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EQUIVARIANT COX RING

ANTOINE VEZIER

Abstract

We define the equivariant Cox ring of a normal variety with algebraic group action. We study
algebraic and geometric aspects of this object and show how it is related to the ordinary Cox ring. Then,
we specialize to the case of normal rational varieties of complexity one under the action of a connected
reductive group G. We show that the G-equivariant Cox ring is then a finitely generated integral normal
G-algebra. Under a mild additional condition, we give a presentation by generators and relations of
its subalgebra of U-invariants, where U is the unipotent part of a Borel subgroup of G. The ordinary
Cox ring is also finitely generated and canonically isomorphic to the U-equivariant Cox ring, so that it
inherits a canonical structure of U-algebra. Relying on a work of Hausen and Herppich, we prove that the
subalgebra of U-invariants of the Cox ring is a finitely generated Cox ring of a variety of complexity one
under the action of a torus. This yields in particular that this latter algebra is a complete intersection.

Characterizing the log terminality of singularities in a finitely generated Cox ring is an interesting
question, particularly since the work of Gongyo, Okawa, Sannai and Takagi characterizing varieties of
Fano type via singularities of Cox rings ([13]). We provide a criterion of combinatorial nature for the
Cox ring of an almost homogeneous G-variety of complexity one to have log terminal singularities.

Iteration of Cox rings has been introduced by Arzhantsev, Braun, Hausen and Wrobel in [1]. For
log terminal quasicones with a torus action of complexity one, they proved that the iteration sequence
is finite with a finitely generated factorial master Cox ring. We prove that the iteration sequence is
finite for equivariant and ordinary Cox rings of normal rational G-varieties of complexity one satisfying
a mild additional condition (e.g. complete varieties or almost homogeneous varieties). In the almost
homogeneous case, we prove that the equivariant and ordinary master Cox rings are finitely generated
and factorial.

1 Introduction

The Coz ring of a normal algebraic variety X, denoted Cox(X), is an important invariant that encodes
a lot of geometric information, see [2] for a comprehensive reference on this rich subject. It is the ring of
global sections of the Cox sheaf, which is, roughly speaking, the direct sum

Rx =B Feax)F

indexed by elements of the class group of X, i.e. the group of isomorphism classes of divisorial sheaves on X.
Under some additional assumptions, Rx can be endowed with a structure of quasi-coherent Cl(X)-graded
Ox-algebra, whence a structure of Cl(X)-graded ring on Cox(X). When Ry is of finite type as an Ox-
algebra, its relative spectrum X is a normal algebraic variety over X called the characteristic space of X.
The characteristic space is endowed with an action of the diagonalizable algebraic group I'ci(x) whose group

of characters is C1(X), and the structural morphism X Xisa good quotient for this action which induces
a ['cy(x)-torsor on an open subvariety whose complement is of codimension > 2. Also, when the Cox ring is
a finitely generated k-algebra, its spectrum X is called the total coordinate space of X, and the affinization
morphism X5 Xisa [cix)-equivariant open immersion whose image has a complement of codimension
>2in X. When X is smooth, the characteristic space is a I'pj(x)-torsor over X called the universal torsor.

Given a variety with well defined Cox ring, it is a very challenging (and important) problem to find an
explicit presentation of this ring by generators and relations. When the variety has a lot of symmetries, one
can hope to answer this problem by taking advantage of this additional information. This can already be
seen in the case of toric varieties which is at the origin of the theory ([2, 2.2]). In this case, the Cox ring
is a polynomial k-algebra in the canonical sections associated to the prime divisors lying in the complement
of the torus. Hence, a toric variety admits a description as a quotient by a diagonalizable group of an open
subvariety in an ambient affine space. This provides a vast generalization of the classical construction of the



projective space. Toric varieties belong to the wider class of spherical varieties, i.e. normal varieties endowed
with an action of a connected reductive group such that a Borel subgroup acts with a dense orbit. These are
exactly the varieties of complexity zero, that is, the minimal codimension of an orbit by a Borel subgroup
is zero. The Cox ring of a spherical variety is also finitely generated with a known explicit description.
However, this description is already much more complicated than in the case of toric varieties ([6]).

More generally, when X is endowed with an action of an algebraic group G, the general idea is to try
to keep track of the G-action in Cox(X) in order to obtain a graded G-algebra and use methods from
representation theory to approach its structure. Geometrically, this means lifting equivariantly the G-action
to the characteristic space. Unfortunately, such a lift does not exist in general, and even when it exists, it is
in general not unique and depends on a choice ([2, 4.2.3]). An alternative approach which has proven useful
([6, 4.2]) is to define an equivariant analogue of the Cox ring and to relate it to the usual Cox ring. Building
on Brion’s ideas in loc. cit., we give an intrinsic construction of the G-equivariant Cox sheaf. Roughly, this
is a direct sum

RS = @reaiex) F

indexed by elements of the equivariant class group CIG(X ), i.e. the group of isomorphism classes of G-
linearized divisorial sheaves on X. The main difficulty is then to endow this sheaf with a structure of quasi-
coherent C1¢(X)-graded Ox-algebra. This requires in particular to revisit the construction of the usual Cox
sheaf itself (Section 2.1), and to compare it with the classical construction [2, 1.4]. The G-equivariant Cox
ring, denoted COXG(X ), is the ring of global sections of R§. When R§ is of finite type as an Ox-algebra,
its relative spectrum X6 is a normal G x I'cjex)-variety called the G-equivariant characteristic space of X.

When moreover Cox®(X) is a finitely generated k-algebra, its spectrum X is a normal G x Lo x)-variety
called the G-equivariant total coordinate space. These varieties sit in the diagram

XG c XG

|

X :

where the affinization morphism X¢ < X is a G x I'cje(x)-equivariant open immersion whose image

has a complement of codimension > 2 in XG&. Moreover, q is a G-equivariant good quotient of XG by
Pciex) and induces a I'cjex)-torsor in codimension > 2. More generally, G-equivariant good quotients by
diagonalizable groups satisfying this last property are called G-equivariant diagonalizable almost principal
bundles. In Sections 2.4 to 2.7, we study these bundles and derive properties of XC and X€ all along.

Assuming that G is connected, we establish a localization exact sequence involving the natural morphism
C19(X) — C19(Xy) associated to the restriction to a G-stable open subvariety X, C X. This exact sequence
(obtained in Section 2.2) is the basic tool to relate Cox®(X) and Cox®(Xy), a link which is established in
Section 2.8. As an application, we consider the case where X is almost homogeneous, that is, admits an
open G-orbit Xg ~ G/H. The equivariant Cox ring of G/H always exists, and is the coordinate algebra
of a homogeneous space G/K which can be described explicitly (2.5.13). Still assuming that X is almost
homogeneous, there is a good quotient X6 A} by G, where n is the number of G-stable prime divisors in
X (2.8.5), and the general fibers of this morphism are isomorphic to the equivariant total coordinate space
of the open orbit Xo (2.8.1). Furthermore, the open G x I'cja(x)-orbit q~1(Xp) is isomorphic to the fiber
bundle

G/K XFH FCIG(X) — G?n

associated with the I'z-torsor I'cio(x) — Gy, (2.8.6). This description is useful for doing computations in

COXG(X ), because it can be embedded as a graded subalgebra of a coordinate algebra admitting an explicit
description.

Still assuming G connected, we uncover the link between Cox®(X) and Cox(X) in Section 2.9. Tt turns
out that we have a commutative diagram



XG5 X@

X—X,
where horizontal arrows are affinization morphisms, and vertical arrows are finite morphisms. Moreover,
these finite morphisms are equivariant with respect to the morphism I'cyx) = I'cie(x) dually defined by the

forgetful morphism C1¢(X) — CI(X). When this last morphism is surjective (which can always be achieved
up to replacing G' with a finite cover), the vertical arrows are closed immersions. In this case, we determine
explicitly the ideal of Cox®(X) defining the subvariety X of X&.

Starting from Section 3.1, we specialize to the case of a normal variety X of complexity one under the
action of a connected reductive group G. We show that finite generation of Cox%(X) (resp. Cox(X)) is
equivalent to the rationality of X. Hence, assuming that X is a rational variety, COXG(X ) is a finitely
generated normal integral ClG(X )-graded k-algebra admitting G as a group of graded automorphisms.

A classical approach in invariant theory is to study the algebra of U-invariants COXG(X )Y where U is
the unipotent part of a Borel subgroup of G. Indeed, the algebras Cox“(X) and Cox®(X)V share many
properties, and the structure of this last algebra is more accessible. Under a mild additional condition, we
give in Section 3.2 a presentation by generators and relations of COXG(X )Y, which generalizes a result of
Ponomareva ([31, Thm 4]). When G is a torus T, we use the description of Cox(X) as a quotient of Cox” (X)
in order to obtain a presentation by generators and relations of Cox(X). This generalizes a result of Hausen
and Siiss ([2, Thm 4.4.1.6]), and already demonstrates the power of equivariant Cox rings as a tool to study
usual Cox rings.

There is a canonical isomorphism between the U-equivariant Cox ring and the ordinary Cox ring, whence
a canonical structure of U-algebra on Cox(X). When X is spherical, it follows from [6, 4.2.3] and 2.9.3 that
Cox(X)Y is a finitely generated polynomial k-algebra. When X is rational of complexity one, we show in
Section 3.3 that the k-algebra Cox(X)Y is a finitely generated Cox ring of a normal variety of complexity
one under the action of a torus. To prove this property, we rely on a work of Hausen and Herppich ([2, 3.4.2
and 3.4.3]). This yields in particular that Cox(X)Y is a complete intersection.

In Section 3.4, we turn to the singularities of the total coordinate space of an almost homogeneous G-
variety of complexity < 1. It is well known that Cox rings are normal integral domains. However, they
can be quite singular in general. They are not necessarily Cohen-Macaulay although it has been recently
shown by Braun in [5] that they are 1-Gorenstein (i.e. the canonical sheaf over the total coordinate space
is invertible). Our goal is to provide a condition of combinatorial nature for the total coordinate space to
have log terminal singularities. This is an interesting question, for example a Q-factorial normal projective
variety X is of Fano type (i.e. there exists an effective Q-divisor A such that —(Kx + A) is ample and
the pair (X, A) is Kawamata log terminal) if and only if its Cox ring is finitely generated with log terminal
singularities ([13, Thm 1.1]). It turns out that the total coordinate space of a spherical variety is always log
terminal (3.4.1). In complexity one, we obtain the following criterion (3.4.3)

Theorem. Let G be a connected reductive group, and X be an almost homogeneous G-variety of complexity
one with only constant invertible reqular functions. Then,

X has log terminal singularities <= Cox(X)U is a Platonic ring.

The above condition on Cox(X)Y is of combinatorial nature, and has been introduced in [1]. It translates
into a condition on a geometric data attached to X (see 3.3.6, 3.3.7).

In Section 3.5, we study the iteration of Cox rings for normal rational varieties of complexity one. A
general remark is that there is no reason a priori for a total coordinate space X to have a trivial class group.
Tteration of Cox rings roughly consists in studying the sequence of total coordinate spaces

= X 5 X0l X)X

where X (™) denotes the total coordinate space of X (=1 A basic question is whether this sequence is finite,
that is, there exists an integer n for which X (™ has either trivial class group, or a non-finitely generated



Cox ring, or a Cox ring which is not well defined (i.e. O(X)* % k* and CI(X(™) has a non-trivial torsion
subgroup). If the sequence is finite, X is said to have finite iteration of Cox rings, and the last obtained Cox
ring is called the master Coz ring. This question has been studied in [1] and [20] for varieties of complexity
one under a torus action. Finite iteration of Cox rings is proved in this setting, though with possibly a
non-finitely generated master Cox ring. Further advances on this problem are works of Gagliardi in the
spherical case ([12]), and of Braun for Fano type varieties ([5]). In this direction we obtain (3.5.2):

Theorem. Let G be a connected reductive group, and X be a normal rational G-variety of complexity one
with only constant invertible regular functions. Suppose moreover that X is complete, or that X is almost
homogeneous. Then, X admits finite iteration of Cox rings with well defined iterated Cox rings. In the
almost homogeneous case, the master Cox ring is factorial and finitely generated.

To finish, we mention that many results in this text find applications in a further article ([33]) dedicated to
almost homogeneous SLs-threefolds, for which ordinary and equivariant Cox rings are canonically isomorphic.

Acknowledgments. I am very grateful to Michel Brion for his help, and a very careful reading of the
present work. I also thank Jiirgen Hausen for interesting discussions during my stay in Tiibingen, and Lukas
Braun for enlightening email exchanges on a preliminary version of this paper.

Conventions. Let k denote an algebraically closed base field of characteristic zero. This last assumption
is not necessary for the construction of the equivariant Cox ring, but it will simplify the exposition, and it
will be needed starting from Section 3.1.

In this text, we work in the category of algebraic schemes, that is, separated k-schemes of finite type.
Hence, a morphism (f, f*) : X — Y of algebraic schemes is meant to be a k-morphism. A wvariety is an
integral algebraic scheme. Without further precision, a point of a variety is meant to be a closed point.
The sheaf of regular functions (or structure sheaf) on an algebraic scheme X is denoted Ox. A subvariety
of a variety X is a locally closed subset equipped with its reduced scheme structure. The sheaf of units
associated to Ox is denoted O%. The dual Hom(F,Ox) of a quasi-coherent Ox-module F is denoted F.
The isomorphism class of an object A in a category is denoted [A].

In this text, an algebraic group G is an affine algebraic group scheme. The multiplication morphism is
denoted mg : G X G — G, and the neutral element eg : Speck — G.

The character group of an algebraic group G is denoted G. Given a finitely generated abelian group M,
we let 'y denote the diagonalizable (algebraic) group Spec(k[M]) with character group M. Let ¢ : T’y — T'o
be a morphism of diagonalizable groups, we let f denote the dual morphism between character groups.
Without further precision, the letter T denotes an arbitrary torus.

A G-algebra is a k-algebra with a structure of rational G-module such that G acts by automorphisms of
algebra.

An almost homogeneous variety is a normal variety on which a connected algebraic group acts with a
dense orbit.

A quasicone is an affine G,,-variety such that the orbit closures meet in a common point.

Let G be an algebraic group, X an algebraic G-scheme, and ¢ : X — Y a G-invariant morphism. We
say that ¢ is a G-torsor (or principal G-bundle) over Y if ¢ is faithfully flat, and the natural morphism
G x X — X Xy X is an isomorphism. As algebraic groups are smooth in characteristic zero, ¢ is faithfully
flat if and only if it is smooth and surjective.

Let G be an algebraic group and X an affine algebraic G-scheme. If O(X)% is a finitely generated k-
algebra, then the affine algebraic scheme X//G := Spec(O(X)%) is called the categorical quotient of X by
G. It is the universal object in the category of G-invariant morphisms from X to affine algebraic schemes.

Our convention is that a reductive group is a linearly reductive group, that is, every finite dimensional
representation of such group is semisimple. In particular, a reductive group is not necessarily connected. Let
G be a reductive group and X an algebraic G-scheme. A good quotient of X by G is an affine G-invariant
morphism ¢ : X — Y such that ¢* induces an isomorphism Oy — (¢.Ox)¢. It is a universal object in the
category of G-invariant morphisms from X to algebraic schemes.



For a normal variety X, the group of Weil divisors is denoted WDiv(X). Every Weil divisor defines a
coherent sheaf Ox (D) whose non-zero sections over an open subset U are rational functions f € k(X)* such
that div(f) + D defines an effective divisor on U.

The canonical sheaf wx on a normal variety X is the pushforward on X of the sheaf of differental forms
of maximal degree on the smooth locus X,,,. It is a divisorial sheaf, and any Weil divisor Kx such that
Ox(Kx) ~ wx is a canonical divisor. A Q-Gorenstein variety is a normal variety such that some non-zero
power of the canonical sheaf is invertible. If the canonical sheaf is invertible, the variety is said to be Q-
Gorenstein of index one, or simply 1-Gorenstein. A Gorenstein variety is a normal Cohen-Macaulay variety
whose canonical sheaf is invertible.

Let X be a normal variety. We say that X has rational singularities if there exists a proper birational
morphism

p:Z— X,

where Z is a smooth variety (a resolution of singularities), and such that Rip.0Oz = 0, Vi > 0. This last
property doesn’t depend on the choice of a resolution. We say that X has log terminal singularities if the
following conditions are satisfied:

e X is Q-Gorenstein.

e There is a resolution of singularities ¢ : Z — X such that
Kz =¢"Kx + > a;lB;, a; > —1,

where the sum runs over the exceptional divisors F; of ¢.

