp. to k[Xy, g]) if and only if
v(f) = 0forall v € V(G/H)NCy(X) (resp. for all v € V(G/H')NCy+(X")). Since
0.(V(G/H)) = V(G/H'), it follows by (CM1) that every f € k[Uj] which extends
to Xy, p extends to Xy,p as well. Therefore ¢ induces an inclusion k[Xy., p] —
k[Xy,B], hence a morphism Xy g — X{,,7B. Since X = GXy,p and X' = GX{,,,B,
it follows that ¢ extends to a morphism X — X'.

8.1. Proper morphisms. We now turn to the characterization of proper mor-
phisms of spherical varieties.
Definition 8.6. Let § be a colored fan. The support of § is

supp§ = U CNV(G/H).
(C,F)eTF
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Notice that, if X is a spherical variety, then by Proposition 6.2 supp §(X) is
the set of the invariant valuations on X which have a center. Notice also that if
X — X' is an equivariant morphism between two spherical embeddings G/H — X
and G/H' — X', then by Theorem 8.5 we have ¢, (supp (X)) C suppF(X’).

Theorem 8.7 ([17, Theorem 5.2]). Let G/H — X and G/H' — X' be spherical
embeddings and suppose that ¢ : X — X' is an equivariant dominant morphism.
Then ¢ is proper if and only if

supp §(X) = V(G/H) N ¢, (supp F(X")).
In particular, X is complete if and only if supp F(X) = V(G/H).

Proof Suppose that ¢ is proper, then by the valuative criterion of properness for
every valuation ring R with fraction field K and for every commutative diagram

Spec K ——= X

|k

Spec R ——= X'’

there exists a unique morphism Spec R — X making the diagram commute. Let
v € suppF(X’'), let Y/ C X’ be the open G-orbit of the center of v/ and let
v € V(G/H) be a valuation extending v’. By Proposition 4.3 we have k[ X3, 5] C
O, C Oy, hence we get a morphism SpecO, — Xy p. Since ¢ is proper, we
get a morphism SpecO,, — X. Therefore v has a center on X as well, hence
v € supp §(X).

Suppose conversely that supp§(X) = V(G/H) N ¢, (suppF(X’)), by the fol-
lowing lemma there exists an equivariant open embedding X C X; together with
a proper morphism @1 : X; — X' extending ¢ . Because ¢; is proper we have
supp §(X1) = V(G/H) N (¢1); (supp F(X')), therefore by the assumption we get
supp §(X1) = supp F(X). In particular, for every G-orbit Y7 C X; we must have
V(G/H)NCy, (X1)°NCy (X) # & for some G-orbit Y C X, hence Cy, (X7) is a face
of (Cy(X1),Ay(X1)) and so Y C Y7. Since X; \ X is closed, it follows that it must
be empty, hence X = X; and ¢ is proper.

Lemma 8.8. Let ¢ : X — X' be an equivariant morphism of G-varieties, then
there exists a open embedding X — X; into a normal G-variety X1 such that ¢
extends to a proper equivariant morphism o1 : X1 — X'.

Proof Let X < X and X’ <+ X’ be two equivariant completions (which exist
after a theorem of Sumihiro, see [32, Theorem 3]), and let X5 be the normalization
of the closure of the image of X mapped diagonally in X x X’. Then X, is a
complete G-variety containing X as an open subset, and the second projection
gives a proper morphism ¢, : X5 — X’ which extends . Therefore we get the
desired embedding of X by setting X; = @5 ' (X’) and ¢; = P2x, -

We now introduce an important class of spherical embeddings. Their name is
due to the fact that, if char(k) = 0, their local structure reduces to that of a toric
variety (see [26, Theorem 3.4.1]) (in which case they are also toroidal in the sense
of [16]).

Definition 8.9. A spherical embedding G/H — X is called toroidal if Ay (X) = &
for every G-orbit Y C X.

Suppose that G/H < X is a toroidal embedding of a spherical homogeneous
space G/H and let Y C X be a closed orbit, then by definition we have Cy (X) C
V(G/H). If moreover X is complete and toroidal, then by Theorem 8.7 it follows
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that V(G/H) = Uy Cy (X), where Y runs among the closed orbits of X. In partic-
ular, 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 need not
exist, on the other hand complete toroidal embeddings always do exist.

Proposition 8.10 ([7, §3.1], [17, Lemma 6.2]). Let G/H be a spherical homoge-
neous space, then G/H admits a complete toroidal embedding.

Proof Let m: G — G/H be the projection. Let fu € k[G]®*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 fy. Since the left action of G commutes with the right action of H,
the evaluation of functions induces an equivariant morphism G/H — P(V*). Let
X' be the closure of the image of G/H and let ¢ : G/H — X' be the corresponding
morphism. Let Z C X’ be the zero locus of fO‘X,. Notice that by construction
Y(D) C Z for all D € A(G/H), and that Z contains no G-orbit: if indeed Y C Z
is a G-orbit, then (g.fo), =0 for all g € G, hence f;, =0 forall f € V.

Let now G/H — X" be an arbitrary completion, and consider the diagonal
morphism ¢’ : G/H < X' x X”. Then we get a complete and toroidal embedding
G/H — X by taking X the normalization of ¢/(G/H).

We will study more closely the structure of V(G/H) in Sections 10 and 11. There
we will se that V(G/H) is indeed a convex cone (Theorem 10.5), which is strictly
convex if and only if H has finite index in its normalizer (Theorem 11.1).