2 Equivariant Cox ring

2.1 Cox ring of a pointed variety

Considering spaces of sections of line bundles over a G-variety X, one doesn’t necessarily want to see
these as spaces of rational functions satisfying vanishing conditions with respect to some Cartier divisor on
X. A prominent example of this situation is given by spaces of sections of line bundles over a flag variety,
which naturally occur as simple G-submodules of the left regular representation. This motivates a definition
of the Cox ring which is quite different from the usual one in the litterature. In [2, 1.4.2.3], a canonical
construction for the Cox ring of a pointed normal variety is presented. We push this idea one step further
by considering rigidified sheaves at the base point ([10, 9.2.8]). This leads to an intrinsic construction of the
Cox ring which will be well suited for the construction of the equivariant analogue.

Definition 2.1.1. A pointed normal variety is a pair (X, x) consisting of a normal variety X, and a smooth
point z € X.

Let (X, 2 <> X) be a pointed normal variety such that O(X)* ~ k*. It will be clear from the construction
below that this last hypothesis is required in order to equip the Cox ring of (X, z) with a canonical structure
of algebra. Typical examples of varieties satisfying this condition are normal complete varieties and almost
homogeneous varieties under a semisimple algebraic group. A divisorial sheaf on X is a coherent reflexive
Ox-module of rank one. On a smooth variety, a divisorial sheaf is simply an invertible sheaf. Moreover,
every divisorial sheaf on X is isomorphic to the pushforward on X of an invertible sheaf on the smooth locus
Xem ([18, 1.12]). Given two divisorial sheaves Fi, F2, the double dual of their tensor product

FixFy = (.Fl Koy ]'-2)\/\/

is a divisorial sheaf. The operation % is compatible with taking isomorphism classes and endows the set
Cl(X) of isomorphism classes of divisorial sheaves with a structure of abelian group called the class group,
the inverse map being [F] — [FV]. The class group identifies with the group of Weil divisors modulo linear
equivalence through the natural isomorphism



[D] = [0x(D)] ([18, 2.8]).

By [18, 1.12] again, the pullback functor associated to the open immersion of the smoooth locus Xg, — X
induces an isomorphism of Cl(X) with the Picard group of X, denoted Pic(Xyy). In particular, the
smoothness of x yields an isomorphism of one dimensional k-vector spaces ¢*F — k.

Definition 2.1.2. Let (X,z < X) be a pointed normal variety. A rigidified divisorial sheaf is a pair (F, f)
where F is a divisorial sheaf on X, and f : ¢*F — k is an isomorphism of k-vector spaces. The isomorphism
f is a rigidification of F. A morphism v : (F, f) — (G, g) of rigidified divisorial sheaves is an Ox-module
morphism preserving the rigidification. Precisely, this means that the diagram

" F 0 i*g
lf/ commutes.
g
k

The set E of isomorphism classes of rigidified divisorial sheaves carries a natural structure of abelian
group. Indeed, the double dual of the tensor product of two rigidified divisorial sheaves is naturally equipped
with a rigidification, and this operation is compatible with taking isomorphism classes. In fact, the next
proposition says that we can identify the groups E and Cl(X).

Proposition 2.1.3. [10, 9.2.9] The group morphism p: E — CI(X), [(F, f)] — [F] is an isomorphism.

Also, an important feature of these rigidified divisorial sheaves is that they have no non-trivial automor-
phisms. Indeed, similarly as for an invertible sheaf, an automorphism of a divisorial sheaf F is defined by
a invertible regular function on X. Thus, Aut(F) ~ k* by hypothesis, and it follows that the identity is
the only automorphism preserving the additional data of a rigidification. Hence, if an isomorphism exists
between two rigidified divisorial sheaves, it is unique. In particular, this allows us to canonically identify
sections over an open set U C X of rigidified divisorial sheaves in a given class [(F, f)] € E. Formally, we
have for each open subset U C X an equivalence relation

s1 ~y Sz <= s2 =v(U)(s1), where s € F1(U),s2 € Fo(U), and v : (F1, f1) = (Fa, f2).

This relation is compatible with the O(U)-module structure, and with the restrictions to open subsets.
Performing the quotients with respect to the various relations ~¢, we obtain a well-defined divisorial sheaf
F* lying in the class [F] € CI(X). Indeed, let’s denote 6y the canonical projection associated to the
equivalence relation ~y. Then the isomorphisms

FU) = F=U),s — 0y(s)

for the various open subsets induce an isomorphism of sheaves F — FZ?. In other words, for any element
[F] € CI(X) we have constructed a canonical representative F*, which we call the rigidified sheaf associated
to [F].

Proposition 2.1.4. Let (X,z) a pointed normal variety such that O(X)* ~ k*. Then, the sheaf
R = @[f]e(n(x) Fr
has a natural structure of quasi-coherent Cl(X)-graded Ox -algebra.

Proof. By construction, R% is a Cl(X)-graded quasi-coherent Ox-module. The multiplication between
homogeneous sections is defined by the natural morphism

FEU) @0w) G°(U) — (F*xG*)*(U)

for every open subset U C X. This multiplication endows R% with a structure of quasi-coherent Cl(X)-
graded Ox-algebra. O



Definition 2.1.5. [2, 1.6.1] With the assumptions of the last proposition, R% is the Coz sheaf of the pointed
variety (X, z). The Cox ring Cox®(X) is the ring of global sections of R%. When R% is of finite type as an
Ox-algebra, the relative spectrum X of the Cox sheaf is the characteristic space of (X,z). When Cox®(X)
is a finitely generated k-algebra, its spectrum X* is the total coordinate space of (X, z). When no ambiguity
occurs, we often drop the reference to the base point in the notation.

Remark 2.1.6. It is customary to suppose that C1(X) is finitely generated in the above definition. This is
justified by the hope to obtain a Cox sheaf of finite type. A sufficient condition is that the Cox ring be a
finitely generated k-algebra (|2, 1.6.1.1]). Normal varieties with finitely generated Cox ring are called Mori
Dream Spaces (MDS), due to their good behaviour with respect to Mori’s minimal model program ([22]).

Now we compare the construction above with the construction of the Cox sheaf of a pointed normal
variety as defined in [2, 1.4.2.3]. In particular, we produce an isomorphism of graded Ox-algebras between
both constructions. We begin by recalling this last construction. Regard C1(X) as the group of Weil divisors
on X modulo linear equivalence and suppose it is finitely generated. Consider the subgroup K* C WDiv(X)
whose elements are Weil divisors on X whose support doesn’t contain . The restriction K* — Cl(X) of
the natural projection is still surjective. Choose a finitely generated subgroup K C K? which again projects
surjectively on Cl(X), and denote w : K — CI(X) this projection. For each E € kerm, there exists by
assumption a unique fr € k(X) defined on a neighborhood of x such that E = div(fg) and fg(z) = 1. This
allows to define a group morphism y : kerm — k(X)* such that div(x(EF)) = E, for all E € kerw. The Cox
sheaf of (X, z) is then defined as the quotient of the Ox-algebra S := @, Ox (D) by the sheaf of ideals
T generated by the elements (1 — x(F))gcker », where 1 and x(E) are respectively global sections of Ox and
Ox(—E).

Now choose a Z-basis (Dj, ..., D;) of K and rational functions fi,...f. such that f;(z) =1 and D,y =
div(f;)jy on a neighborhood U of x. These functions exist by hypothesis on K, and this choice amounts
to choosing rigidifications for the divisorial sheaves Ox (D;), ¢ = 1,...,7. This induces rigidifications of the
divisorial sheaves Ox (>, n;D;), (n;) € Z" in the same way. We have a canonical surjective morphism of
graded Ox-algebras

¢:8 =B, ez Ox(2;niDi) = R, s € (U, Ox (32, niD;)) = Ou(s)

such that the induced morphism between grading groups is . Indeed, the equivalence relations ~; between
sections of rigidified sheaves are compatible with the algebra structure on S§. Notice that two homogeneous
sections sy, so over U have the same projection 0y (s1) = 0y (s2) if and only if there exists E € ker 7w such
that so = x(F)s1. This implies that ker ¢ = Z, whence the sought isomorphism.

2.2 Equivariant class group

Let G an algebraic group, o : G x X — X an action of G on a normal variety X, and px : G x X — X
the second projection. Following [15, Exp. I, 6.5], a G-linearization of a quasi-coherent sheaf F on X is
an isomorphism ® : o*F = p% F verifying a certain cocycle condition. The geometric incarnation of F
is the vector fibration V(F) := Specy (Symy  (F)) over X ([16, I1.1.7.8]). A G-linearization of F is then
equivalent to an action of G on V(F) that lifts the G-action on X and commutes with the natural G,,-action
on V(F). Because o and px are flat morphisms, the associated pullbacks of coherent sheaves commute with
the operation of taking duals ([16, I11.12.3.5]). It follows that given two G-linearized divisorial sheaves F;
and F» on X, there is a canonical G-linearization induced on F;xF and Fy'. Also, there is an obvious notion
of isomorphism of G-linearized sheaves, and the operation x is compatible with this notion. The induced
operation on the set of isomorphism classes of G-linearized divisorial sheaves on X yields an abelian group
structure. This defines the equivariant class group, denoted CIG(X ). This group contains the equivariant
Picard group PicG(X ), that is, the group of isomorphism classes of G-linearized invertible sheaves on X.

Proposition 2.2.1. Let j : Xg — X a G-equivariant open immersion whose image has a complement of
codimension = 2 in X. Then, the pullback functor j* on coherent sheaves induces isomorphisms



CI(X) ~ CI(Xp) and CI°(X) ~ C19(X,).
In particular, we have isomorphisms
CI(X) ~ Pic(Xgm) and C19(X) ~ Pic®(Xypn).

Proof. The isomorphism Cl(X) ~ Cl(Xy) is a direct consequence of [18, 1.12]. Furthermore, the pullback
functor j* on coherent sheaves induces a well defined morphism C1%(X) — C1(X,) because j is an equivari-
ant flat morphism between normal G-varieties. Also, we have an open immersion Idg x j : G x Xg = G x X
of normal varieties whose image has a complement of codimension > 2 in G x X. By [18, 1.12] again,
the pullback functor (Idg x j)* induces for each divisorial sheaf F on X a bijection between the set of
G-linearizations of F and the set of G-linearizations of j*F. Thus, the morphism C1%(X) — C19(X,) is
bijective. O

Assuming from now that G is connected, we have the important exact sequence
0 0(X)¢ 5 0(X) % G a%x) S cux) (1)

relating the equivariant class group to the usual one through the forgetful morphism ¢ that "forgets" the
linearizations. This sequence is obtained from the analogous exact sequence for Pic(Xgm) ([7, 4.2.2]), by
means of the above isomorphisms and O(X)* ~ O(Xyy,)*. The morphism v maps a character A € G to
the associated G-linearization Ox (\) of the structure sheaf (|7, 4.1.7]), and x maps an invertible regular
function f to its weight x relative to the G-action (|7, 4.1.6]).

Remark 2.2.2. By [7, 5.2.1] and 2.2.1, the cokernel of ¢ has finite exponent bounded by the order of the
Picard group of G (which is finite, see [7, 5.1.3]). It follows that finite generation of C19(X) implies finite
generation of CI(X). By the above exact sequence, the converse is true.

On several occasions, we will have to suppose that the forgetful morphism is surjective. It is apparent
from the above that this condition is satisfied if we suppose that Pic(G) = 0. This latter assumption is
not a serious restriction as there exists a central isogeny G — G of connected algebraic groups such that

Pic(G) = 0 (|28, 18.22)).

Consider a non-empty open subset X Lx , and denote (D;);=1,._, the possibly empty family of prime
divisors lying in the complement. A very useful tool for the study of class groups of normal varieties is the
localization exact sequence

0= O(X)" = 0(Xo)" % @@ zp, 2212, cix) L5 ci(xo) — 0. 2)
=1

Suppose that X is G-stable. Then, it is natural to look for an analogous exact sequence involving the

restriction morphism C1¢(X) 2 C1%(X,). Again, we can suppose that X is smooth and consider (equivari-
ant) Picard groups instead of (equivariant) class groups. The main idea is then to use a construction from
Edidin and Graham in order to realize Pic®(X) as the Picard group of a variety built from X in a natural
way. Following [9, Lemma 9], there exists a finite dimensional G-module E and a non-empty G-stable open
subset Ey C E whose complement in F is of codimension > 2, and such that we have a G-torsor Ey — Ey/G.

Proposition 2.2.3. The associated fiber bundle f : Ey x X — Ey x X exists in the category of varieties
and we have an isomorphism

Pic(Ep x¢ X) = Pic(X)

obtained from the isomorphisms Pic®(X) 25 Pic®(Ey x X) and Pic(Ey x¢ X) EAN Pic%(Ey x X).



Proof. That the associated fiber bundle f exists in the category of varieties is a consequence of a theorem
of Sumihiro ([7, 5.3.4]). The isomorphism PicG(X) Px, PicG(EO x X) follows from [9, Lemma 2|, and the

isomorphism Pic(Fy x¢ X) I, pic? (Ey x X) is a consequence of a descent result from Grothendieck (|7,
3.3.1]). Considering (p%)~! o f* yields the desired isomorphism. O

Corollary 2.2.4. Let G a connected algebraic group, X a normal G-variety, Xg L X a non-empty G-
stable open subvariety, and (D;);=1,..» the family of prime divisors lying in the complement of Xo. Then the
sequence

0— O(X)*% = 0(X0)*¢ % Pz, 22 a1 (x) L5 C19(x) - 0 (3)
i=1

18 exact.

Proof. Notice already that the arrow @;_, ZD; — C19(X) is well-defined because each prime divisor D; is
G-invariant, hence the sheaves Ox (D;) are canonically linearized. Again, we can replace X by its smooth
locus and consider (equivariant) Picard groups. Consider the diagram

0 — O(Eo x% X)* — O(Eq x% Xo)* — @_, Z(Ey x¢ D;) — Pic(Ey x¢ X) — Pic(Ey x¢ Xo) — 0

| | [ |

0 —— OX)C —— O(X0)*¢ —— @, ZD; —— Pic®(X) —L— Pic%(Xg) —— 0

where the upper line is the exact sequence (2) applied to Ey x& Xy < Ey x“ X, and the bottom line is
the sequence (3). The fourth and fifth vertical arrows are isomorphisms as described in the last proposition,
and the first and second vertical arrows are defined as follow: notice that because f is a torsor, there is an
isomorphism f* : Op, wox — (f+Og,xx )€, hence the ring morphism f#(Ey x¢ X) induces an isomorphism
O(Ey x% X)* ~ O(Ey x X)*¢. Also, because Ey has a complement in E of codimension > 2 and E is an
affine space, the projection px : Fy x X — X induces an isomorphism

Ph(X) : O(X)*C = O(Ey x X)*¢
between groups of G-invariant units. The first vertical arrow is then the isomorphism
(P (X))o f1(Ey x© X).

The second vertical arrow is the isomorphism obtained the same way but replacing X by Xy. The third arrow
is obviously an isomorphism between these two free abelian groups of rank r. The diagram is commutative
by construction, and the second arrow is exact because all vertical arrows are isomorphisms. O

2.3 Construction of the equivariant Cox ring

Let G an algebraic group, o : G x X — X an action of G on a pointed normal variety (X, x < X)
such that O(X)*¢ ~ k*, and px : G x X — X the second projection. Natural examples of such varieties
are almost homogeneous varieties, and normal complete G-varieties. Below, we follow the lines of the
construction presented in Section 2.1, but considering G-linearized divisorial sheaves on X. In particular,
this will motivate the assumption O(X)*¢ ~ k*.

Similarly as before, consider the category of rigidified G-linearized divisorial sheaves on X whose mor-
phisms preserve linearizations and rigidifications. Let E¢ be the set of isomorphism classes associated to
this category, which again carries a natural structure of abelian group.

Proposition 2.3.1. The group morphism p : ES — C1°(X),[(F, f)] — |F] is an isomorphism.



Proof. We adapt the proof [10, 9.2.9] of Proposition 2.1.3. The map p obviously defines a surjective group
morphism. To check injectivity, consider an element [(F, f)] € kerp. Then, there is an isomorphism of
G-linearized divisorial sheaves v : F — Ox, where Ox is endowed with the trivial linearization. Consider
the automorphism w := i*v o f~! of k viewed as a k-vector space. Let o — Spec k the structural morphism
of X, the pullback p*w : Ox — Ox of w is the automorphism of Ox (as a G-linearized sheaf) defined by
the multiplication by the constant function w(1;). By construction, we have (F, f) ~ (Ox,w™?!) through v,
and (Ox,Id;) ~ (Ox,w™!) through ¢*w. This proves [(F, f)] = [(Ox, Idy)]. O

Given a G-linearized divisorial sheaf F on X, we have Aut(F) ~ O(X)*¢. Because O(X)*¢ ~ k*
by assumption, we can identify sections of rigidified G-linearized divisorial sheaves lying in a given class
[(F, f)] € E€. Similarly as in 2.1, this identification is done using the equivalence relations ~& indexed by
open subsets U C X. This builds up a canonical representative F* of the corresponding class [F] € CIG(X )
which we call the rigidified G-linearized sheaf associated to [F].