Example 8.11 (SLy/T, part II). We continue with Example 3.3. Consider the
natural left action of SLy on P!, and consider the corresponding diagonal action
on P! x PL. Let ([at!],[a2]) be homogeneous coordinates on P! x P! and set

zo = ([§],[9]). Then the isotropy group of z¢ is T', and the SLo-orbit of g is

O ={(p,q) € P! xP' | p#q} ~SLy/T.

Notice that (P! x P!) \ O = diag(P!) is a single SLy-orbit of codimension one.
Therefore P! x P! is a spherical embedding of SL(2) /7T which is complete, simple and
toroidal. In particular it follows that V(SLe/T) C Q(SL2/N) is a strictly convex

cone. Consider the rational function f’ = ®14227412022 o P! x P': then flo= %,

where f € k[SLy/T]®) is the function of weight a defined in Example 3.3. If
vp € V(SLy/T) is the SLo-invariant valuation associated to diag(PP!), it follows then
(vo, ) = vo(f) = 1/0(%) = —1. Since it is strictly convex and dim Q(SLy/T) = 1,
the valuation cone V(SLy/T') coincides with the cone generated by vy, therefore

V(SLo/T) = {v € Q(SLa/N) | (v,a) < 0}.

As an immediate application of Theorem 7.4, notice that, up to equivariant isomor-
phism, P! x P! is the unique nontrivial equivariant embedding of SLy/T. Indeed,
since p(DT) = p(D7) = $aV, by the description of V(SLy/T) it follows that
(V(SLy/T), @) is the unique nontrivial colored cone for SLo/T. A

Example 8.12 (SLy/N(T)). Keep the notation of the previous example. Let
N =T U 5,T be the normalizer of T' C SLy and consider the homogeneous space
SLo/N: since SLo/T is spherical, it follows that SLo/N is spherical as well. By
Proposition 8.1 it follows that A(SLa/N) C A(SLy/T) is a sublattice of index two,
hence
A(SLy/N) = 2A(SLy/T) = 2Z«.

By the discussion preceeding Proposition 8.1 the subset of invariant valuations
V(SL2/N) coincides with that of SLy/T, namely

V(SL2/N) = {v € Q(SLa/N) | (v,a) < 0}.
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Notice that SLs/N decomposes in two B-orbits: indeed the two colors DT and D~
of SLo /T have the same image in SLo /N, which therefore possesses a unique color
D = BN/N. Let f € k[SLy/T]®) be the function of weight a defined in Example
3.3. Then f2 € k[SLy/N]® and (p(D),2a) = vp(f?) = 2, namely p(D) = 1aV.
As in the previous example, we see that (up to equivariant isomorphisms) SLo/N
admits a unique nontrivial equivariant embedding, corresponding to the colored
cone (V(SLa/N), @): indeed this is the unique nontrivial colored cone for SLy/N.
To construct it geometrically, consider the representation of SLo on the vector space
V = k[, y] considered in Example 3.3, consider the induced action on P? = P(V)
and set xg = [zy]. Then the stabilizer of zo coincides with N and the orbit of z is

O =A{[fleP(V)|4(f) # 0},
where 6(f) denotes the discriminant of f. Since P2 \ O ~ P!, it follows that P? is
a complete, simple, and toroidal embedding of SLy/N. A

9. CO-CONNECTED INCLUSIONS AND COLORED SUBSPACES

Suppose that H C H' C G are spherical subgroups, we say that H is co-connected
in H' if H'/H is connected. In this section we will classifiy co-connected inclusions
by means of colored data. Fix a co-connected inclusion H C H' and let ¢ : G/H —
G/H' be the projection. Denote the corresponding base points by xo = H/H and
xf = H'/H' (which are by assumption in the respective open B-orbits) and define

C, ={re Q(G/H) | (v,\) =0 forall X € A(G/H')}.

Definition 9.1. A colored subspace for G/H is a colored cone (C, F) such that C
is a subspace of Q(G/H).

Notice that if C C Q(G/H) is a subspace and F C A(G/H), then (C,F) is a
colored subspace if and only if C is generated as a convex cone by p(F) and by
finitely many v € V(G/H).

Proposition 9.2 ([17, Lemma 5.3]). Let H C H' C G be a co-connected inclusion
of spherical subgroups and let v : G/H — G/H' be the projection.

i) Denote Uy = G/H ~Upea(c/ma, D: then
k[Bzg] = {f € k[Uo] | v(f) = 0 for allv € V(G/H)NCy}

ii) The pair (C,,Ay) is a colored subspace. Moreover, the colored data of
G/H is recovered from that of G/H' as follows: A(G/H') = A(G/H) ﬂCé,
Q(G/H') = Q(G/H)/Cp, AG/H') = A(G/H) N Ay

Proof By Lemma 8.8, there exists a spherical embedding G/H < X such that ¢
extends to a proper morphism % : X — G/H'. Let Xq = % '(Bx}). Since H'/H
is connected, by the Stein factorization (see [12, Theorem 12.69]) it follows that
©.0x = Og/u, hence k| Bxg] = k[Xo].

Notice that X intersects every G-orbit of X, therefore Xy \ Gxg = X ~\ Guxyp.
Since X is normal, it follows that a function f € k[Up] extends to X if and only
if v(f) > 0 for all v € V(G/H) with center on X, namely for all v € supp F(X).
Since P is proper, by Theorem 8.7 we have

supp §(X) = V(G/H) N 1(0) = V(G/H)NC,,

hence k[Xo] = {f € k[Up] | v(f) = 0 for all v € V(G/H) NC,}.

Notice that in the previous description we onky need finitely many inequalities
namely those coming from a G-stable divisor of X. On the other hand, since Uy is
normal we have

K[Uo] = {f € k[Bxo] | vp(f) > 0 for all D € Ay},
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and since k[Bz{] = k[Xo] we get A(G/H') = A(G/H)NCY, where C C Q(G/H)
is the cone generated by p(A,) together with the valuations defined by the G-
stable divisors of X. Notice that p(A,) C C,, therefore C C C,. On the other
hand we have by definition A(G/H') C C, therefore C¥ C Cy and it follows
C, = C. Therefore (C,,Ay) is a colored subspace, and the other claims follow
straightforwardly.

Theorem 9.3 ([17, Theorem 5.4]). Let G/H be a spherical homogeneous space.
Then the map which associates to H' the colored subspace (Cy, A,) defined by ¢ :
G/H — G/H' is an order preseving bijection

{Co-connected inclusions H' D H} «— {Colored subspaces for G/H}.

Proof Arguing as in Theorem 6.1, by making use of Proposition 9.2 instead of
Proposition 6.2 one shows that, for all co-connected inclusion H C H’, the projec-
tion ¢ : G/H — G/H' is uniquely determined up to equivariant isomorphism by
the colored subspace (Cy,, A,). More precisely, if H C H"” is another co-connected
inclusion defining the same colored subspace, then one shows that H” = gH'g~!
for some g € Ng(H) with g.A, = A,. On the other hand, if ¢ € Ng(H) is such
an element and 1, is the corresponding equivariant automorphism of G/H, by the
first part of Proposition 9.2 we see that v, induces an equivariant automorphism
Yy : k[Bxg] — k[Bzp], hence an equivariant automorphism of the open B-orbit of
G/H'. Since the latter extends to an equivariant automorphism of G/H’, it follows
that g € Ng(H'), hence H” = H'.

Conversely, arguing as in the proof of Theorem 6.5 one shows that for ev-
ery colored subspace (C,F) there exists a co-connected inclusion H C H’ whose
colored subspace is precisely (C,F). Let indeed Dy be the union of the colors
D e A(G/H) \ F, and let 7 : G — G/H be the projection. Since (C,F) is a
colored cone and C is a vector space, the same construction produces a function
fo € k[G]B*H) vanishing precisely on 771(Dy), and a finite dimensional G-module
V' C k|G] containing fy with an equivariant morphism ¢ : G/H — P(V*), such
that, setting Uy = {x € ¢(G/H) | fo(x) # 0}, we have

KUO®) = {f € K(G/H)®) | Ap e CLY.

Let x9 € G/H be the base point corresponding to H and set (] = ¢(z¢). Then
O = Gz is a homogeneous spherical G-variety, and Uy is a B-stable affine open
subset therein. Notice that a color D € A(G/H) projects dominantly to O if
and only if D € F: if indeed D € F, then vp(f) = 0 for all f € k(G/H)P),
therefore (D) contains the open B-orbit of O. On the other hand every color
D € A(G/H) ~ F maps in the zero locus of fy, therefore Uy = Bz is the open
B-orbit of O.

Let H” be the stabilizer of x{j, and set H' = H(H")°. Then G/H — O factors
through G/H' as follows

G/H %5 c/H % 0,

where ¢’ has connected fibers and ¢ has finite fibers. Moreover A, = F, and
if 2 = ¢/(x0), then we get k[Bxj]B) = k[Bxy]®): indeed we have inclusions
AO) c A(G/H') ¢ A(G/H), and since A(O) C A(G/H’) is a sublattice of finite
index the equality A(O) = A(G/H) NC* implies A(O) = A(G/H'). Therefore the
co-connected inclusion H C H’ defines the prescribed colored subspace.

Combining Theorem 7.4 and Theorem 9.3, we can give a geometrical meaning
to all colored fans, even not strictly convex ones. Indeed, let G/H be a spherical
homogeneous space and let ¢ : G/H — X be a G-equivariant dominant morphism
to a G-variety X. Let xg € X be the corresponding base point and let H D H be
its stabilizer, so that ¢ factors through G/H’. Then the morphism G/H — G/H’
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is surjective and separable, the morphism G/H’ — X is injective and purely insep-
arable, and the schematic fiber ¢ ~!(z) is a subscheme of G/H whose underlying
reduced subscheme is H'/H. Therefore the schematic fibers of ¢ are reduced if and
only if ¢ is separable, and they are irreducible if and only if H'/H is connected.
This leads to the following definition.

Definition 9.4. An integral submersion of G/H is a normal variety X with a G-
equivariant dominant morphism ¢ : G/H — X of which all fibers are integral (that
is, they are reduced and irreducible).

Suppose that ¢ : G/H — X is an integral submersion, if Y C X is a G-orbit let
(C4(X), AL (X)) be the strictly convex colored cone associated to Y with respect
to the spherical embedding p(G/H) < X. Then we can attach to ¢ a colored fan
(which is strictly convex if and only if ¢ is birational) by setting

§(X) = {(Cy (X), Ay (X)) }yvex,

where, for every G-orbit Y C X, we denote Cy (X) = ¢;1(C (X)) and Ay (X) =
07 H(AY(X)). Therefore we can summarize Theorem 7.4, Theorem 8.5 and Theo-
rem 9.3 all together in the following theorem.

Theorem 9.5 ([17, Theorem 5.5]). The functor X — F(X) is an equivalence
between the category of integral submersions of G/H and the category of colored

fans for G/H.

10. THE VALUATION CONE OF A SPHERICAL HOMOGENEOUS SPACE

Let G/H be a spherical homogeneous space, we will prove in this section that
the set of invariant valuations V(G/H) C Q(G/H) is a convex cone of maximal
dimension. The set of equations defining V lead us to the definition of the root
monoid of G/H, which is a submonoid I''(G/H) C A(G/H) which plays the role
of the root monoid of the weight lattice of a root system.