Proposition 2.3.2. The sheaf
Gz  _ T
Rx™ = @[f]eCIG(X) F

has a natural structure of quasi-coherent CIG(X)-gmded Ox -algebra. If this Ox -algebra is of finite type, its
relative spectrum X := Spec y (Rg’;z) is an algebraic scheme endowed with a G-action that commutes with
the natural T'cye (xy-action, and that lifts the G-action on X.

Proof. By construction, R)G(I is a CIG(X )-graded quasi-coherent Ox-module. The multiplication between
homogeneous sections is defined by the natural morphism

FrU) @ow) §°(U) = (F*xG*)*(U)

for every open subset U C X. This multiplication equips Rg’;’m with a structure of quasi-coherent CIG(X )-
graded Ox-algebra.

Suppose that R?f is of finite type. Then, the relative spectrum XG g by definition an algebraic
scheme which comes with a morphism ¢ : X% — X. Moreover, the grading group C1¢ (X) has to be finitely
generated, thus I'cie(xy is a diagonalizable group having a natural action on XG Now, consider the direct
sum

@ = Drecie x) 7
of the isomorphisms ®r- : ¢*F* — p%F* given by G-linearizations of the divisorial sheaves F*. By
construction, ® defines an isomorphism of ClG(X )-graded Ogx x-algebra 0*R%* — p5 RE2. By virtue of
[16, I1.1.5.5], we can identify the morphism Spec ., y (0*R%?%) — G x X with the base change of ¢ along the

morphism G x X % X. In the same way, we identify Speca, x (pxRE*) with G x X% as schemes over
G x X. Hence, we obtain a cartesian square

Gx XGr __, XGx

L o b

GxX —— X.

The G-linearizations of the homogeneous components yield a cocycle condition for the isomorphism ®, hence
a G-linearization of R, It follows that the morphism G x X&* — X% satisfies the associativity axiom of
a group action. By the diagram, this action lifts the G-action on the base X. Finally, this action commutes
with the I'cje(xy-action because the automorphism of ¢ (X) induced by ® through its action on the grading
group is the identity. O
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Definition 2.3.3. The equivariant Cox sheaf of (X, x) is the CIG(X)—graded Ox-algebra Riw The equiv-
ariant Cox ring CoxG’w(X) is the ring of global sections of Rg;(m When Rg;(m is of finite type as an
Ox-algebra, the relative spectrum XG% gver X of the Cox sheaf is the equivariant characteristic space of
(X,z). When Cox®*(X) is a finitely generated k-algebra, its spectrum X% is the equivariant total co-
ordinate space of (X,x). When no ambiguity occurs, we often drop the reference to the base point in the
notation.

Remark 2.3.4. By the exact sequence (1) and 2.2.2, the equivariant Cox ring and the usual Cox ring are
canonically isomorphic if G is a semisimple and simply connected algebraic group.

2.4 Equivariant diagonalizable torsors
Let G be an algebraic group, I' a diagonalizable group, and (X, x) a pointed normal G-variety.

Definition 2.4.1. A diagonalizable torsor is a torsor (or principal bundle) under a diagonalizable group.
Let Y be a G x I'-variety, and ¢ : Y — X a diagonalizable I'-torsor. Then q is a G-equivariant diagonalizable
T'-torsor over X if the morphism ¢ is G-equivariant.

The G-equivariant diagonalizable I'-torsors over X naturally form a category, taking for arrows the G xI'-
equivariant morphisms over X. In this Section, we classify G-equivariant diagonalizable torsors over X up to
isomorphism, assuming X admits only constant invariant invertible regular functions. The next proposition
gives the general form of such a torsor. Recall that a torsor by an (affine) algebraic group is necessarily an
affine invariant morphism.

Proposition 2.4.2. Let Y be an algebraic I'-scheme, and q : Y — X be a I'-invariant affine morphism.
Then, Y is the relative spectrum over X of a quasi-coherent I'-graded O x -algebra AC of finite type. Moreover,
q defines a G-equivariant I'-torsor over X if and only if

1. Vx € I, .Af is a G-linearized invertible sheaf.

2. Vx, A € f‘, the natural morphism Af Rox Af — A%_A is an isomorphism of G-linearized invertible
sheaves.

Proof. By [15, Exp. 8, 4.1], the morphism ¢ is a I'-torsor if and only if the homogeneous components of
AG are invertible sheaves and the natural morphisms AS R0y Af — .Af |, are isomorphisms of invertible
sheaves. Proceeding as in the proof of 2.3.2, we obtain that the conditions on G-linearizations are necessary
and sufficient to obtain a G-action on Y with the desired properties. O

Denote Hcl;(X ,I') the set of isomorphism classes of G-equivariant I'-torsor over X. The assignment
I —» HL(X,T)

naturally defines a functor from the category of diagonalizable groups to the category of pointed sets, where
origins are taken to be the classes of trivial G-equivariant diagonalizable torsors . Indeed, consider a morphism
of diagonalizable groups ¢ : I'1 — D'y, and define H4(X,¢1) as follows: Let ¢ : Y — X a G-equivariant
I';-torsor over X, and Y x't T'y the associated fiber bundle over X, where I'; acts on I'y via ¢;. This fiber
bundle exists as a (normal) algebraic scheme ([7, 3.3.3]), and sits in the cartesian square

Y xTy —2X 5 Y

I

YXFIFQT)X,

in which all arrows are G-equivariant. Moreover, v defines a I's-torsor as it pullbacks to the trivial torsor
along the faithfully flat morphism ¢. This construction is compatible with taking isomorphism classes, thus
it defines a map
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HL(X,01) HY(X,T1) = HL(X,Ts).
Moreover, considering a second morphism ¢ : I's — I's of diagonalizable groups, we have
HG (X, 02 01) = H (X, ¢2) 0 Hy (X, 1)
The next proposition says that the functor H}(X,.) is a group functor.
Proposition 2.4.3. Let I',T'1, 'y be diagonalizable groups. We have a canonical bijection
HE(X,Th) x HG(X,T2) — HE(X, Ty x T2), ([Y1], [Y2]) = [Y1 xx Ya],
where I'1 x T'y acts on Y7 X x Yo componentwise. Moreover the canonical map

HE(X,mr)
—_—

HL(X,T) x HL(X,T) —» HL(X,T xT) HL(X,T)

endow HL(X,T) with the structure of an abelian group for which the neutral element is the class of the trivial
G-equivariant T'-torsor over X. Finally, considering a morphism of diagonalizable groups ¢ : I'y — ', the
map HL(X, ) is a group morphism.

Proof. The first map is well defined and has an inverse. Indeed, denote p; the two projections I'y x I's — I';.
Then, the map which associates to a class [Y] of G-equivariant I'; x I's-torsor over X, the pair

(Hé'(Xapl)([Y])ﬂ Hé‘(va2)([Y]))

is the sought inverse. Hence, HL(X,.) commutes with finite products. As a consequence, this functor
sends groups to groups. But diagonalizable groups are group objects in their category, whence the claimed
structure of abelian group on H} (X, T). The last assertion is directly checked. O

In order to determine the group H, é(X ,I'), the last proposition allows to reduce to the situations where
I'=G,, and I' = u,. As a consequence of 2.4.2, we have an isomorphism

Pic%(X) = HY(X,Gp), [£] + [Specx (EP £59)). (4)
kE€Z

On the other hand, the exact sequence

1—>uni>Gmﬂ>Gm—>1

gives rise to an exact sequence of abstract groups
1— O(X)*/(O(X)*)" — HY(X, 1) — Pic(X)[n] — 1,

where H'(X, 1) denotes the group of isomorphism classes of y,-torsors over X, and Pic(X)[n] denotes the
n-torsion subgroup of Pic(X) ([14, Exp. XI, 6.4]). It follows that a u,-torsor Y over X is defined by choosing
an n-torsion element [£] in Pic(X), an isomorphism f : L& — Ox, and setting

Y := Specy @, L,
where the Ox-algebra structure is defined by the choice of f. From this fact and 2.4.2, we deduce the exact
sequence
1 — O(X)*C/(O(X)*E)" — HL(X, ) — Pic®(X)[n] — 1.
Assuming O(X)*¢ ~ k*, this exact sequence yields an isomorphism

n—1

Pic(X)[n] = HE&(X, un), [£] = [Specy (D)7, ()

=0

where the algebra structure is given by the multiplication between sections of rigidified G-linearized invertible
sheaves. Using (4) and (5), we give a refined version of 2.4.2.
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Proposition 2.4.4. Suppose that O(X)*¢ ~ k*, and fix an isomorphism [~ 7" x Z/miZ % ... X Z/nsZ.
Then a G-equivariant T'-torsor Y over X is defined up to isomorphism by choosing

o ar-tuple ([L1],..., [£]) € Pic®(X) x ... x Pic%(X),
e a s-tuple ([Lry1], ..., [Lrys]) € PicC(X)[n1] x ... x Pic%(X)[ns],
and setting Y := Specy AS® where A%® is the f-gmded Ox -algebra

ko Skriaya
DB kyezrxz/mzx.. xz/m.z (L) @ . @ (L),

the algebra structure being given by the multiplication between sections of rigidified G-linearized invertible
sheaves.

Corollary 2.4.5. Suppose that O(X)*¢ ~ k*. Then, there is a natural isomorphism of abelian groups
HL(X,T) ~ Hom(T, Pic® (X)).

2.5 Equivariant almost principal bundles

Let G an algebraic group, I' a diagonalizable group, and (X, z) a pointed normal G-variety. In [19, 0.4],
Hashimoto introduced the notion of an almost principal bundle under an algebraic group. We recall this
notion and define a G-equivariant analogue.

Definition 2.5.1. Let H an algebraic group, Y an algebraic H-scheme, and ¢ : Y — X an H-invariant
morphism. We say that ¢ is an almost principal H-bundle over X if there exists (H-stable) open subschemes
Yy C Y, Xy C X whose respective complements are of codimension > 2 and such that ¢ induces an H-torsor
Yy — Xo. If moreover, Y is a G x H-scheme and ¢ is G-equivariant, we say that ¢ is a G-equivariant almost
principal H-bundle over X.

Proposition 2.5.2. Let H an algebraic group, and q : Y — X a G-equivariant almost principal H-bundle.
Suppose that G is connected, and Y is a normal variety. Then there is a commutative diagram

CQI9H(y) 2y 1 (y)

g

Ce(x) —2 ax),

where vertical arrows are induced by the pullback q* of (equivariant) divisorial sheaves, and horizontal arrows
are given by forgetting linearizations. Moreover, vertical arrows are isomorphisms, with inverse morphisms
qf explicitly given by

[F] = [(q-F) ]

Proof. Using 2.2.1, we can suppose that ¢ is a H-torsor, that X,Y are smooth, and consider (equivariant)
Picard groups instead of (equivariant) class groups. Notice that because ¢ is H-invariant and G-equivariant,
the two vertical arrows are well defined. Also, the commutativity of the diagram is directly checked. The
isomorphism ¢* : Pic(Y) — Pic”(X) is a consequence of a descent result from Grothendieck (|7, 3.3.1]).
Now, we show that the left vertical arrow is an isomorphism. Let £ € ker ¢*, then we have that £ ~ Ox as
invertible sheaves. Because of the exact sequence (1), we have £ ~ Ox () as G-linearized invertible sheaves,
for a certain character A € G. But as ¢*Ox (\) ~ Oy (}), it follows that A = 0 which proves injectivity. For
surjectivity it suffices, by the exact sequence (1) again, to check that all the elements [Oy (\)] € Pic®*# (Y
with A € G are reached by ¢*. This is obvious as ¢*©O x(A) = Oy (N). The last claim is a direct consequence
of the fact that ¢ is a torsor and that invertible sheaves are locally trivial. O

In the framework of Cox rings, we consider almost principal bundles under diagonalizable groups. In
fact, we need a stronger notion in order to obtain a generalization of 2.4.4.
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Definition 2.5.3. A diagonalizable almost principal bundle over X is a good quotient ¢ : ¥ — X of a
normal algebraic scheme Y by a diagonalizable group such that ¢ is an almost principal bundle.

Proposition 2.5.4. Consider a G-equivariant diagonalizable almost principal I'-bundle g : Y — X. Then,
Y is the relative spectrum over X of a I'-graded quasi-coherent Ox-algebra AS satisfying

o Vy € f, .Af is a G-linearized divisorial sheaf.

e Vx,\ € f‘, the natural morphism AS R0y Af — A%_A induces an isomorphism of G-linearized sheaves
over the smooth locus of X .

Conversely, given a quasi-coherent I'-graded O x -algebra AS of finite type satisfying the two conditions above,
the relative spectrum over X of A® defines a G-equivariant diagonalizable almost principal T-bundle.

Proof. Because ¢ is a good quotient by I', we have an isomorphism Y =~ Specy A%, where A% := ¢,0y
is a I'-graded quasi-coherent Ox-algebra. By 2.4.2, the homogeneous components of A% define invertible

sheaves over the locus Xy < X where q is a torsor, and the natural morphisms Ag Rox Af — A%_/\
induce isomorphisms of invertible sheaves over Xy. Also, because Y is a normal algebraic scheme, we have
isomorphisms i,i*A§ ~ A for each homogeneous component. It follows that

(AG)™Y = it (AG)VY = (i AG)YY) = i AF =~ AS,

where the first isomorphism comes from the fact that (A§)VY is reflexive ([18, 1.11]), the second holds
because the pullback by a flat morphism commutes with taking duals, and the third holds because i*A§
is invertible, hence reflexive. Thus, the homogeneous components of A% are divisorial sheaves on X. Also,
we see that Xy can be taken to be the smooth locus of X. Indeed, the divisorial sheaves Af are invertible
over Xgm and the natural morphisms Ag R0y .Af — Ag ,» induce isomorphisms of G-linearized invertible
sheaves over Xg,. Finally, the conditions on G-linearizations are necessary and sufficient to have a G-action
on Y with the desired properties.

Conversely, consider a quasi-coherent f—graded Ox-algebra A® of finite type satisfying the two conditions
of the statement, and denote ¢ : Y — X the affine morphism defined by its relative spectrum over X. By
2.4.2, the restriction of ¢ to ¢~ (X ) defines a G-equivariant I'-torsor over Xg,,. This yields an isomorphism
Ox ~ Ay, thus ¢ is a good quotient. To prove that we have a G x I'-action on Y such that ¢ is G-equivariant,
we proceed exactly as in the proof of 2.3.2. Now, we show that Y is a normal algebraic scheme. For this, we
verify that A® is a sheaf of normal algebras, thus we can suppose that X is smooth. Then, ¢ is smooth as
well because it is a torsor under a smooth algebraic group. As a consequence, the stalks of A% are regular
local rings, hence are integrally closed. It remains to prove that the complement of ¢=!(Xgy) in Y is of
complement > 2. Because ¢ is affine, we can suppose that X and Y are affine. Also, as Y is normal, it is a
disjoint union Y = Uj_,Y; of normal affine varieties, and we have canonical isomorphisms

Oy (¢ (Xem)) = H Oy, (¢~ (Xam) NY7)
i=1

~ A%(Xom)

It follows from these isomorphisms and the next lemma that ¢~ (X, ) NY; has a complement of codimension
>2inY;, i=1,..r. Hence, ¢-!(Xsn) has a complement of codimension > 2 in Y, and ¢ is a G-equivariant
almost principal I'-bundle over X. O
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Lemma 2.5.5. Let X be an affine variety and Z C X a closed subvariety such that the restriction morphism
O(X) = O(X\ Z) is an isomorphism. Then, Z is of codimension > 2 in X.

Proof. We consider the local cohomology groups Hy (X, Ox) associated with the stucture sheaf Ox and the
closed subset Z C X. By [17, Ex. II1.2.3], we have a long exact sequence of local cohomology

0— HY(X,0x) = H°(X,0x) = H*(X\ Z,0x) = H5(X,0x) - HY(X,0x) — ...

By our assumptions, the groups H2(X,Ox) and H}(X,Ox) are trivial. On the other hand, recall the
cohomological interpretation of the depth of an ideal I C O(X) (see [17, Ex. II1.3.4]):

depth;(O(X)) > n «= Hy,;(X,0x) =0,Vi <n,
where V(I) denotes the zero set of I in X. Applying this to the ideal I defining Z, we obtain the result by
virtue of the inequalities
codimx (Z) > depth;(O(X)) > 2.
O
Remark 2.5.6. The proof of the last proposition shows that given a G-equivariant diagonalizable almost

principal T-bundle ¢ : Y — X, the restriction ¢! (Xgn) — Xgm is a G-equivariant T-torsor, and ¢~ (Xgm)
has a complement of codimension > 2 in Y.

Definition 2.5.7. Let ¢ : Y — X be a G-equivariant diagonalizable almost principal I'-bundle. Then, the
natural morphism

typea(Y) : ' = CL(X), x = [0y )],
is called the G-equivariant type of Y. The morphism
type(Y) := ¢ o typeg(Y) : ' — CI(X),
where ¢ : CIG(X) — Cl(X) is the forgetful morphism, is the type of Y.