To simplify the notation, we will denote A(G/H), V(G/H), Q(G/H) simply by
A,V and Q.

Let f1,...,fs € k[G]), and let M; C k[G]™) be the G-submodule generated
by fi;. We denote by M --- Ms C k[G] the G-module generated by all possibile
products ¢y - - - gs with g; € M; for i =1,...,s.

Suppose that f € M;---M,. Then f € k[G]")) has the same H-weight of the
product f;--- fs, hence f1--- fof 7! € k(G)? = k(G/H). Since f is a product of
linear combinations of the shape Zj g;.fi with g; € G, if 7 € V(G) it follows that
v(f) 2 v(f1)+ ...+ 7(fs). Since every v € V can be extended to V(G), keeping
the previous notation it follows that

v(fi- fof TH<K0 YreV, Yfi,... foeklG]Y), VfeM - M,

If moreover f; € k[G]B*H) for all i = 1,...,s and f € (M;--- M,)B), then
i fof L € K(G/H)B), If v = y(f1,..., fs, f) is the corresponding weight de-
fined by

T=Ap AL Ay
we get that every v € V C Q satisfies the inequality (v,~) < 0.

Definition 10.1. Let I'j C A be the set of weights v = v(f1,..., fs, f), where
fi,-.., fs, f Tun over all possible choices in k|G](B*H) as above. The root lattice
of G/H (denoted by I'(G/H) or simply by T'), is the sublattice I' C A generated
by I'f. The root monoid of G/H (denoted by I'*(G/H) or simply by I't) is the
monoid I' N cone(T'y).
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Remark 10.2. Regard A as a sublattice of X(T). Then I'" is contained in the
monoid generated by the positive roots: let indeed v € I'™ and suppose that v =
Y(fiy--.s fso f). Since fi,...,fs € k[G]"®), it follows that f; is a highest weight
vector in the corresponding G-module M;: in particular, if A; is the B-weight of
fi and if p is any T-weight in M;, the difference \; — i is a sum of positive roots.
Therefore for every T-weight p occurring in M7™ - - M« the difference > n;A; — p
is a sum of positive roots. O

Example 10.3. Suppose that H = B, then A = 0 therefore 't =0 as well. A

Example 10.4 (Semisimple groups). We continue with Example 3.6, in particular
we will assume that char(k) = 0. Suppose that G is a semisimple group, and recall
that the weight lattice A of (G x G)/diag G as a (G x G)-variety is identified with
X(T). Similarly, the root monoid I' C A is identified with the root monoid of X (T),
namely with the monoid generated by the positive roots of G.

Notice that k[G x G](488&) = k[G' x G]428& = k[G]. On the other hand by the
Peter-Weyl Theorem we have

KGl~ €D EndV()),
AEX(T)+
and the multiplication of submodules inside of k[G] is described in terms of the
tensor product as follows:

End V(A End V() = .~ End V(v).
V()CVAN)RV (v)

Identifying A and X (7)), it follows that
M= A+p—v|\prveX(T)and V(v) V(N @ V(v)},

namely 't is the monoid generated by the positive roots of G. Thanks to the
following theorem, this implies that ¥V = — cone(I'")" is the negative Weyl chamber
of X(T)V. A

Theorem 10.5 ([25, Proposition 2.1], [17, Lemma 6.1]). Regarding V as a subset
of Q, it holds
V={reQl| ) <0 foralyecTt}.

In particular, V is a convex cone in Q.

Proof We already noticed that every v € V satisfies the inequalities (v,v) < 0,
where v € I't. Suppose conversely that v € Q satisfies all such inequalities. We
proceed as in the proof of Theorem 6.5, applied to the pair (QTv, @), and show
that it is indeed a colored cone.

Let A1,...,As € A be generators of the semigroup {A € A | (v,\) > 0} and
let g1,...,9s € k(G/H)®) be functions whose weights are respectively i, ..., As.
Let fo € k[G]'B*H) be a function vanishing on 7~!(D) for all D € A such that
fi == fogi €K[G] for all i = 1,...,s. Let V C k[G])) be the submodule generated
by fo,-.., fs, as in the proof of Theorem 6.5 we have an equivariant morphism
¢:G/H — P(V*). Denote X}, = {x € ¢o(G/H) | fo(x) # 0} and X’ = GX{), then

by construction we have
kX)) D (" e k(G/H)P) | u(f') > 0}

For ¢ =0,...,s, let M; C k[G](H) be the submodule generated by f;. Then
every element in k[X}](®) is of the shape f' = f/f{, where N = Y7 ' n; and
fe e M) B). By the definition of I't, we have

nl)\l—I—...—i-ns)\s—)\f/ :no)\f0+...—|—ns)\f5—)\f61‘+



32 JACOPO GANDINI

Therefore (v, Ap/) = ni(v, A1) + ...+ ns(v, As) > 0, and it follows that
k[Xol® = {f" e k(G/H)P) | v(f") = 0}.

The same argument of Lemma 6.7 implies that ¢ : G/H — X’ has finite fibers.
Therefore, reasoning as in the proof of Theorem 6.5, we get a normal G-variety
X such that ¢ factors through a spherical embedding G/H < X and a finite
morphism 1 : X — X', and denoting X, = ¢~ 1(X})) we get k[Xo]®) = k[X}]B).

Let zg € X be the base point of the embedding. Since ¢(D)NX{ = @ forall D €
A, we have Xy N Gy = Bxo. On the other hand k[Xo](®) # k(G/H)P), therefore
X # Gz and there exists a closed G-orbit Y C X \ Gzg, hence Y N Xy # @. Let
v/ €V be a valuation with center Y, then ¢/ is nonnegative on k[Xo]®), and since
it is nonzero it follows that v € QTv/'.

Consider the antidominant chamber in the vector space generated by the coweights

C={veX(B)y| (v,a) <0 for all positive root a}.

The inclusion A C X'(T) induces a surjective map X (7)g — Q, and we denote by
Cqypg the image of C'in Q.
We denote by Lin(V) the linear part of V.

Corollary 10.6 ([7, §3.2], [17, Corollary 6.3]). V is a finitely generated convex
rational cone in Q which contains Cq g and whose dual cone is generated by —I't.

In particular, V generates Q as a vector space, and Lin(V) = T'+.

Proof 1t follows by Theorem 10.5 that V is a convex rational cone in Q. On the
other hand by Proposition 8.10 we can cover V with finitely many finitely generated
convex cones, therefore V is finitely generated as well. We already noticed that
't C X(T) is contained in the monoid generated by the positive roots of G. It
follows that (v,~) < 0 for all v € C¢ /g and for all ¥ € I't, hence Cg /g C V. Since
C generates X (B)é as a vector space, it follows that ¥ generates Q.

11. EQUIVARIANT AUTOMORPHISMS OF A SPHERICAL HOMOGENEOUS SPACE

We now turn to the description of the group of the equivariant automorphism
Autg(G/H) of a spherical homogeneous space G/H, and to its connections with
the cone of invariant valuations V(G/H). Notice that Autg(G/H) is identified
with the quotient N (H)/H, where Ng(H) acts on G/H by right multiplication:
gxH = xHg ' = xg7'H for x € G and g € Ng(H). We will denote A(G/H),
V(G/H), Q(G/H), A(G/H), pg/m simply by A, V, ©, A, p.

Theorem 11.1 ([7, §5.2], [17, Theorem 7.1]). The equivariant autmorphism group
Ng(H)/H of G/H is an extension of a diagonalizable group by a finite p-group,
and dimNg(H)/H = dimLin(V). In particular, the connected component of the
identity is a central torus in Ng(H)/H.

Proof Denote A = Autg(G/H) and let Bxy C G/H be the open B-orbit (where
H is identified with ). Notice that a € A maps Bxg to itself. If L ¢ A° is
a connected subgroup with preimage H' C Ng(H), it follows that the colored
subspace defined by H’ has no colors, namely it is of the shape (C,2) for some
C C Lin(V).

Notice that a connected linear algebraic group is a torus if and only if all its one-
dimensional connected subgroups are tori: this is clear if the group is reductive,
whereas if it is non-reductive then its unipotent radical always contains a one-
dimensional subgroup isomorphic to G, (see [31, Lemma 6.3.4]). Suppose that
L C A is a connected one-dimensional subgroup with colored subspace (C,9).
Then C # 0, hence there exists f € k(G/H)P) such that As € Ct. By Proposition
9.2 it follows that Ay ¢ A(G/H'): in particular f is not H’-invariant, hence it is
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nonconstant on L = H'/H C Bxg. It follows that L possesses nontrivial characters,
hence it is a torus.

Therefore A° is a torus as well, and A, is a finite unipotent group. Since
Ng(H)/H C Autp(Bxy), it follows that Ng(H)/H is a subquotient of B, hence it
is an extension of a diagonalizable group by A,. Since A° is connected and A, is
finite, it follows that A® acts trivially on A,, which is a p-group since every unipo-
tent element is a p-element. Therefore we are left to show that dimNg(H)/H =
dim Lin(V).

Notice that dimNg(H)/H < dimLin(V). Indeed, if H'/H C Ng(H)/H is
connected of dimension n and if (C, @) is the corresponding colored subspace, since
H'/H is a torus we can find a sequence of subgroups

H=HycH Cc...CH,=H'

such that H;/Hy is connected of dimension i. Correspondingly, we get a strictly
increasing sequence of colored subspaces (C;, @), and since C C Lin(V) it follows
dim Ng(H)/H < dim Lin(V).

To show the equality dimNg(H)/H = dim Lin(V) we proceed by induction on
the codimension of H. Let v € Lin(V) be a nontrivial element, then by Theorem 9.3
there exists a co-connected inclusion H C H' with colored subspace is (Qu, @). Let
f € k(G/H)®) be such that v(f) # 0, then f ¢ k(G/H'). Since the corresponding
colored subspace has no colors, it follows that BH’' = BH, hence we can define an
invertible function on H’ by composing f with the morphism H' — H'xzq C Bxg.
This function is a multiple of a character x € X(H’) (see [21, Proposition 1.2]).
Denote K = ker, then H C K and K° C H' is a normal subgroup, hence H” :=
HK" C H' is a subgroup containing H. On the other hand H”/H ~ K°/K° N H
is connected, and by Theorem 9.3 it defines a proper colored subspace of (Qv, &).
Hence H” = H, and it follows K° = HY.

Notice that K is a spherical subgroup of G, and A(G/K) C A is a sublat-
tice of finite index by Corollary 8.2. Therefore Q = Q(G/K) and V = V(G/K).
By construction we have H' C Ng(K). Moreover, since X(H’) is discrete, the
connected group Ng(H')? acts trivially on X' (H’), hence it fixes x. Therefore
Ng(H'")? € Ng(K), and by the first part of the proof together with the induction
hypothesis it follows

dim Lin(V) > dimNg(K)/K > dimNg(H')/H' +1 =
= dim Lin(V(G/H")) + 1 = dim Lin(V).
This proves dimNg(K)/K = dimLin()). On the other hand N (K) acts on the
connected components of K, and H is a union of such components. Since it is

connected, Ng(K)? acts trivially on the components of K, therefore it normalizes
H. Thus the claim follows thanks to the inequalities

dim Lin(V) = dimN¢g(K)/K < dimNg(H)/H < dim Lin(V).
The argument in the first paragraph of the proof of Theorem 11.1 shows the

following.