Proposition 2.5.4 gives the general form of a G-equivariant diagonalizable almost principal I'-bundle over
X. These objects naturally form a category, taking for arrows the G x I'-equivariant morphisms over X.
Assume that O(X)*¢ ~ k* and let ¢ : Y — X be a G-equivariant diagonalizable almost principal I'-bundle.
Using 2.2.1, 2.4.4, and 2.5.4, we see that the G-equivariant type of Y determines its isomorphism class.
However, we don’t know a priori if conversely any morphism

I — Cl9(X)

defines a G-equivariant diagonalizable almost principal I'-bundle over X. Indeed, such a morphism defines
a quasi-coherent f‘—graded Ox-algebra A% satisfying the two conditions of 2.5.4, but it might not be of
finite type. The next proposition gives a sufficient condition to ensure that the algebra A defined by
any morphism as above is of finite type. Moreover, its proof shows how to construct any G-equivariant
diagonalizable almost principal bundle over X from the equivariant characteristic space of (X, x).

Proposition 2.5.8. Suppose that O(X)*¢ ~ k*, and that the equivariant Coz sheaf of (X, x) is of finite
type. Consider a quasi-coherent T'-graded Ox -algebra AS satisfying the two conditions of Proposition 2.5.4.
Then, AC is of finite type as an Ox-algebra.

Proof. We are going to realize A as a subalgebra of invariants by a diagonalizable group. Consider the
morphism of diagonalizable groups ¢ : Poexy = T dually defined by the morphism

typeq(Y) : I — C19(X),

and the I'cio(x) x [-action on XG x T defined on schematic points by (g, hy).(x, he) = (9.2, ¢(g) " hihs).
Then, we have a good quotient f : XGxI - X by this action. Indeed, consider the morphisms
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A~ p"G A
XCG x 1 X2 X6 1

where p ¢ is the projection, and ¢; is the structural morphism of the equivariant characteristic space X¢
over X. Both morphisms are good quotients, and the composition is a good quotient by I'cie(x) x I,
hence f = ¢ opge. As a consequence of this factorization, f is in addition a G-equivariant diagonalizable
almost principal I'cje(x) X I'-bundle over X. Performing first the quotient by I'cie(x), we obtain another
factorization

XGxr &y B x

of f into G-equivariant diagonalizable almost principal bundles. The Ox-algebra ¢3.Oy is obtained by
computing I'cic  x)-invariants:
(f*OXer)FCIG<X) = (B erxciox) Fra)lecen = Dier 73
where [Fy] = typeg(Y)(A), VA € . Hence, we obtain
g3:Oy = A%,
which proves that this Ox-algebra is of finite type. O

Assume from now that O(X)*¢ ~ k*, and that the equivariant Cox sheaf of (X, z) is of finite type. By
the last proposition and the above discussion, we obtain a one-to-one correspondence between G-equivariant
diagonalizable almost principal bundles over X and G-equivariant diagonalizable torsors over Xg,,. This
yields in particular the

Proposition 2.5.9. Suppose that O(X)*G ~ k*, that the equivariant Cox sheaf of (X, x) is of finite type,
and fiz an isomorphism I' ~ Z" X Z/m1Z X ... X Z/nsZ. Then a G-equivariant diagonalizable almost principal
T-bundle Y over X is defined up to isomorphism by choosing

o ar-tuple ([Fi],...,[Fr]) € CI9(X) x ... x CI9(X),
o a s-tuple ([Fri1], .y [Fris]) € CI9(X)[n1] x ... x C19(X)[n],
and setting Y := Specy AS® where A%® is the I'-graded Ox -algebra

*k kg s
@(ki)EZTXZ/nIZX...XZ/nSZ (FT)T ek (FLT)"

Remark 2.5.10. With the assumptions of the last proposition, let Y = Specy (A%?) be a G-equivariant
diagonalizable almost principal I'-bundle over X. There is a canonical morphism of graded Ox-algebras

0¢ : AGT = P, p F¥ — RO

whose associated morphism between grading groups is types(Y). Indeed, with the notation of Section
2.3, consider the projection 95 associated to the equivalence relation Ng for an open subset U C X. The
equivalence relations Ng are compatible with the algebra structures on A% (U), and with restrictions to open
subsets. It follows that the family of projections (0)ycx defines a family of graded algebras morphisms
AGT(U) — Rg;(I(U ). These morphisms define all together a morphism #¢ of graded Ox-algebras, the
induced morphism between grading groups being types(Y) by construction. This morphism corresponds to
an equivariant morphism

XGz Ly

over X. In particular, the structural morphism of the G-equivariant characteristic space over X factors
through any G-equivariant diagonalizable almost principal bundle over X.

As a consequence of the last proposition, R?;x doesn’t depend on the choice of the point & up to
isomorphism, so that we can speak of the the equivariant Cox sheaf of X (resp. the equivariant characteristic
space of X). In fact, we add some flexibility by introducing the following definition.
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Definition 2.5.11. A G-equivariant characteristic space over X is an algebraic scheme Z over X endowed
with an action of a diagonalizable group I' such that there exists a pair (f, ) consisting of

e an isomorphism f:Z — XG over X,
e an isomorphism ¢ : I' = I'¢yx),
such that the square

I'xZ —— 7

s ]

F01(X) X XG — XG

commutes, where the horizontal arrows denote the respective actions. A G-equivariant total coordinate space
of X is the affinization of a G-equivariant charateristic space. A G-equivariant Coz ring of X is the (graded)
coordinate ring of a G-equivariant total coordinate space.

Remark 2.5.12. Equivalently, a characteristic space over X is a G-equivariant diagonalizable almost prin-
cipal bundle over X whose G-equivariant type is an isomorphism onto CIG(X ). Also, a G-equivariant Cox
ring of X is unique up to graded automorphism.

Example 2.5.13. Let G be a connected algebraic group, and G/H be a homogeneous space. Consider the

faithfully flat morphism ¢ : H — I'; of algebraic groups induced by the inclusion k[H] C O(H). This yields
an exact sequence of algebraic groups
1%K::ker<p%Hﬁ>FH%1,
where the normal subgroup K of H is the intersection of characters of H. Hence H/K =~ I'y is the
diagonalizable group whose character group is H. It follows that we have a factorization
G G/K 2 G/H

of the canonical projection © : G — G/H, and that ¢» : G/K — G/H is a G-equivariant diagonalizable
I’ 4-torsor.

On the other hand, there is a natural isomorphism H — Pic®(G/H), A — [L,], where £y denotes the
G-linearized invertible sheaf of sections of the G-line bundle G x* A! over G/H. Recall that for an open

subset V C G/H we have L (V) ~ Og(ﬂ'_l(V))g\H). This yields the equalities
0206,k (V) = Ok (g (V)
= (a1:0c(ay " (V)"

= Og(r ' (V)*
=P oa(=" (V)"
\eHA
~ @ Lra(V),
AeH

where the last equality follows from the fact that every H/K-module is a direct sum of eigenspaces. Thus,
we have obtained

32:0c/xk = @rcp L

Hence, the G-equivariant type of G/K defines an isomorphism with PicG(G/H ), whence G/K is a G-
equivariant characteristic space of G/H. When G is semisimple and simply connected, the equivariant Cox
sheaf is canonically isomorphic to the usual one, and we retrieve [2, Thm 4.5.1.8].
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2.6 Equivariant quotient presentations

When a normal variety X admits a Cox sheaf of finite type, then the characteristic space X is naturally
a diagonalizable almost principal I'ci(x)-bundle over X such that the regular invertible I'cy(x)-homogeneous
functions are constant. This leads to the notion of a quotient presentation of X (|2, 4.2.1.1]). We recall this
notion and introduce a G-equivariant analogue.

Definition 2.6.1. Let I' a diagonalizable group, and X a normal variety such that O(X)* ~ k*. Then, a
quotient presentation of X is a diagonalizable almost principal I'-bundle ¢ : Y — X such that the invertible
I'~homogeneous regular functions on Y are constant.

Remark 2.6.2. In fact, the definition [2, 4.2.1.1] of a quotient presentation is different but equivalent to the
one given above. Indeed, a quotient presentation in loc. cit. is a normal variety Y together with a morphism
q:Y — X verifying

1. q is a good quotient by a diagonalizable group I'.
2. The I'-homogeneous invertible regular functions on Y are constant.

3. There exists a I'-stable open Yy C Y whose complement is of codimension > 2, and on which I" acts
freely with closed orbits.

Suppose that ¢ : Y — X verifies the above conditions, then ¢(Yp) is open with a complement of codimension
> 2in X. Also, as I' acts with closed orbits on Yy and ¢ is a good quotient, the fibers of gy, : Yo — q(Yo)
are orbits. Moreover, Yy has the quotient topology with respect to q|y,. Indeed, consider an open subset of
the form ¢=1(V), where V is a subset of ¢(Yp). Because ¢ is a good quotient, we have that q(Yp \ ¢~ *(V)) =
q(Yp)\V is closed in ¢(Y)), thus V is open in ¢(Yp). It follows that ¢ induces a geometric quotient Yy — ¢(Yp).
Thus, it induces a I-torsor Yy — ¢(Yp) because I" acts freely on Yy ([29, Chap. 0, 4.0.9]). Hence, ¢: Y — X
is a diagonalizable almost principal I'-bundle with only constant I'-homogeneous invertible regular functions.

Conversely, consider a diagonalizable almost principal I'-bundle ¢ : Y — X with only constant I'-
homogeneous invertible regular functions. Then it satisfies all the conditions above by definition, except
that Y is not a priori a variety. However, this will be verified in Proposition 2.6.6 below.

Definition 2.6.3. Let I' a diagonalizable group, and X a normal G-variety such that O(X)*¢ ~ k*. Then,
a G-equivariant quotient presentation of X is a G-equivariant diagonalizable almost principal I'-bundle
q: Y — X such that the invertible G-invariant I'-homogeneous regular functions on Y are constant.

Proposition 2.6.4. Let T' a diagonalizable group, X a normal G-variety such that O(X)*¢ ~ k*, and
q:Y — X a G-equivariant diagonalizable almost principal T'-bundle. Then q is a G-equivariant quotient
presentation if and only if the G-equivariant type of Y is injective.

Proof. Indeed, types(Y) is injective if and only if its kernel is trivial. But this kernel contains a non-trivial
element if and only if ¢,Oy admits an homogeneous component isomorphic to Ox endowed with the trivial
G-linearization. The latter means that this homogeneous component admits an invertible G-invariant global
section. O

Let G an algebraic group, and (X, ) a pointed normal G-variety such that O(X)*¢ ~ k*. We define

the category of quotient presentations of X by defining a morphism between two quotient presentations

q:Y; ﬂg X to be a pair (f, ) consisting of

e a morphism f:Y; — Y5 over X,
e a morphism ¢ : 'y — 'y,

such that the square
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F1><Y14>Y1

[

I'oxYy — Y,

commutes, where the horizontal arrows denote the respective actions. By the preceding section, a G-
equivariant quotient presentation of X is defined up to isomorphism by a finitely generated subgroup of
CIG(X ). Indeed, the injectivity of the G-equivariant type says that a quotient presentation is up to isomor-
phism the relative spectrum X G(M) of the M-graded Ox-algebra (of finite type)

A%(M) := @[r]eM Fr,

where M is a finitely generated subgroup of C1¢ (X). The following Proposition is a generalization of [2,
4.2.1.4).

Proposition 2.6.5. Suppose that the equivariant Cox sheaf of X is of finite type, and consider the category
of subgroups of CIG(X) with morphisms being the inclusions arrows. Then, the association M s X% (M)
defines an essentially surjective contravariant functor to the category of G-equivariant quotient presentations
of X.

Proof. We have only to check the functoriality. Consider two finitely generated subgroups M’ C M C
C19(X). This gives an exact sequence of diagonalizable groups

1— FM/AI/ - Ty —->Ty — ].,

which translates into the factorization of the G-equivariant diagonalizable almost principal I'p/-bundle
XY (M) — X in G-equivariant diagonalizable almost principal bundles

//T AN r
M/M ANYE

XG (M) XG (M) X.

. ; /T o . o . . .
The morphism X% (M) LM, X G (M) is equivariant with respect to the morphism I'y; — I'jz/, and with
respect to the G-action, whence the claim. O

Proposition 2.6.6. Consider a G-equivariant quotient presentation q: Y — X of X. Then Y is a normal
variety.

Proof. Because Y is a normal algebraic scheme, it is a variety if and only if it is connected. This is verified
if and only if ¢.Oy is a sheaf of integral algebras, so that we can suppose that X (hence Y) is smooth.
By the last proposition Y ~ X G(M) for a finitely generated subgroup M C PicG(X ) that we can suppose
non-trivial. To verify that Y is connected, we adapt the arguments from [4, 6.3]. Let Y3 U...UY, be the
decomposition of Y as a union of its connected components and suppose by contradiction that » > 1. These
components are transitively permuted by I'j; because X is connected. Also by I'j/-invariance, we have
q(Y1) = X. Let I" be the stabilizer of Y; in I'y;, which is by assumption a proper subgroup. We let

be the inclusion. Consider the I'j;-equivariant morphism 1 : Y — I'j;/T" which maps a point y € Y to the
element of I'ys /T corresponding to the connected component of Y containing y. It follows that we have a
cartesian square

Yy xTy —2— Ty

l/F J/Tl’
Yy — Y Ty,

where vertical arrows are I'-torsors. Also, restricting ¢ : Y — X to Y7 yields a I'-torsor Y; — X. Together
with the square above, we obtain a cartesian square
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VixTy 2=V

r r
y —4 5 x|
where all arrows are torsors. Proceeding as in the proof of 2.5.8, we obtain the equality
typeq(Y) = typeq (Y1) o j%.
But types(Y) is injective by assumption, thus j* is necessarily injective. Now j# is surjective, being the
restriction of characters. It follows that I' = I'j;, a contradiction. O

Corollary 2.6.7. The G-equivariant Cox ring is a normal integral CIG(X)—gmded G-algebra.

Suppose that O(X)* ~ k*. We now give an insight in the structure of the group of units of Cox®(X).
As COXG(X ) is a CIG(X )-graded algebra, it is also interesting to consider the subgroup of units which
are homogeneous. For example, every unit is homogeneous if e.g. CIG(X ) is torsion-free. Because of the
assumption O(X)* ~ k* and the exact sequence (1), we have the G-graded k-subalgebra

A%(G) == Py T(X, 0x (N)7)

of COXG(X ). The group of units of this algebra is obviously isomorphic to G x k* via the multiplication
map.

Proposition 2.6.8. Suppose that O(X)* ~ k*. Then
1. The group of homogeneous units of COXG(X) s 1somorphic to G x k* via the multiplication map.
2. If O(X) ~ k, then every unit is homogeneous.

Proof. If a homogeneous component F% of R§ admits an invertible global section f, then F? is isomorphic
to Ox as a divisorial sheaf. It follows that f € A%(QG), whence the first assertion. Now assume O(X) ~ k
and let f € COXG(X )*. Consider the Im ¢-grading on CoxG(X ) induced by the forgetful morphism ¢. Then
proceeding as in [2, 1.5.2.5], we obtain that f is Im ¢-homogeneous of degree zero. But the Im ¢-homogeneous
component of degree zero is the G-graded k-subalgebra @ ree T(X, Ox(N)*) so we conclude as before. [J

2.7 Recognizing an equivariant characteristic space

Let G an algebraic group and (X,z) a pointed normal G-variety such that O(X)*¢ ~ k*. Suppose
moreover that the G-equivariant Cox sheaf is of finite type. In this section, we give a criterion to recognize
a G-equivariant characteristic space ¥ — X, under some mild assumptions on X. As defined in Section
2.5, a G-equivariant characteristic space is characterized by its equivariant type being an isomorphism onto
ClG(X ). The equivariant type of Y is injective if and only if Y is a G-equivariant quotient presentation of
X. We now look for an interpretation of the surjectivity. This turns out to be related to the factoriality of
the grading on O(Y'), we start by recalling this notion.

Definition 2.7.1. [2, 1.5.3] Let M be a finitely generated abelian group, and A be an M-graded integral
k-algebra.

e A non-zero non-invertible element f € A is M-prime if it is homogeneous and (f | gh) with g, h
homogeneous implies f | g or f | h.

e A is factorially M-graded if every non-zero non-invertible homogeneous element f is a product of
M-primes.

e A normal I'js-variety X is I'pr-factorial if every I'ps-invariant Weil divisor on X is principal.
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Let I' a diagonalizable group, and Y a normal quasi-affine I'-variety. By [2, 1.5.3.3], Y is I'-factorial if
and only if O(Y) is I-factorial. In the next proposition, we give further characterizations of I- factoriality.

Proposition 2.7.2. Let I' a diagonalizable group, and q : Y — X a G-equivariant diagonalizable almost
principal T'-bundle. The following assertions are equivalent

1. Y is I'-factorial.

2. type(Y) is surjective.

8. The morphism ~ : I' — CI'(Y), A = [Oy (\)] is surjective.
Moreover, if one of this conditions is satisfied, then Y is quasi-affine.

Proof. The assertions 2 and 3 are equivalent because of the lemma below. We suppose that the condition
1 is verified and show 2. For this, we can suppose that X is smooth, and that ¢ is a I'-torsor. With this
assumption, the pullback morphism ¢* : WDiv(X) — WDiv(Y') induces an isomorphism onto the subgroup
WDiv(Y)!' which consists of I-invariant Weil divisors on Y. By abuse of notation, we also denote gL the
inverse of this isomorphism. Let’s consider a I'-homogeneous rational function f on Y, in other words
a rational section of a divisorial sheaf on X. Then, we have ¢*(divx(f)) = div(f) and thus divx(f) =
¢L (div(f)). By this last remark we can write explicitly

type(Y) : I' = Pic(X), A = [Ox (g5 (div(f)))],

where f is an arbitrary I'-homogeneous rational function of degree A on Y. But this morphism is surjective
because every Weil divisor on X is the direct image by ¢l of a I'-invariant Weil divisor on Y, which is
principal by hypothesis. Now we suppose 3 and show 1. Consider a I'-invariant Weil divisor D on Y. The
divisorial sheaf Oy (D) is naturally I'-linearized. Thus, its class in C1(Y") is trivial by hypothesis. Hence, D is
the divisor of a rational function which is necessarily I'-homogeneous. We have shown that Y is ['-factorial.
It remains to show that Y is quasi-affine. As type(Y') is surjective, we can cover X by affine open subsets
of the form Xy := X \ Supp(divx(f)), where f is a I'-homogeneous regular function on Y. Indeed, the
complement in X of any affine open subvariety is the zero set of a global section of some divisorial sheaf.
Because of the surjectivity of type(Y'), this section can be viewed as a homogeneous element of O(Y). It
follows that Y is covered by the affine open subsets Yy = ¢~ (Xy), whence the claim by [16, I1.5.1.2]. O

Lemma 2.7.3. Let I' be a diagonalizable group, and q : Y — X a G-equivariant diagonalizable almost
principal T-bundle. Consider the morphism ~v : T — CI' (Y), A = [Oy (\)]. Then, we have the identity

type(Y) = ¢. 07,
where ¢F : C1Y(Y') — CI(X) is the isomorphism provided by 2.5.2.

Proof. To prove this, we can suppose that X is smooth and consider (equivariant) Picard groups instead of
(equivariant) class groups. Now, for each character A € I', consider the cartesian square

Y xG,, — 2>V
| [
Z:=Y x*G,, — X,

defined by the fiber bundle associated with G,, endowed with the I'-action defined by A. Then, Z7 — X
is a G,,-torsor which by construction corresponds to gL o y()\) € Pic(X). But this is also type(Y)()), by
definition of the type of Y. O

Proposition 2.7.4. Suppose that Cox® (X) is a finitely generated k-algebra. Then, the affinization morphism
XG5 XC s an open immersion and its image has a complement of codimension > 2 in X€.
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Proof. Using that the cokernel of type(X @) has finite exponent (2.2.2), and that X = Xyn for any power
of a homogeneous section f € Rx(X), we can proceed as in the end of the proof of 2.7.2 to show that X6
is quasi-affine. The claim on codimension is obtained by applying 2.5.5. O

Theorem 2.7.5. Let G be a connected algebraic group with trivial Picard group, (X, z) be a pointed normal
G-variety with only constant invertible regular functions, I' be a diagonalizable group, and q : Y — X be a
G-equivariant diagonalizable almost principal I'-bundle. The conditions

1. The group of I'-homogeneous invertible reqular functions on'Y is isomorphic to G x k*.
2. 'Y is I-factorial.
are necessary and sufficient for Y to be a G-equivariant characteristic space of X .

Proof. Suppose that the above conditions are fulfilled. By the first one, ¢ is a quotient presentation of X,
hence type(Y') is injective. Moreover, with the assumptions of the statement the exact sequence (1) can be
written as

0G5 X)) S Cux) — o.
By the second condition, type(Y') is surjective (2.7.2). Also, the degree zero part of O(Y') with respect to
the induced Cl(X)-grading is

AC(M) = D) T(X, 0x (V)7),

for a certain subgroup M of G. Proceeding as in the proof of 2.6.8, we obtain that the group of homogeneous
units of O(Y) is isomorphic with M x k* via multiplication map. Hence, we have in fact M = G by the
first condition, so that G' ~ ker¢ C Im(typeg(Y)). In view of the equality type(Y) = ¢ o typeq(Y), we
obtain the surjectivity of types(Y). Conversely, if Y — X is a G-equivariant characteristic space, then the
first condition is satisfied by 2.6.8. The second is also satisfied because types(Y) and ¢ are surjective by
hypothesis (2.7.2). O

2.8 Equivariant Cox ring of an open (G-stable subvariety

Let G be a connected algebraic group, (X, z) a pointed normal G-variety, and X < X a G-stable open
subset containing . Suppose moreover that Ox (X()*¢ ~ k*, so that both equivariant Cox rings of X and
Xy are well-defined. Let (D;);=1,.. n the possibly empty family of prime divisors lying in the complement
of Xy, and (7;)i=1,.n the associated family of respective canonical sections of the G-linearized divisorial
sheaves Ox(D;)*,i=1,..,n.

Proposition 2.8.1. The k-subalgebra of COXG(X) generated by ri, ..., s polynomial, and there is an
isomorphism of graded k-algebras

Cox®(Xo) =~ Cox%(X)/((ri — )1<i<n),

where the right-hand side algebra is endowed with the CIG(XO)-gmding iduced by the surjective morphism
§* 1 C19(X) — CI9(Xy). Moreover, (r; — 1)i=1.. n is a regular sequence in Cox®(X).

Proof. With these assumptions, the exact sequence (3) becomes
0 @, zD; 2212 c19(x) 25 1% (Xo) — 0.
For all [G] € C19(X)), choose [F] € C19(X) such that j*([F]) = [G]. By the above exact sequence, we can

write

R = Digiecio (x,) Migl» where Mgy = B ,,,) ez (F ® Ox (111 ni D))"

22



Notice that M[Oxo] is a Z™-graded Ox-subalgebra of ’R?( Because k[r1, ..., 1] is a Z™-graded k-subalgebra
of M[OXO](X ) spanned by elements of linearly independent degrees, it immediately follows that it is a

polynomial subalgebra of Cox®(X). Also, each Mig(X) is a Z"-graded k[ry, ..., r,]-module, and Mg (Xo)
is the localisation of Mg)(X) at the homogeneous element 7...7,. Indeed, up to removing a G-stable closed
subvariety of codimension > 2, we can suppose that X is smooth and Xo = X \ U, D;. As the support of
the divisor of zeroes of r1...7,, on X is U, D;, we conclude by applying [16, 1.9.3.1]. It follows that R (Xo)
is the localization of CoxG(X ) at the homogeneous element r;...r,.

We use the notation of 2.3 for the equivalence relations between sections over open subsets of Xy of
G-linearized divisorial sheaves on X. Given two homogeneous sections s1, 52 € R§(Xp), we have s1 ~§_ s2
if and only if both are Z"-homogeneous elements of some Mig(Xo) and there exists a Laurent monomial
70 .r% such that s; = sor{..r%. By Lemma 2.8.2, imposing the relations r; = 1 in R$(Xo) is the same
as passing to the quotient modulo N)G(O. Thus, we obtain an isomorphism

Cox%(X)[—2=1/((ri — D)1<i<n) = Cox%(Xo),

T1.Tn

which implies the isomorphism in the statement above.

To prove that the sequence ((r; — 1)—1... ) is regular in Cox%(X), we first prove that each Mg (Xo)

is a free k[rit, ..., rF1]-module. An element t € M (¢](Xo) decomposes uniquely as a sum of homogeneous

ey T
elements so that we can suppose ¢t homogeneous, say of degree (d;) € Z"™. The multiplication by rfl...rﬁ"

defines an isomorphism of k-vector spaces
G*(Xo) = (G ® Ox (3252 diDi))™ (Xo).

Let (fi); a k-basis of G®(Xy), then ¢ decomposes uniquely as a linear combination ¢ = Y, a;r®..rdn f;,
whence the free module structure. Now, we claim that for j = 1,...,n, there is an injective morphism of
klri, ..., ry)-modules

Mg (X)/((ri = 1)i=1,....5) = Mg)(Xo0)/((ri — 1)i=1,....5)-

For this, it suffices to apply Lemma 2.8.3 j times, considering for the kth step (1 < k < j) the Z-grading
induced by the projection

7" — 7., (dl, ,dn) — dp.

Now, the result follows from the claim, the fact that Mg (Xo) is a free E[rE!, ..., rE)-module, and that the

sequence ((r; — 1)1<icn) is regular in k[t ... rE1]. O

Lemma 2.8.2. Let M a graded module over an algebra of Laurent polynomials k[tlil, oy tX1] endowed with
the standard Z"-grading. For all x € M, the submodule generated by the family (t‘li1 Ltdn —)(d,)ezn equals
the submodule generated by the family (t;.0 — x)1<i<n-

Proof. This comes from the identities
titjx —x=t.(tjr —2)+ (tpx —x) and t; Lo — = (—t; 1) (tpx — z).
O

Lemma 2.8.3. Let k[r] be a polynomial k-algebra with its standard Z-grading, and M a Z-graded k[r]-module
such that v is a non-zero dwisor in M. Then, (r — 1)M[1/r]N M = (r — 1) M.

Proof. The localization morphism provides a graded injective morphism of Z-graded k[r]-module

M = @uez Ma — M[1/r] = Bacz(M[1/r])a-

It suffices to prove that for an element m € M[1/r] such that (r —1)m € M, we have that m € M. Consider
the decomposition m = mg + ... +mg4i, [ > 0 as a sum of homogeneous elements. Then, the decomposition
of (r — 1)m reads

(r—1Dm=rmaq; + (rmari—1 — May1) + ... + (rmg — mgs1) — mg.
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Necessarily, each term of this sum lies in M. It follows that mgy; € M, i =0,..,] by an immediate induction,
whence the result. O

Corollary 2.8.4. There exists a smooth complete G-variety X' containing Xqn as a an open G-stable
variety. As a consequence, we have

Cox%(X) ~ Cox%(X")/((r; — 1);),

where the r; are the canonical sections in the G-linearized divisorial sheaves associated to the G-stable prime
divisors lying in X'\ Xgm-

Proof. By a theorem of Sumihiro ([21, Thm. 3]), X can be embedded equivariantly as an open subvariety
of a normal complete G-variety X. Now, there is a G-equivariant resolution of singularities ¢ : X’ — X,
that is, X’ is a smooth G-variety and ¢ is a projective birational equivariant morphism that induces an
isomorphism over X, (|26, Proposition 3.9.1 and Theorem 3.36]). As we have Cox®(X) ~ Cox%(Xgy), the
statement follows from 2.8.1. O

Proposition 2.8.5. Suppose that X is almost homogeneous. Then the polynomial algebra klry, ..., ry,] is the
subalgebra, of invariants (Cox®(X))C.

Proof. Let f € (Cox®(X))€ that we can suppose homogeneous because G acts on homogeneous components.
Then divx(f) is a G-invariant effective divisor on X, hence is a positive linear combination of the D;. It
follows that f is the product of a monomial in the r; with a G-invariant homogeneous unit. However, a
G-invariant homogeneous unit is necessarily of trivial CIG(X )-degree, otherwise the multiplication by such
a section would provide an isomorphism of some non-trivial G-linearized divisorial sheaf with Ox endowed
with the trivial G-linearization, a contradiction. We conclude, that f is a non-zero scalar multiple of a
monomial in the r;. L]

Suppose that X is almost homogeneous, let Xo ~ G/H be the dense orbit, and consider the equivariant
characteristic space ¢ : XG5 X. In the corollary below, we describe the open subvariety ¢~ !(Xj). In order
to state it, we need some preliminary observations. Clearly, ¢~!(Xj) is a homogeneous space for G' x L x)
since X is a homogeneous space for G and ¢ induces is a I'cjey)-torsor over Xo. Also, the last proposition
implies that we have a I'cjo(x)-equivariant good quotient 7 : XG A7. Finally, the exact sequence (3)
yields by duality an exact sequence of algebraic groups

1=>Tg = Taex) = Gy, = 1,
whence a I' g-torsor I'cie () — Gy,

Corollary 2.8.6. The good quotient T restricts to a I'gie x)-equivariant geometric quotient g1 (Xo) —» G

m”*
Moreover, ¢~ (Xo) is isomorphic as a G X Ljex)-variety over Gy, to the associated fiber bundle

m
G/K XFFI FCIG(X) — G:’:’H
where G/K is the equivariant characteristic space of G/H (2.5.13).

Proof. The morphism 7 pulls back the standard coordinates of A} to the r;, whence a I'cje(x)-equivariant
restriction ¢~ (Xo) — G%,. By virtue of 2.8.1 and 2.5.13, the fiber at (1, ..., 1) of this restriction is isomorphic
to G/K as a G x I' g-variety. By I'ge(x)-equivariance of 7 and surjectivity of the morphism I'cie(x) — GJ,,
the same holds for any fiber of this restriction, whence a geometric quotient. By standard properties of
associated fiber bundles, ¢~1(Xj) is isomorphic to G/K xTa Lo x) as a G x Lo x)-variety over Gy,. O

The inclusion k[H]| C O(H) yields a morphism of algebraic groups H — I' ;. Composed with the injective
morphism I' ; — I'ie(x) described above, we obtain a morphism ¢ : H — I'ie(x). In the next proposition,
we view H as a subgroup of G x I'cia(x) by identifying it with the image of the morphism h — (h, p(h)).
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Proposition 2.8.7. Let & be a point in the fiber ¢~ 1(x), where x € X, is the point identified with H/H.
Then, H is the stabilizer of T in G X I'yex)-

Proof. Let Fi,...,Fmy be G-linearized divisorial sheaves on X whose classes generate the abelian group
C19(X). Via restriction of this sheaves to X ~ G//H, we obtain G-linearized invertible sheaves £, ..., Ly,
corresponding to certain characters y; € H ~ PicG(G /H). Let L,, be the G-linearized line bundle over
X, corresponding to L,,, and view ¢~'(X() as a subvariety of Ly, X x, ... Xx, Ly,,. Obviously, the image
of the projection to G of StabeFCIG(X)(i‘) has to be included in H. Then, consider an element (h,t) €
StabGXpCIG(X)(:i) C H x Tgexy. We have h.i = (x1(R)Z1, ..., xm(h)Zm) = ¢(h™1).2, which forces t =
p(h)- a

2.9 Relation between the equivariant Cox ring and the usual Cox ring

Let G be a connected algebraic group acting on a pointed normal G-variety (X, ) such that O(X)* ~ k*,
so that both equivariant and usual Cox sheaves are well defined. In view of Remark 2.5.10, there exists a
canonical morphism of graded O x-algebras

G, z
6:RY" = R%,

whose associated morphism between grading groups is ClG(X ) 2, Cl(X), this is the forgetful morphism.

On the other hand, G is a free Z-module of finite rank which acts by automorphisms of graded k-vector
space on R (U), for any open subset U C X. To see this, consider [F| € CIG(X), A € G, and notice that
(F*® Ox(A)* ~ F* as divisorial sheaves. Hence, for a section s € F*(U), we define the section

As € (FP@0x(N)*(U)

to be the unique section that corresponds to s modulo ~r. This assignment defines an action of k[G]
on RE(U) that respects multiplication, so that we get a k[G]-algebra structure on R (U). In the next
propositions we make this structure more explicit, and study the forgetful morphism.

Proposition 2.9.1. The equivariant Coz ring is a free k[G]-module. More precisely, we have

Cox(X) = Br1erm o M7

where M) := D ,,ca(F* © O(p)" (X) is G-graded and free of rank dimy(F*(X)) over k[G].

Proof. The action of k[G] stabilizes the k-vector spaces Mz). With this action, they inherit a structure of
G-graded k[G]-module. Moreover the exact sequence (1) becomes

0—G LX) S cux),
which justifies the decomposition of COXG(X ) as the direct sum of the modules Mz). In order to check that

they are free, let’s consider [F] € C19(X) and the k-vector space F*(X). For any A € G, the multiplication
by A defines an isomorphism of k-vector spaces with (F @ Ox(A))*(X), the inverse being the multiplication
by A~!. By a simple verification as in the proof of 2.8.1, we obtain that Mz is freely generated over k[@]
by any k-basis of F*(X). O

Proposition 2.9.2. The forgetful morphism 6 : RG — Rx is an integral extension of graded Ox-algebras,
whose kernel is the sheaf of ideals generated by the family of global sections (1—X;.1)1<j<n, where (A;j)i<j<n
is an arbitrary Z-basis of G’, and 1 € O(X) has trivial degree. Moreover, this family defines a reqular sequence
in R¢(U) for any open subset U C X, and we have

Im O(U) ~ RG(U)/(Ljr — (A1) j0)1<ssn-
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Proof. Let U C X be a non-empty open subset. Replacing X by U in the last proposition and considering the
action of k[G] on RE(U), we see that the forgetful morphism corresponds to the quotient of RS (U) by the
sub-k[G]-module spanned by (fFi=ASFi) | Fletm g,inecr Where (f7,:)i is a k-basis of 77 (U) for all [F] € Im ¢.
Using Lemma 2.8.2, this submodule is spanned by the elements of the family (fz; — Aj.f7.i)[Fleim ¢,i,1<i<n
where (A;)1<j<n is an arbitrary Z-basis of G. Finally, we observe that this sub-k[G]-module is the ideal of
R (U) generated by (117 — (A;.1)|0)1<j<n Where 1 € O(X) has trivial degree.