Corollary 11.2. Let G/H be a spherical homogeneous space. Let H C H' be a
co-connected inclusion, then H' C Ng(H) if and only if the corresponding colored
subspace has no colors. Moreover, the correspondence of Theorem 9.3 induces a
bijection

{H C H' C Ng(H) | H'/H is connected} +— {subspaces of Lin(V)}.

An important consequence of of Theorem 11.1 concerns the existence of canonical
embeddings.
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Corollary 11.3. There exists a simple and complete spherical embedding G/H —
X if and only if Ng(H)/H 1is finite.

Definition 11.4. A homogeneous spherical variety G/H (resp. a spherical sub-
group H C @) is called sober if Ng(H)/H is finite. A spherical embedding
G/H — X is called canonical if X is complete, simple and toroidal.

Notice that a canonical embedding for G/H exists if and only if G/H is sober,
if and only if V is a strictly convex cone, in which case its colored cone is (V, &).
In particular, if it exists the canonical embedding of G/H is uniquely determined
up to equivariant automorphisms by Theorem 6.5. By Theorem 8.5, the canonical
embedding dominates every other simple and complete embedding of G/H, and it
is dominated by all toroidal embeddings of G/H.

Corollary 11.5. The homogeneous space G/Ng(H) is sober.

Proof Denote H' = Ng(H) H. Then H' is a spherical subgroup of G containing
H, and H'/H is connected. Moreover dim H'/H = dim Ng(H)/H, therefore H' /H
is the identity component of N (H)/H and it follows as in the proof of Theorem 11.1
that the colored subspace of H' is (Lin(V), @). Therefore V(G /Ng(H)) = V/Lin(V)
is strictly convex and Ng(H) is sober.

We now consider the other extremal case, namely when V = Q.

Definition 11.6. The variety G/H is called horospherical if H contains a maximal
unipotent subgroup of G.

Corollary 11.7 ([17, Corollary 7.2]). The spherical variety G/H is horospherical
if and only if V = Q.

Proof Consider first the case H = U. In this case A = X(T'), and since Ng(U) =
B by Theorem 11.1 it follows dim Lin(V) = rk G = rk A. Therefore V = Q. Suppose
now that U C H, then we have a surjective equivariant morphism G/U — G/H
which induces a surjective map V(G/U) — V. Since V(G/U) = Q(G/U), it follows
that YV = Q.

Suppose now that ¥V = Q. Let P C Ng(H) be the preimage of the identity
component of Ng(H)/H. By Corollary 11.2; P corresponds to the colored subspace
(Q, ). Therefore rk(G/P) = 0 and by the completeness criterion it follows that P
is a parabolic subgroup of G. On the other hand P/H is a torus by Theorem 11.1,
therefore H contains a maximal unipotent subgroup of G.

11.1. Lifting of equivariant automorphisms. Consider the right action of Ng(H)
on G/H defined by g.oH = xg~'H, where z € G and g € Ng(H). For g € Ng(H),
let ¢, € Autg(X) be the corresponding automorphism. This induces an isomor-
phism Autg(G/H) ~ Ng(H)/H (see [34, Proposition 1.8]).

Remark 11.8. Notice that the action of Ng(H) on G/H induces an action of
Ng(H) on the set of colors A(G/H). Similarly, we have an induced action of
N (H) on the weight lattice A(G/H), which is trivial: if indeed f € k(G/H)(5)
has weight A, then g.f € k(G/H)P) has also weight \. Tt follows that Ng(H)
preserves the fibers of the map p : A(G/H) — Q(G/H). In particular, if p is
injective, then Ng(H) acts trivially on A(G/H) as well. O

Definition 11.9. Let X be a spherical G-variety. A color D € A(X) is called
undetermined if the fiber p3*(px (D)) has cardinality greater than one.

The basic example of undetermined colors comes from SLy /T in that case we
have A = {D*, D™}, and p(D¥) = p(D™) (see Example 3.3).
Applying Theorem 8.5 to ¢, € Autg(G/H) we get the following description.
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Corollary 11.10. Let G/H — X be a spherical embedding. Then
Autg(X) = {py € Autq(G/H) | 9.Av(X) = Ay (X) for every closed G-orbit Y C X'}

In particular, if no undetermined color of X contains a G-orbit, then Autg(X) ~
Ne(H)/H.

Proof Let g € Ng(H). By Remark 11.8, it follows that (¢4). : A(G/H) —
A(G/H) is the identity. Therefore, by Theorem 8.5, ¢, extends to an equivariant
automorphism of X if and only if g.Ay(X) = Ay (X) for every G-orbit Y C X,
and the claim follows by Remark 8.4.

We now introduce a remarkable subgroup of N (H) containing H.

Definition 11.11. The spherical closure of H, denoted by H, is the kernel of the
action of Ng(H) on X(H). If H = H, then H is called spherically closed.

Notice that H contains the center of G, and it has finite index in Ng(H): indeed
X (H) is discrete, therefore Ng(H)Y acts trivially on X (H).

Proposition 11.12. The spherical closure H is the kernel of the action of NGi(H)

on A(G/H). In particular, if p : A(G/H) — Q(G/H) is injective, then H =
Ng(H).