The sequence (1 — (A;.1)|)1<j<n is regular because the sequence (1 — A;)1<;j<n is regular in k[G] and
RT(U) is a free k[G]-module. Now, we show that an element f € R% (U) is integral over RS (U). We
may assume this element homogeneous, say f € F*(U). Then we use the fact that a non-zero power of F7 is
linearizable (2.2.2). For the last assertion, we argue exactly as in [2, 1.4.3.5] to prove the isomorphism. [

Corollary 2.9.3. Suppose that the Picard group of G is trivial, then
Cox(X) ~ Cox“(X)/(1 = A\j.1)i<j<n,
where (\;)1<j<n is an arbitrary Z-basis of G, and 1 € O(X) has trivial degree.

Proof. With this assumption, C1¢(X) 2, Cl(X) is surjective (2.2.2). It follows that 6 is also surjective. We
conclude by applying the last proposition. O

2.10 Pullback of equivariant characteristic spaces

In this section, we study the pullback of an equivariant characteristic space along an equivariant almost
principal bundle. Let G, H be algebraic groups with G connected, (X, z) a pointed normal G-variety, (Y,y)
a pointed normal G x H-variety, and 71 : Y — X a G-equivariant almost principal H-bundle. Suppose that
O(X)*¢ ~ O(Y)*¢>*H ~ k* and that X has a G-equivariant Cox sheaf of finite type. Then, we claim that
there is a cartesian square

2

YGXH XG

"

y — 5 X,

where ¢ is a G-equivariant characteristic space over X, g2 is a G x H-equivariant characteristic space over
Y, and the horizontal arrows are G-equivariant almost principal H-bundles. Indeed, because of 2.5.2 we can
write

Ric;XH = @[f]eClG(x)(Wf]:)y~

Thus, YE*# — Y is the pullback of X¢ — X along m. As 7 induces a G-equivariant H-torsor over
q; 1(Xsm)7 it follows that 7o is a G-equivariant almost principal H-bundle. In fact, 7o corresponds to the
graded Ox-algebra morphism

RS = Drcciex) F* — TR

defined by the natural morphisms F* — 7,77 F”* between homogeneous components. As Y admits a
G x H-equivariant Cox sheaf of finite type, it also admits a G-equivariant Cox sheaf of finite type when H
is connected and O(Y)*¢ ~ k* (2.9.2). When H = T is a torus, we can say more (see also [5, 2.2]):

Proposition 2.10.1. Suppose that H = T is a torus and that O(Y)*¢ ~ k*. Then X I X factors
through Y wia the morphism v, and this factorization realizes X as the G-equivariant characteristic space
of Y.

Proof. In this situation, the exact sequence (1) reads
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0—T—c1%Ty) % a%y) — o,
and we have an isomorphism 77, : CI*(Y) = C19(X), [F] = [(71.F)"] (2.5.2). This allows us to write
R?{ = ql*OXG = @[Q]ECIG(Y) @)\Evﬂw(ﬂ'l*(]: ®OY (9}/()\))’E>;E7

where for each [G] € C19(Y), we choose [F] € C1*T(Y) such that ¢([F]) = [G]. This yields a factorization
of ¢ through the relative spectrum over X of the degree zero part of the graded algebra Rg’; with respect
to the induced C1%(Y)-grading. This degree zero part is

Dt m1+(Oy ®oy Oy (\)" = @,\efy(ﬂl*OY)E\T) = 11, Oy.
Hence, the factorization is
X5y X,
where ¢ is a good quotient by I'cje(y). In fact, because g; is a G-equivariant almost principal I'ye x)-bundle,

the good quotient ¢ is a G-equivariant almost principal I'cje (y)-bundle. For every open subset V C X, we
have

005 (1 (V) = .05 (V)
B P Feo, Oy (i (V)T

[G1€CI9(Y) AeT

- @ BrE VY

[GleCI®(Y) AeT

= D Farv)

[G1eCIC (V)

~ P gV

[G]eCIC (Y)

As ¢,0x is a quasi-coherent sheaf on Y, and 7 is affine, this shows that the G-equivariant type of X6@
viewed as a G-equivariant almost principal I'cic (yy-bundle over Y is the identity of CIG(Y). O

3 Normal rational G-varieties of complexity one

Let GG denote a connected reductive algebraic group, B a Borel subgroup, 7' a maximal torus in B, and
U the unipotent part of B. In this section, we begin by recalling basic facts on the geometry of normal
G-varieties of complexity one. Then, we obtain a necessary and sufficient condition for the (equivariant)
Cox ring to exist and be finitely generated. Then, we give a presentation by generators and relations of the
subalgebra of U-invariants of the equivariant Cox ring.

3.1 Generalities

Let (X,z) be a pointed normal G-variety. The complezity of the G-action on X is the minimal codi-
mension of a B-orbit. As any two Borel subgroups of G are conjugated, the complexity doesn’t depend on
the choice of B. Suppose that X is of complexity one. By a theorem of Rosenlicht ([32, 5.1]) there exists a
unique up to isomorphism smooth projective algebraic curve C whose field of rational functions is k(X)Z.
Let’s consider the rational quotient

Tm: X --»C
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by B given by the inclusion k(X)? C k(X). We show that this quotient admits a rational section. For this,
we use the local structure theorem of Brion, Luna and Vust ([8, Thm 1.4]). It is a very useful tool for the
study of varieties with group action. We present a variant of this theorem and a corollary, both due to Knop.

Theorem 3.1.1. [25, 1.2] Let G a connected reductive group, X a G-variety equipped with an ample G-
linearized invertible sheaf L, and s € E(X)(B) a B-semi-invariant section. Let P the parabolic subgroup
stabilizer of s in P(L(X)), with Levi decomposition P, x L, T C L. Then the open subvariety X is P-stable,
and there exists a closed L-stable subvariety Z C X such that the morphism induced by the P-action

P, x Z — X
is a P-equivariant isomorphism.

Corollary 3.1.2. [25, §2] Let G a connected reductive group, X a normal G-variety, and P(X) the smallest
stabilizer of a B-stable divisor in X, with Levi decomposition P(X), x L(X), T C L(X). Then, there exists
an affine L(X)-stable subvariety Z such that Xo := P(X)Z is an open affine subvariety of X. The natural
morphism P(X), X Z — Xg is an isomorphism and the derived subgroup of L(X) acts trivially on Z.

Let Xo C X be as in the corollary, and H be the kernel of the L(X) action on Z. Then T := L(X)/H
is a torus acting faithfully on Z. The local structure of Z for such an action is well known: up to replacing
Z by a smaller L(X)-stable subvariety, we have an L(X)-equivariant isomorphism Z ~ T x Cj, where L(X)
acts on T by left multiplication via the projection L(X) — T, and Cj is an algebraic curve. We end up with
a P(X)-equivariant isomorphism

Xo =~ P(X)y x T x C,

which identifies ) x, with the projection to Cp, and yields the desired rational section.

Recall that the (equivariant) class group being finitely generated is a necessary condition for the (equiv-
ariant) Cox ring to be finitely generated (2.1.6). In fact, we show in the two next propositions that for
complexity one normal varieties, this is also sufficient.

Proposition 3.1.3. The (equivariant) class group of X is finitely generated if and only if X is a rational
variety.

Proof. By 2.2.2, the equivariant class group is finitely generated if and only if the class group is so. By the
localization sequence (2), Cl(X) is finitely generated if and only if C1(Xg) is so. But because P(X), x T is
a rational variety with trivial class group, thus Cl(Xj) is isomorphic to C1(Cy) via the pullback associated
with the projection to Cy (|7, 5.1.2]). By the localisation sequence again, we deduce that Cl(X) is finitely
generated if and only if C1(C) is. This last condition is equivalent to C' ~ P!, which yields the statement. [

Proposition 3.1.4. Suppose that X is a rational normal variety of complezity one satisfying O(X)*¢ ~ k*.
Then Cox®(X) is finitely generated. If moreover O(X)* ~ k*, then Cox(X) is finitely generated.

Proof. Replacing X by its smooth locus doesn’t change the equivariant Cox ring, hence we can suppose X
smooth. With this assumption, the Cox sheaf is of finite type and the equivariant characteristic space exists
as a normal variety. Let’s embed I'pj.o(x) in a torus T by means of an injective morphism of diagonalizable
groups ¢ : I'piea(xy — T dually defined as follows: choose representatives (L;)i=1,.n of elements in a

generating set of PicG(X ) and consider the free Z-module Z" generated by these representatives. Then,
define o* to be the natural surjective morphism

©f 2" — PicY(X), (dy, ..., dy) = [LF R0y ... @0y L]
Let I'pjce(x) act on T through ¢, and consider the cartesian square
XGxT B¢, %€
J//FPicG(X) J{/FPicG(X)

Y= XC <m0 T —— X,
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where 1) : Y — X is the G-equivariant T-torseur over X whose G-equivariant type is ¢f. By 2.5.10, there is
a morphism of graded O x-algebras

0: A% = D aezn (LD)®h @0y ... Qox (L5)®0 — RE"

such that 6(U) is surjective for any open subvariety U C X. Hence, to prove that CoxG(X ) is finitely
generated, we are reduced to prove that the algebra of regular functions on Y is so. Because Y is a G-
equivariant T-torsor over X, it is a smooth rational G x T-variety of complexity one. Then, a result of Knop
[24, Satz 1] says that O(Y') is a finitely generated k-algebra. The second assertion is then an application of
2.9.2. O

Remark 3.1.5. The second assertion in the last statement is [2, Thm 4.3.1.5]. Also, notice that almost
homogeneous varieties of complexity one are automatically rational. Indeed, we have in this situation a
natural injection k(C') — k(G) from which we see that C' is unirational because G is a rational variety.
By Lur6th’s theorem, one deduces that C' is rational and hence so is X in view of the isomorphism after
Corollary 3.1.2. Moreover, we have O(X)*® ~ k* because G has an open orbit. As a consequence, the
equivariant Cox ring of X is well-defined and finitely generated.

Suppose that X is rational of complexity one and such that O(X)* ~ k*, so that Cox(X) is well defined
and finitely generated. Because U has trivial character group and Picard group, every divisorial sheaf on X
has a unique U-linearization, whence a canonical isomorphism

Cox"(X) ~ Cox(X) (2.3.4).
We consider Cox(X) endowed with this canonical structure of Cl(X)-graded U-algebra.

Proposition 3.1.6. Suppose that Pic(G) = 0. Then, the k-algebra Cox(X)V is a finitely generated normal
domain, and there is an isomorphism of C1(X)-graded k-algebra

Cox(X)V ~ Cox%(X)V/(1 = Aj.1)1<j<n,

where (A\j)1<i<n 15 an arbitrary Z-basis of G. From this isomorphism, Cox(X)Y is endowed with a structure
of CI(X) x T-graded algebra.

Proof. The k-algebra Cox(X)V is a normal domain because Cox(X) is so. Moreover, 2.9.3 yields the iso-
morphism of the statement, whence the finite generation of Cox(X )Y. The right hand side is naturally
Cl(X) x T-graded, so is the left hand side by transport of structure. O

Corollary 2.8.4 can be useful for instance if one is looking for a description COXG(X ) by generators
and relations. Indeed, reusing the notations of this result, X’ is a smooth complete rational G-variety of
complexity one, and Cox®(X) is the quotient of (the finitely generated) Cox®(X’) by a particularly simple
regular sequence. So one may rather look for a description of COXG(X ). This task might be easier thanks
to the following proposition (which is probably known but for which we could not find a reference).

Proposition 3.1.7. Suppose that X is a smooth complete rational G-variety of complezity one. Then, the
abelian groups Pic(X) and Pic®(X) are free of finite rank.

Proof. By [21, Thm. 2] there is a G-equivariant projective birational morphism ¢ : X’ — X, where X’ is a
(projective) normal G-variety. This implies that the pullback morphism ¢* : Pic(X) — Pic(X') is injective.
Thus we can suppose that X is projective. Also, using the exact sequence (1), we are reduce to prove that
Pic(X) is free of finite rank. We look for a non-empty open subvariety U C X such that O(U)* ~ k* and
Pic(U) = 0. By the exact sequence (2), finding such a subvariety U yields the result.

Choose a maximal torus T' C G and a l-parameter subgroup A of T having the same fixed points in X
as T. By the next lemma, each G-orbit admit only finitely many fixed points. Because X is of complexity
one, it follows that the connected components (C;)o<i<r of the fixed points variety X T = X* are points or
curves. Also, the Bialynicki-Birula decomposition [28, Thm. 13.47] says that X is the disjoint union of the
subvarieties X;, i = 0, ..., 7 such that for all x € X;, the limit lim; ,o A(t).z exists and lies in C;. Moreover,
the maps

29



fi: Xi = Ci,x = limgo M(t).z, i=0,..,r

are good quotients for the G,,-action. We can assume that X is an open subvariety. If Cy is a curve, then it is
isomorphic to P}. Indeed, it is a projective normal curve which is rational because k(Cy) C k(X). Consider
U := 7= '(A}). Then U is affine and its coordinate algebra is Zs-graded. Moreover, the homogeneous
component of degree zero is O(A}), whence O(U)* ~ k*. Let £ be a G,,-linearized invertible sheaf on U. By
[3, Cor. 6.4], we have f*i*L ~ L as invertible sheaves on U, where i denotes the closed immersion A}g —U
and f is the restriction of fo to U. Thus, £ is trivial as an invertible sheaf. This implies that Pic(U) is
trivial since the forgetful morphism Pic®™ (U) — Pic(U) is surjective. If Cy is a point, we let U := 77 1(Cy)
and one proves similarly as above that O(U)* ~ k* and Pic(U) = 0. O

Lemma 3.1.8. Consider an homogeneous space G/H, and a mazimal torus T C G. Then there are only
finitely many T-fized points in G/H.

Proof. We can suppose that T" admit at least one fix point . Choosing = as a base point, we have T' C H.
Consider a T-fixed point gH in G/H. We have g~'Tg = h™'Th for a certain h € H, because any two
maximal tori in H are conjugate by an element of H. But we can translate g by an element of H, and
consequently suppose that g € Ng(T). Thus, Ng(T) acts transitively on the set of fixed points. The
stabilizer of x is the centralizer Ny (T"), whence the finiteness of the set of fixed points. O

3.2 The algebra Cox®(X)V

Let (X, ) be a pointed normal rational G-variety of complexity one such that O(X)*¢ ~ k*. Suppose
that G has trivial Picard group. To study Cox® (X), it is classical in invariant theory to investigate the more
accessible structure of the algebra of U-invariant Cox®(X)V. By [32, D.5], 3.1.4, and 2.6.7, this subalgebra
is a finitely generated normal domain. We give a description by generators and relations of COXG(X )Y when
O(X)* ~ k*. This is a generalization of a previous result by Ponomareva ([31, Thm 4]).

Notice that COXG(X )Y is naturally ¢ (X) x T-graded, the homogeneous elements being global sections
of G-linearized divisorial sheaves whose divisors of zeroes are the B-stable effective divisors of X. To see this,
consider a B-invariant effective divisor D, and the divisorial sheaf Ox (D)* endowed with a G-linearization
(such a linearization exists by assumption on Pic(G), see 2.2.2). We have to verify that the canonical section
associated to D spans a B-stable line in Cox®(X). As O(X)*¢ ~ k*, every automorphism of Ox(D)*
preserving the G-linearization is given by the multiplication of sections by a non-zero constant. It follows
that the canonical section associated with D is, up to multiplication by a non-zero constant, the unique
global section of this G-linearized divisorial sheaf whose divisor of zeroes is D. Hence, this section is a
B-eigenvector.

Consider the maximal open subvariety V' C X on which the rational quotient 7 : X --» Pt by B defines
a morphism. By [16, I11.7.3.6], the complement of V' in X is of codimension > 2. Hence, there exists up to
isomorphism a unique divisorial sheaf 7 whose restriction to V' is isomorphic to 7r‘*v O]P:i (1). By hypothesis on
the Picard group of GG, we endow the sheaf F with a G-linearization, and consider the rigidified G-linearized
divisorial sheaf F* associated to F. After choosing homogeneous coordinates z,y on IP’}C, the sections 7r|*V (z)
and ﬂ'l*v(y) defining the morphism 7y, uniquely extend to global sections a,b € F*(X) which are B-semi-

invariant of the same weight. The pullback of Weil divisors on P}, is well-defined, this is just the usual
pullback of Cartier divisors

7 : WDiv(P}) — WDiv(X),p = [a: 8] = divx (Ba — ab).