Proof Letp: Gy — G be a finite cover such that Pic(Gy) = 0 (see [20, Proposition
4.6]). Let I' € Z(Gp) be the kernel of p and set Hy = p~'(H). Notice that
Ng(H) = Ng,(Hp)/T and H = Hy/T. Thus we can assume that Pic(G) = 0,
namely that k[G] is a factorial ring (see [12, Proposition B.72]).

Let 7 : G — G/H be the projection. For D € A(G/H), let fp € k|G]B*H) be
a defining function for the divisor 7=1(D). By [21, Proposition 1.2] every function
f € k[G] which is nowhere vanishing is a multiple of a character of G. On the
other hand by Proposition 2.20 the irreducible components G ~\ BH are precisely
the divisors 7~ (D) C G, thus up to a scalar factor every f € k(G)(B*H) is the
product of a Laurent monomial in the functions fp and a character of G.

Since BH is open in G, notice that

k(G)BxH) = k[ BH|B*H) = k[(B x H)/diag(B N H)|E*1),

Therefore the set of weights occurring in k(G)(P*H) is X(B) Xx(Bnm) X(H). If
(wp,xp) € X(B) x X(H) is the weight of fp, it follows that X'(B) X x(pnm) X (H)
is generated by the weights (wp,xp) together with the image of the restriction
X(G) = X(B) x X(H). On the other hand the restriction X (B) — X(B N H) is
surjective (see [1, Proposition 8.2]), therefore the projection

X(B) Xx(Bnm) X(H) — X(H)

is surjective as well, and X'(H) is generated by the characters xyp with D € A(G/H)
together with the image of the restriction X(G) — X (H).

Since Ng(H) acts trivially on the image of X(G) — X (H), it follows that an
element g € Ng(H) acts trivially on X(H) if and only if it acts trivially on the
characters xp with D € A(G/H). Consider now the action of Ng(H) on A(G/H),
and notice that

(wg.05Xg.0) = (WD; 9-XD)-
Thus g.D = D if and only if g.xp = xp, and g acts trivially on A(G/H) if and
only if it acts trivially on X' (H).
The last claim follows by Remark 11.8.

Corollary 11.13. Let G/H — X be a spherical embedding, then H/H C Autg(X).
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Suppose now that X is an affine spherical variety. Since X has an open G-orbit,
it follows that k[X]¢ = k: therefore X/G is a single point and X is a simple
spherical variety. More precisely, affine spherical varieties can be characterized as
follows.

Theorem 11.14 ([17, Theorem 6.7]). Let X be a simple spherical variety, with
closed G-orbit Y. Then X is affine if and only if there exists A\ € A(X) such that:
i) A€ Cy(X)t;
1) (v, \) <0 forallv e V(X);
ii) (p(D),A) >0 for all D € A(X) N Ay (X).

In particular we get the following corollary, which holds in much greater gener-
ality (see [18, Lemma 6.6] and its remark).

Corollary 11.15. Let G/H — X be a spherical embedding and assume that X is
quasi-affine, then Autq(X) = Autq(G/H).

Proof Suppose that X is affine, with closed G-orbit Y. By Remark 8.4 together
with Corollary 11.10 it is enough to check that g.Ay(X) = Ay (X) for all g €
Ng(H). By the previous theorem we have (p(D),\) = 0 for all D € Ay (X), and
(p(D),\) > 0 for all D € A(X) \ Ay(X). It follows that p~!(p(D)) C Ay (X) for
all D € Ay (X), therefore Autg(X) = Autg(G/H) by Remark 11.8.

Suppose now that X is quasi-affine. The claim follows if we show that there
exists an equivariant open embedding X — Z for some normal affine G-variety Z.
Suppose that o/ : X < Z’ is an open embedding of X inside an affine variety Z’, and
denote A’ = k[Z’]. Then A’ identifies with a finitely generated subalgebra of k[X],
and by Lemma 2.3 there exists a G-stable finitely generated subalgebra A C k[X]
containing A’. Since X is normal, we may also assume that A is integrally closed.
Therefore Z = Spec(A) is a normal affine G-variety with an equivariant dominant
morphism ¢ : X — Z. Since ¢/ factors through ¢, the latter is an open embedding
as well.

12. WONDERFUL EMBEDDINGS AND SPHERICAL ROOTS

We now report without proof a deep theorem concerning the structure of the
valuation cone of a spherical homogeneous space, due to Brion [4] when char(k) = 0
and to Knop [19] in arbitrary characteristic. We keep the notation of the previous
section: G/H is a spherical homogeneous space, and we denote A(G/H), V(G/H),
Q(G/H) simply by A, V, Q.

Let W, C GL(Q) be the group generated by the reflections about the codi-
mension one faces of V.

Theorem 12.1 ([4, Théoréme 3.5], [19, Theorem 4.6]). W,y is a finite reflection
group. If moreover char(k) # 2, then V is a fundamental domain for its action on

Q.

Remark 12.2. The last claim of the previous theorem is false if char(k) = 2: in
that case V is only a union of Weyl chambers for W¢ /. For example, if G/H =
PGLy/SOg, then V is the union of two Weyl chambers (see [30] and [19, Remark
4.4]). O

Let X/ be the set of the primitive elements in A which generate an extremal
ray of —VV. In particular, we get the following corollary.

Corollary 12.3. Suppose that char(k) # 2. Then V is a cosimplicial cone, and
Ya/m 18 the basis of a root system with Weyl group Wa /g -
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Definition 12.4. The elements of ¥, 5 are called the spherical roots of G/H, and
We i is called the little Weyl group of G/H.

To unburden the notation, from now on we will denote ¢,y simply by .

Remark 12.5. Let I't be the root monoid of G/H introduced in Definition 10.1.
Notice that by definition we have cone(I't) = —VV = cone(X). If char(k) = 0
and H is spherically closed, then I't = NX (see Corollary 12.14 and the discussion
preceding it). However, as illustrated by the following examples, in general it might
be ¥ ¢ I'*: for instance, by Remark 10.2, this happens whenever ¥ is not contained
in the sublattice of X(T') generated by the roots of G. O

Example 12.6. Assume that char(k) = 0. Let G = SLs x SLy and H = diag(SLs):
then by Examples 3.6 and 10.4 we have identifications A = Zw and 't = Na (where
w is the fundamental weight of SLy and o = 2w is the corresponding simple root),
thus ¥ = {w} is not contained in I'". Suppose now G = SOsz,1 and H = SO,,
with n > 2: then G/H is spherical, and if a1,...,q, denote the simple roots of
SOs,, 41 we have the equalities ¥ = {a1+...+a,} and I'" = 2N(a; +...+a,). A

From now on we will assume that char(k) = 0.

In this case there is a much more explicit description of the automorphism group
Ng(H)/H. Denote by Ax the weight lattice of G/Ng(H). The following is an
immediate corollary of Theorem 11.1.

Corollary 12.7. The automorphism group Ng(H)/H is diagonalizable, and
Ng(H)/H ~ HOIIlz(A/AN7 Gm).

Proof The first claim follows by Theorem 11.1, and the second one follows by
noticing that X(Ng(H)/H) = A/An thanks to Proposition 8.1.

Definition 12.8. If the canonical embedding G/H — X exists and is smooth,
then it is called a wonderful embedding, and H is called a wonderful subgroup of G.

Suppose that G/H — X is the wonderful embedding of a spherical homogeneous
space. Then X has several remarkable properties:

i) X is smooth and projective, with an open orbit Gzg;
ii) Let X \ Gzo = |J;_, X; be the decomposition into irreducible components,
then every X; is a G-stable smooth prime divisor;
iii) The divisors X7, ..., X, intersect transversally, and their common intersec-
tion is a single G-orbit;
iv) For all # € X \ Gxg, we have the equality Gx = Nyex, X; .

A G-variety satisfying the previous properties is called wonderful. Every won-
derful G-variety is spherical (see [23]), and a spherical embedding G/H — X is
wonderful if and only if X is a wonderful G-variety (see e.g. [27, 3.3.1]). For more
on wonderful varieties, we refer to [27] and [28].

Proposition 12.9. The homogeneous space G/H admits a wonderful embedding if
and only if ¥ is a basis of A.

Proof By Corollary 11.3, G/H admits a canonical embedding if and only if V
is a strictly convex cone. On the other hand, by the local structure theorem for
toroidal varieties (see [26, Theorem 3.4.1]), the canonical compactification of G/H
is smooth if and only if ¥ is a basis for A.

Theorem 12.10 ([18, Corollaries 6.5 and 7.2]). The canonical embedding of G/Ng(H)
is smooth. In particular, G/Ng(H) admits a wonderful embedding.

Equivalently, by Proposition 12.9, the previous theorem can be stated as follows:
let ¥ C An be the set of spherical roots of G/Ng(H), then Ay = ZX\.
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Remark 12.11. The set X was explicity described by Losev [22, Theorem 2]. His
description implies that >n C ¥ U 23. In particular, if H is a wonderful subgroup
of G, by Corollary 12.7 we get that Ng(H)/H ~ (Z/27Z)™ for some m < rk(G/H).
For example, if G = SLy and H = T, as we have seen in Examples 8.11 and 8.12
we have ¥ = {a} and Xy = {2a}, and Ngr,,(T)/T ~ Z/27. O

The set of spherical roots Y arises naturally when considering the multiplica-
tion of regular functions on a quasi-affine spherical homogeneous space G/H (e.g.,
when H is reductive), in a very similar manner as we introduced the root monoid
I't in Definition 10.1. Indeed, keeping the notation therein, we can consider the
multiplication of B-eigenfunctions in k[G]" = k[G//H] instead of k[G]*) and define
a sublattice 'y C T' as the lattice generated by the elements v(f1, f2, f) such that
f1, f2, f € K[G/H]B), and a monoid T, € T'H by setting T'; = I'y N cone(T').

Theorem 12.12 ([18, Theorem 1.3]). We have equalities I'n = ZXx and I'j] =
NYy.

Consider now the spherical closure H introduced in Definition 11.11. Notice that
H is a sober spherical subgroup of G: indeed it has finite index in Ng(H), therefore
V(G/H) = V(G/Ng(H)), hence H is sober by Corollary 11.5. For more properties
of the spherical closure, see [3, Section 2.4].

Theorem 12.13 ([18, Theorem 7.5 and Corollary 7.6]). The canonical embedding
of G/H is smooth. In particular, G/H admits a wonderful embedding.

Denote by Asc C A the weight lattice of G/H, and by X C Ay the set of spher-
ical roots of G/H. Then by Proposition 12.9 the previous Llleorem is equivalent to
the equality Ag. = ZXs.. Notice that, by the definition of H, we have

k[G](BxH) _ k[G](BXF).

Therefore G/H and G/H have the same root monoid I'", and by Remark 12.5 we
get TF C Ay Ncone(NXg.) = NX,.. On the other hand it is possible to check that
Y C T (see e.g. [2, Proposition 5]), so that ' = NX;. and I = Ay.: that is, the
root lattice of G/H is the weight lattice of G//H. Reasoning as in Corollary 12.7,
we get then the following description.

Corollary 12.14. We have an isomorphism H/H ~ Homgz(A/T, G,,).
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