As in the preceding section, consider a P(X)-stable open affine subvariety X given by the local structure
theorem. The complement of Xy in X is a finite union of prime B-stable divisors. On the other hand, 7 x,
is a geometric quotient by B whose schematic fibers are subvarieties of codimension one in Xy. We deduce
that schematic fibers of 7|y, in general position define B-stable prime divisors of X by taking closure. These
divisors are nothing but the prime divisors in the image of 7*.
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Definition 3.2.1. [31, 3] The prime divisors in the image of 7* are the parametric divisors. The finite set of
B-stable prime divisors that are not parametric is the set of exceptional divisors. For an exceptional divisor
E, the image of g is either dense or a point in P}. In this last case, the image point is called exceptional.

Notation 3.2.2. Let (z;);c; be the finite family of exceptional points with respective homogeneous coor-
dinates [o; : 5;], i € I. For all i € I, let (Ef)j be the finite family of exceptional divisors sent to z; by
7. Also, let (Ey)x be the finite family of exceptional divisors dominating P;. Finally, equip O(Ej") (resp.
O(E))) with arbitrary G-linearizations, let s;; (resp. si) denote the canonical sections associated with E7*
(resp. Ej) in the G-linearized sheaves O(E}") (resp. O(Ex)®), and let n;; denote the (integral) coefficient
of B in the divisor 7*(x;).

Theorem 3.2.3. Suppose that O(X)* ~ k*. Then Cox®(X)V is generated as a k|G]-algebra by the elements
a,b, (si5)ij, (sk)k. The ideal of relations contains the following identities

Bia — aib= N1, 537,
where for alli € I, )\; is a certain character of G. If moreover, the condition
() the common degree of the sections a,b is Z-torsion free in C1¢(X) x T
is satisfied, then the above relations generate the whole ideal.

Proof. We first prove that the elements a, b, (si;)ij, (k)1 generate Cox®(X)V as a k[G]-algebra. The divisor
of zeroes of a C1%(X) x T-homogeneous element s can be written as

divy(s) = Zij pijE;ci + 2k PeEr + 2 aDy,

where the D; are B-stable parametric divisors. We infer that s is associated, by mean of an homogeneous
unit, with an element

IL; fy” I1x si" [T, (via — wb)®,

where [u; : v;] is a homogeneous coordinate of the point 7(D;) € Pi. By virtue of 2.6.8, it follows that the
clements a, b, (si;)ij, (sk)r generate Cox®(X)V as k[G]-algebra.

By the same arguments, we see that the relations of the statement hold. Now suppose that the common
degree of a, b is Z-torsion free. We show that these relations generate the whole ideal. For this, consider an
arbitrary relation

HU ZLJ Hk kf(a b) +'qu_] ZI;J Hk sk g( ) e = 07

where f, g... are Z-homogeneous polynomials in two indeterminates (by assumption on torsion-freeness of the
degree of a,b), and A, y, ... are characters of G. We claim that by substituting relations from the statement,
one can transform a sum

M, fg” [1; 52" f(a,b) + p 1 3;1 [, si"9(a, ),

in an expression of the form VHU i T1j, siFh(a,b), where h is a Z-homogeneous polynomial in two in-
determinates, and v € G. Iterating this process, we obtain the trivial relation in a finite number of
steps which finishes the proof. We set A = A, st [, sv* f(a,b), and B = u[],; st T1, i g(a,b), then

ij zj ij ZJ
A/B € k(X)B = k(a/b). Taking the divisor of zeroes of A/B, we obtain an equation of the form

20 i B+ 2 peEr + divx (fala, b)) = 32 ai B + 3p awEr + divx (fB(a, b))

where f4 and fp are Z-homogeneous polynomials in two indeterminates. We see right away that py = qi
holds necessarily for all k, so that we can put in factor [], st* in A 4+ B. On the other hand, for each
exceptional point z; we get an equality

> (pij — 4ij) Ej* = divx (Bia — a;b)™, where [a; : fi] = ;.
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We deduce that p;; — q;; = din;; for all 4,j. We can suppose that d; > 0, so that p;; > g;; for all j. Hence
by using relations of the statement we write
Pij qij Pij—qij _ y—d; d; qij
isiy =1Lsg s 77 =N (Bia — a;b) Sis
This allows us to factor ] j sg;." in A+ B. Doing this for each exceptional point, we see that the remaining
factor is an homogeneous expression of the form

N f'(a,b) + 1'g'(a,b),

where N, )/ € G and f',¢ are Z-homogeneous polynomials in two indeterminates. We necessarily have
N =/, and deg f’ = deg ¢g’, whence the sought reduction. O

Proposition 3.2.4. The condition (%) is satisfied in the following situations
e X is smooth and complete,
e G =T isatorus and O(X)T ~k,
e X is almost homogeneous.

Proof. In the first situation, Pic®(X) is free of finite rank (3.1.7). Consequently, it suffices to check that
the common Pic®(X)-degree of a,b is non-trivial. This is verified because a, b are linearly independent and
O(X) ~ k.

In the second situation, suppose that there exists an integer n > 1 that kills the common degree of a, b.
Then, consider a non-empty T-stable open subvariety X equivariantly isomorphic to the product T x Z,
where T acts on itself by left multiplication, and Z is an open subvariety of Pi on which T acts trivially.
Restricting the homogeneous sections a, b to Xy, we have

a,b € Der(x) O2) [T]
a™, b € k, of CIT(X)-degree zero

Hence, we necessarily have a,b € k, in a certain CIT(X )-homogeneous component. This is a contradiction as
these two sections are linearly independent.

In the third situation, suppose again that there exists an integer n > 1 that kills the common degree of
a,b. Then we obtain a™, 0" € O(X)?, hence a”,b" € O(X)%. As G is connected, Cox” (X)€% is integrally
closed in Cox%(X), whence a,b € Cox®(X)S. But the homogeneous components of this last algebra are one
dimensional k-vector spaces (2.8.5), and a, b are linearly independent, a contradiction. O

Remark 3.2.5. In [2, Thm 4.4.1.6], Hausen and Siiss give a presentation by generators and relations of the
Cox ring of a normal rational T-variety of complexity one satisfying O(X) ~ k. In view of the preceding
proposition, Theorem 3.2.3 combined with 2.9.3 yields a similar presentation for the slightly more general
case of a normal rational T-variety of complexity one satisfying O(X)T ~ k.

3.3 Cox(X)Y as the Cox ring of a T-variety of complexity one

Let (X,z) a pointed normal rational G-variety of complexity one such that O(X)* ~ k*. Suppose
moreover that G has trivial Picard group, and that the condition () of 3.2.3 is satisfied, e.g. X is almost
homogeneous (3.2.4).

In [2, 3.4.2], are studied the finitely generated integral normal factorially graded k-algebras such that
the grading is effective, pointed, and of complexity one. Geometrically, these are the coordinate algebras
of normal affine varieties Z endowed with an effective action of a diagonalizable group I' such that Z is
I'-factorial, of complexity one under the action of I'°, and the invariant regular functions as well as the
invertible homogeneous regular functions on Z are constant. By [2, 4.4.2.3], an algebra satisfying these
conditions is up to graded isomorphism obtained by the
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Construction 3.3.1. [2, 3.4.2.1] Fix integers r € Zx1, m € Zxq, a sequence of integers ng, ...,n, € Z>1,
and let n := ng + ... + n,.. Consider as inputs

e A matrix A := [ay, ..., a,] with pairwise linearly independent column vectors ay, ..., a, € k2.

e An r x (n + m) block matrix Py = [L 0,.,], where L is an 7 x n matrix built from the n;-tuples
li = (li1y ooy lin;) € Z;“l, 0 <1 < r, called exponent vectors, as below

Now consider the polynomial algebra k[Tij7Sk}, where 0 < i <7, 1 <7< ng and 1 <k < m. For every
0 < i < r, define a monomial

li . lin ling
Th =Tl T

ang

whence the name "exponent vector". Denote .# the set of triples (i1, 42,43) with 0 < i; < iy < i3 <7, and
for all I € .#, consider the trinomial

l; L l;
11 2 3

gr := det [Tll Ly T, } .
Ajq Ay a,-s

We introduce a grading on k[T};, S| by the abelian group Ky := Z""™/Im(*Fy), where P, is the transpose
of Py. Let Qg : Z™"*™ — K, be the projection, and set

deg T3 := Qo(eij), and deg Sy, := Qo(ex),
where (e;;, ex) is the standard basis of Z"*™. Finally consider the Ko-graded k-algebra
R(A, Po) = k[Tij, Sk]/(91)1€.5-
Proposition 3.3.2. The k-algebra Cox(X)Y is isomorphic to an algebra R(A, Py) constructed as in 3.5.1.

Proof. Consider a presentation by generators and relations of Cox(X)Y as provided by 3.2.3 and 3.1.6.
Suppose first that X admits at least two exceptional points. Consider the algebra R(A, Py) built from the
following input data

e m is the number of exceptional divisors in X dominating ]P’,lv,

® ay,...,a, are homogemeous coordinates on P} of the exceptional points, and we can suppose that these
coordinates are of the form [1:0],[0: —1],[az2 : B2, ..., [ar : Br]s

e the matrix A is
1 0 a ... a

0 -1 B ... G|’

e for 0 <i<r, set
li = (TliJ’)j (notation of 323)

On the other hand, using the relations a = []; sg;j,
from our generating set of Cox(X)Y. We end up with the same number of generators as for the k-algebras
R(A, Py). The ideal of relations is generated by the following ones

o; [1; sg;'j - Bill; s?]“ =11, s?ji'j, i=2,..,T.

and b = Hj s?]“ given by 3.2.3, we can remove a,b
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With regard to the algebra R(A, Py), we have the identities

930 = Ytdeigk) — Qg (12, 3.4.2.4]),

where 0 < i < j <k <1< r,and a;; := det(a;, a;). From this, we infer that the trinomials g¢ 1), 2 <i <7
generate the ideal ((gr)rc.»). But these trinomials are, up to the change of variables T;; — s;;, the trinomials
appearing in relations listed above for Cox(X)Y. This finishes the proof in this case.

If X admits at most two exceptional points, then Cox(X)Y is a polynomial algebra. In this case we use
almost the same input data for R(A, Pp), except that we consider two column vectors ag,a; € k? which are
homogeneous coordinates of two distinct points in P, that contain all the exceptional points, and for the a;
which are not exceptional, we set I; := (1). O

Corollary 3.3.3. The spectrum of Cox(X)V is a complete intersection.

Proof. By [2, 3.4.2.3], the spectrum of any algebra R(A, Py) constructed as in 3.3.1 is a complete intersection,
whence the result. O

Corollary 3.3.4. The total coordinate space X has only constant invertible functions.

Proof. An invertible function f € Cox(X)* is U-invariant (|7, 4.1.6]). Thus, it is constant because any
algebra R(A, P) has only constant invertible functions ([2, 3.4.2.3]). O

Corollary 3.3.5. The k-algebra Cox(X)Y is the Cox ring of a normal variety of complexity one under a
torus action.

Proof. Proceeding as in [1, Prop. 5.1], we construct a normal affine rational variety of complexity one under
a torus action, whose Cox ring is Cox(X)Y. O

Remark 3.3.6. Following the proof of 3.3.2, the input data to be used in Construction 3.3.1 in order to
obtain Cox(X)Y can interpreted geometrically:

e m is the number of exceptional divisors in X dominating P},
e a, are homogemeo dinat P} of th tional point
0y wees Ay g us coordinates on P, of the exceptional points zo, ..., .

e the exponent vectors are the vectors formed by the multiplicities of the exceptional divisors in the
pullbacks 7*(z;), ¢ =0, ..., 7.

Remark 3.3.7. Consider the spectrum Y of an algebra R(A, Py) viewed as the total coordinate space of a
normal rational variety Y of complexity one under a torus action. The geometries of ¥ and Y highly depend
on the exponent vectors l;, ¢ = 0, ..., 7, involved in the equations. In [1], the study of singularities on Y leads
to the following notion that will be used later: a ring R(A, Py) is a Platonic ring either if r < 1, or if every
tuple (lpig, ---s Lri,.) 18 Platonic, i.e. after ordering it decreasingly, the first triple is one of the Platonic triples

(5737 2)7 (4’ 3) 2)7 (3’ 372)7 (x’ 2’ 2)7 (x7 y’ 1)7 z 2 y 2 17

and the remaining integers of the tuple equal one.

3.4 Log terminality in the total coordinate space

Let G be a connected reductive group. In this section, we characterize the log terminality of singularities
in the total coordinate spaces of almost homogeneous G-varieties of complexity < 1. One key ingredient is
a theorem of Braun (|5, Thm 3.1]) saying that a total coordinate space X is always 1-Gorenstein . Thus,
applying [23, 6.2.12, 6.2.15] yields the equivalence

X has log terminal singularities <= X has rational singularities.
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Proposition 3.4.1. Let X be a spherical G-variety with only constant invertible regular functions. Then,
the total coordinate space X has log terminal singularities.

Proof. The total coordinate space X is a spherical variety under a connected reductive group Gy X I"él( X)»

where G is a finite cover of G (see [2, Thm 4.2.3.2]). As spherical varieties have rational singularities ([32,
Thm. 15.20]), this completes the proof. O

Corollary 3.4.2. Let X be a Q-factorial projective spherical variety. Then X is of Fano type.
Proof. Apply [13, Thm 1.1] together with the last proposition. O

Now, we consider the total coordinate space of an almost homogeneous G-variety of complexity one, and
prove the

Theorem 3.4.3. Let X be an almost homogeneous G-variety of complexity one with only constant invertible
reqular functions. Then

X has log terminal singularities <= Cox(X)Y is a Platonic ring  (see 3.3.7).

The Cox ring of X is well defined and finitely generated (3.1.5). Moreover, up to replacing G by a
finite cover, we can suppose that Pic(G) = 0, and that Cox(X) is endowed with a compatible structure of
Cl(X)-graded G-algebra (see [2, Thm. 4.2.3.2]). We choose a Borel subgroup B, a maximal torus 7" in B,
and denote by U the unipotent part of B.

Proving that a spherical variety has rational singularities usually relies on a reduction to the toric case.
Similarly we are going to reduce to the case of a normal variety of complexity one under a torus action, and
use the following result of Arzhantsev, Braun, Hausen and Wrobel:

Theorem 3.4.4. [1, Thm. 1] Let Y be a normal affine Q-Gorenstein rational T-variety of complezity one
such that O(Y)T ~ k. Then Y has log terminal singularities if and only if its Cox ring is Platonic.

Consider the categorical quotient ¥ := Spec Cox(X)V of X by U. By [32, Thm. D.5|, Y is a normal
variety. Moreover, it is of complexity one under the induced action of the torus T := T X FOCI( X): Indeed, X
is almost homogeneous of complexity one under G' x FOCI( X):

Lemma 3.4.5. The variety Y satisfies the assumptions of Theorem 8.4.4. Moreover, it is 1-Gorenstein.

Proof. As X is almost homogeneous of complexity one under G x T’ OCI( X)» it is a rational variety (3.1.5).
Then, we have

k(PL) ~ k(X)B*Tac = k(X)UT = Frac(Cox(X)V)T = k(Y)T,
whence Y is a rational variety (for a proof of the second equality, proceed similarly as in [32, D.7]). By

the result of Braun again, Y is 1-Gorenstein because it can be viewed as a total coordinate space (3.3.5).
Finally, we verify that O(Y)T ~ k. We have identifications

O(Y)T ~ O(X)P* e ~ O(X)Paco ~ k[(r;);] a0,

where k[(r;);] is a polynomial k-subalgebra in the canonical sections associated to the G-stable prime divisors
in X. Indeed, because X is almost homogeneous, a G-fixed homogeneous element in Cox(X) is the product
of a monomial in the 7; with a homogeneous unit, and the homogeneous units are constant ([2, 1.5.2.5]). The
algebra k[(r;);] is C1(X)-graded, and any non-zero degree associated with a homogeneous element is torsion
free in CI(X). It follows that

k[(ro)i] €0 = k[(ri)ilo ~ k.
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By [32, Thm D.5], X has rational singularities if and only if Y do so. Using Theorem 3.4.4 together with
the above lemma yields

X has log terminal singularities <= Y has log terminal singularities

<= Cox(Y) is a Platonic ring.
To finish, we claim that
Cox(Y) is a Platonic ring <= Cox(X)V is a Platonic ring.

The algebra Cox(ff) is again of the form given by Construction 3.3.1, and the associated exponent vectors
have an explicit description in term of the ones associated with Cox(X)Y (see [20, 2.7]). Using this descrip-
tion, the claim is verified by means of an easy case by case check. This finishes the proof of the Theorem
3.4.3.

3.5 Iteration of (equivariant) Cox rings

In [1], Arzhantsev, Braun, Hausen and Wrobel introduced the notion of iteration of Cox rings: Let Z be a
normal variety with finitely generated Cox ring. If the total coordinate space Z has a non-trivial class group
and satisfies O(Z)* ~ k*, then it has a non-trivial well-defined Cox ring. If the latter is finitely generated,
we get a new total coordinate space Z®, and so on. This iteration process yields a sequence of Cox rings

which stops if only if one of the following cases occurs at some step:

e we obtain a total coordinate space whose Cox ring is not well defined (i.e. there exists n > 0 such that
C1(Z™) has a non-trivial torsion subgroup, and O(Z™)* % k*).

e we obtain a total coordinate space whose Cox ring is not finitely generated.
e we obtain a factorial total coordinate space (i.e. with trivial class group).

If we never fall in one of the cases above, Z is said to have infinite iteration of Cox rings. Otherwise, Z
is said to have finite iteration of Cox rings, and the last obtained Cox ring is the master Cox ring. Toric
varieties obviously admit finite iteration of Cox rings with a factorial master Cox ring in one step. More
generally, spherical varieties admit finite iteration of Cox rings with a factorial (finitely generated) master
Cox ring in at most two steps ([12, Thm 1.1]). In this section, we prove the finite iteration of Cox rings
in the complexity one case, assuming some technical condition (3.5.2). We use a similar approach as in [5],
namely we systematically decompose a diagonalizable torsor into a torsor by a torus followed by a torsor by
a finite diagonalizable group, and use the fact that characteristic spaces are preserved by torsors under tori
(2.10.1).

The above definitions have obvious analogues in the equivariant setting. We then speak of iteration of
equivariant Cox rings. For a variety X endowed with an action of an algebraic group G, we denote XG0 the
ith G-equivariant characteristic space (if it exists), and X the ith G-equivariant total coordinate space.
The next theorem establishes the finiteness of iteration of equivariant Cox rings for almost homogeneous
varieties under a connected reductive algebraic group. This yields in particular the finiteness of iteration of
Cox rings for almost homogeneous varieties under a semisimple algebraic group (2.3.4).

Theorem 3.5.1. Let G be a connected reductive group and X be an almost homogeneous G-variety of
complezity one. Then X admits finite iteration of equivariant Cox rings. Moreover, each equivariant Cox ring
occuring in the sequence is the Cox ring of a complexity one almost homogeneous G-variety. In particular,
the equivariant master Cox ring is finitely generated and factorial.

Proof. We can suppose that X is a smooth G-variety, up to replacing it by its smooth locus. By 3.1.4 and
3.1.5, the G-equivariant characteristic space X exists and ¢; : X¢ — X is a G-equivariant I'pice (x)-torsor.
Consider the exact sequence of abelian groups
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0 — Pic®(X)or — Pic%(X) = M — 0,
where PicG(X )tor denotes the torsion part of PicG(X ). This defines a factorization

X6 9y xr Iy x

of ¢; into G-equivariant diagonalizable torsors. In particular, g; is a torsor under a torus, and f; is a torsor
under a finite diagonalizable group. Denote H the stabilizer of a base point in the open G-orbit of X. Then
X is a normal G/H-embedding, and we denote Dy, ..., D, the G-stable prime divisors lying in X \ G/H.
Using the exact sequence (3) applied to the restrlctlon Pic®(X) — Pic®(G/H), we infer that the group
Pic%(X)ior embeds in Pic®(G/H) ~ H. Let H, be the intersection of the kernels of the characters of H

corresponding to elements of Pic® (X)tor- This is a normal subgroup of H, and Pic® (X)tor = H//E under
the above embedding. Then G/H; — G/H is a diagonalizable torsor under the group H/H;, and G/H;
identifies with the G-open orbit in X’. Because X' is an almost homogeneous G-variety of complexity one,
it has a well defined G-equivariant characteristic space. Proposition 2.8.5 guarantees that O(X GG~ |,
thus we can apply 2.10.1 in order to obtain that XGC has also a well defined G-equivariant characteristic
space which coincides with that of X’. This construction can be iterated so that we obtain a commutative

G/Hy — X' —— XG  y XG.(2
G/H, X/ X6

| fl/

G/H — X

Moreover, as each H;, i > 1 is necessarily of finite index in H, it follows that this construction gives rise to
a descending sequence (H;);>1 of subgroups of H, all of which containing the neutral component H°. Thus,
this sequence is constant after a certain rank. As a consequence X admits finite iteration of equivariant Cox
rings with a finitely generated factorial equivariant master Cox ring. O

Let G be a connected reductive algebraic group, and X be a normal rational G-variety of complexity one
satisfying the condition

(C) : X and each of its iterated characteristic spaces have only constant invertible functions.

By adapting the argument in the last proof, we show in Theorem 3.5.2 that X admits finite iteration of
Cox rings. The condition (C) guarantees that X has well defined iterated Cox rings, and is satisfied in the
following situations

o O(X)~k (e.g. X is complete).
e X is a quasicone.
e O(X)* ~k*, and X is almost homogeneous.
e G =Tisa torus, O(X)* ~ k*, and O(X)T ~ k.
Indeed, for the first two cases, apply [5, 4.4], and for the remaining cases, use repeatedly 3.3.4.

Theorem 3.5.2. Let G be a connected reductive group, and X be a normal rational G-variety of complexity
one satisfying condition (C). Then, X admits finite iteration of Cox rings with well defined iterated Cox
rings. If moreover X is almost homogeneous, then the master Cox ring is factorial and finitely generated.
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Proof. Up to replacing X by its smooth locus, we can suppose that X is smooth as this doesn’t affect the
assumptions and the iteration of Cox rings. By virtue of the condition (C) and 3.1.3, the iteration stops at
the step n > 0 if and only if

either X (™ is not rational, or X (™ is factorial.

To begin with, let us examine the first iteration in detail. We can suppose that Pic(X) has a non-trivial
torsion subgroup, as otherwise X is factorial and iteration stops (|2, 1.4.1.5]). Consider the diagonalizable
torsor f1 : X’ — X associated to the inclusion morphism Pic(X)ior < Pic(X) (2.4.5). Also, consider the
exact sequence of abelian groups

0 — Pic(X)tor — Pic(X) - M — 0.
This defines a factorization
X x by x
of the characteristic space q; : X — X into diagonalizable torsors. In particular, g; is a torsor under the
torus I'pz, and f; is a torsor under the finite diagonalizable group I'; with character group Pic(X )ior. In fact
we can suppose, up to replacing G by a connected finite cover, that f1, g1 are a G-equivariant diagonalizable

torsors ([2, 4.2.3.2]). Also, we can suppose that X’ is rational, otherwise X is not rational and iteration
stops. Then, there is a commutative diagram

X' --Ts pl
J{fl ltpl
X --T2-5 P},

where the 7; are the respective rational quotients by B, and ¢; is a geometric quotient by I';. Notice that
the m; are defined at every codimension 1 point. Let I'; .g be the quotient of I'; by the kernel of the I';-action
on IF’}C, and d :=| I'y e |- The locus where I'1 o acts freely is non-empty open, ¢y is étale at each point of
this locus and ramified at each point of its complement. Let  be a point in P}, and consider the pullback

N
(@) = D nis B, (6)
=1

where the E are pairwise distinct B-stable prime divisors in X, and n; ; € Z~g, ¢ = 1, ..., IN,. Inspired by
Construction 3.3.1, the vector (n;)i=1,..n, is called the ezxponent vector associated with z. On the other
hand, consider the set theoretic fiber ;! (x) = {2}, ..., z; }. Then, we have

i (x) = lgm/l—i-—&—lﬁxfz (7)
Indeed, the ramification indices associated to the x},, k =1, ..., [, are equal and their sum is d since the finite
extension of fields of rational functions defined by ¢ is Galois of degree d. By definition, ¢, is ramified over
x if and only if d/l, > 1. Now we compute the pullbacks 77 (z},). Since f; is étale, there are no multiplicities
for the prime divisors occuring in f{(E¥). Moreover, denoting ¥, ; the set of prime divisors occuring in the
support of f;(E?), the morphism 71 induces an equivariant map of transitive I'y-sets

Y. — {af, ,LEEI}
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It follows that we have f{(E¥) = Zt:l(Ef’“l + o + B[, where the Ef“ are pairwise distinct B-
stable prime divisors in X’ which are respectively sent to zj, by 71, and m, is the cardinality of the orbit

Stabr, (3:’1)ECE;cl Using the commutativity of the above square and the formulas (6) and (7), we obtain

i

Ny

* T x )1 ), my

m(eh) = D0 g B e B, ®)
=1

It follows from this computation that if ¢; is ramified over z, then it is an exceptional point, and the
coordinates of the associated exponent vector have a non-trivial greatest common divisor. We call primitive
an exponent vector whose coordinates have a trivial greatest common divisor. By the above formula, the
exponent vectors associated to the points zj, lying in the fiber cpfl(x) are equal to each other. Also, if
the exponent vector associated with x is primitive, then the exponent vectors associated with the points
x}, are also primitive. The idea of the proof is roughly to observe that there is a finite number of non-
primitive exponent vectors, and that this number decreases along the iteration process (up to identifying
equal exponent vectors). Then, assuming infinite iteration Cox rings easily yields a contradiction. We now
give the details

Thanks to condition (C) and Proposition 2.10.1, the above construction can be iterated together with
the iteration of Cox rings. At the nth step of the iteration of Cox rings, we obtain a diagram

X' Iy Soxe) Py N
i”n 371'2 i7r1 i”TO

1 Pn ¥3 1 P2 1 P1 1
Pi Pk PL P;,

where X' and X @ have the common characteristic space X (+1) (¢ =1,...,n), and the f; are G-equivariant
I';-torsors (I'; := Pic(X'0—1)., i =1,...,n—1). Here, the I'; must be non-trivial because otherwise iteration
would stop before the nth step. Notice that for the torsors f; to be G-equivariant, we have possibly replaced
G by the choice of a finite cover, however the morphisms in the above diagram don’t depend on this choice.
By repeatedly applying Lemmas 3.5.3 and 3.5.4 below, we obtain respectively the following facts:

e The morphisms ¢; are ramified for i = 1,...,n — 1.

e The composition F,, := fy o...0 f,,_1 o f, is a G-equivariant torsor under the action of a finite group
S,. Moreover, the actions of S,, and G commute.

In particular, F;, is finite étale and ®,, := @7 0...0 p,,_1 0 @, is a geometric quotient by S,,. Now, in view of
the commutativity of the diagram

v o

o 1
X - > Py,

the exponent vector associated with a point in a fiber @, !(z) can be obtained by using the same computation
as the one leading to formula (8). It follows that the exponent vectors associated to points in a common
fiber @, 1(x) are equal to each other. We say that two exponent vectors are equivalent if they are associated
with points in a common fiber @1 (z), this defines an equivalence relation. Consider the exceptional points
L1y, Ty € Pi associated with my and such that each associated exponent vector is not primitive. Let u,
be the number of classes of non-primitive exponent vectors defined by pullbacks of points of PL by m,. We
have ug = r and (uy,),, is clearly decreasing with values in N. Suppose by contradiction that we have infinite
iteration of Cox rings, which implies that u,, is defined for all n € N. Then, this sequence clearly admits a
limit I > 0. We cannot have | = 0 because there would exist an integer n > 0 such that ,, is unramified.
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Thus, there is an exceptional point z, 1 < k < 7, for which the greatest common divisor of the coordinates
of the associated exponent vector is unbounded, a contradiction.

To finish the proof of the finiteness of the iteration of Cox rings, we now give the two lemmas mentionned
above:

Lemma 3.5.3. Suppose that o1 is not ramified. Then @1 is the identity of ]P’,lﬁ, Moreover, X' and X have
torsion-free Picard groups.

Proof. If o1 is not ramified, it is a finite surjective étale morphism, whence an isomorphism since IP’,IC is simply
connected. This means that I'; acts trivially on P, thus ¢ = Idpi. For the second statement, we show first

that the torsion freeness of Pic(X) implies the torsion freeness of Pic(X’). Using condition (C), the exact
sequence (1) applied to X viewed as a I"j/-variety gives
0 — M — Pic!™ (X) — Pic(X) — 0.

This exact sequence guarantees that the torsion subgroup of Pict'™ (X ) embeds in that of Pic(X ). To finish,
we have an isomorphism Picf”f (X) ~ Pic(X’) (2.5.2).
Now we prove that Pic(X) is torsion free. By hypothesis, we have a commutative triangle

X’
L‘\\ &
1 ~
oy \\A
0 1
X -T2 Pl

and we claim that all but a finite number of B-stable prime divisors E in X satisfy f;(E) = E’ where E’
is a B x I';-stable prime divisor in X’. Indeed, it suffices to consider an affine B-stable open subvariety
Xo C X as in the paragraph after Corollary 3.1.2 and the geometric quotient Xo — Cy C Pk by B induced
by the restriction of my. Then 7 also induces a geometric quotient f; 1(XO) — Cp by B. For all z € Cy, the
pullbacks 7 (z) = E* and 7} (x) = E'® are B-stable prime divisors. It follows that the support of fi(E®)
is E'* and there is no multiplicity as f; is étale. As all but a finite number of B-stable prime divisors in X
are pullbacks of points of Cy, the claim follows. Now, because g; is a torsor under a torus, we conclude that
for all but a finite number of B-stable prime divisors F in X, we have the property

¢i(E) = E, where E is a B x T'j-stable prime divisor in X.

For any prime divisor £ in X, we have ¢j (E) = div(sg), where we view the canonical section sg associated
with E as a regular function on X. Hence, all but a finite number of B x I'p-stable prime divisors in X
are principal. Let {Fy,..., E.} be the finite set of B-stable prime divisors in X not satisfying the above
property. We have div(sg,) = ¢} (E;) = E} + ... + EY where the EF are B x I'j-stable prime divisors in X
(1 € k <;). Consider the B x I'y/-stable open subvariety X, C X obtained by removing the supports of
the ¢f(E;), i = 1,...,7. The exact sequence (2) reads

0= O(Xo)* = @, , ZEF — Pic(X) — Pic(Xy) = 0.

Indeed, all the B x I'p;-stable prime divisors in X, are principal whence Pic(XO) = 0. Up to multiplication
by a non-zero constant, the units of O(XO)Aare Laurent monomials in the canonical sections sg,, i =1,...,r
Hence, the cokernel of the morphism O(Xy)* — @, kZEfC is a torsion-free abelian group isomorphic to

Pic(X). O

Lemma 3.5.4. Consider as above the G-equivariant diagonalizable T'i-torsor f1 : X' — X. Suppose that
there is a G-equivariant torsor fo : X — Y wunder a finite group Sy such that the actions of G and Sy
commute. Then Fy = fgo f1 is a torsor under a finite group S1 which is an extension of Sy by I'y.
Moreover, Fy is G-equivariant and the respective actions of S1 and G on X' commute.
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Proof. We adapt the arguments of [2, 4.2.4.1]. Let Nayy(x)(I'1) be the normalizer of I'; viewed as a subgroup
of Aut(X’), and ® € Nayyx)(I'1). Then, f1®: X’ — X is a I';-invariant morphism, whence the existence
of a morphism ¢ such that following diagram commutes

X 25 X/

]

X 5 X.

It is readily checked that ¢ € Aut(X), and that the map f : Nauyx)(I'1) = Aut(X),® — ¢ is a group
morphism. We show that this morphism is surjective. Consider an automorphism ¢ € Aut(X), and let ¢* X’
denote the pullback of X’ along ¢. This defines an isomorphism u : ¢*X’ — X. Moreover, the structural
morphism ¢*X’ — X is a I';-torsor which has the same type (2.5.7) as f; up to an automorphism of I,.
Indeed, the pullback by ¢ induces an automorphism of Pic(X )ior = fl. It follows from this last fact and
2.5.9 that there exists an isomorphism v : X’ — ¢*X’ over X compatible with the I';-action (here we used
that O(X)* ~ k*). Summarizing, we obtain a commutative diagram

v u

s o X X’

\l f1

X —“ X,

where uv € Npyy(x)(I'1) and B(uv) = ¢, which proves the surjectivity. The kernel of 3 consists of the
elements of Npyu¢(x/)(I'1) which are automorphisms of X’ viewed as a variety over X. Obviously, Kerj3
contains I';. Conversely, any element v € Ker 8 induces an automorphism of the field of rational functions
k(X') viewed as a k(X )-algebra. As the extension k(X) — k(X’) is Galois with Galois group I';, we conclude
that ker 5 = I';. We have obtained an exact sequence of groups (see also [27, Proposition 2.1])

15Ty = Nawexn(T1) 2 Aut(X) - 1.

Let S7 be the preimage of Sy C Aut(X) by . This is a finite group acting on X’ which is an extension of
So by I'1. Also, it is directly checked that the quotient of X’ by S; exists and is a torsor which identifies
with the morphism F}.

It remains to prove that the actions of G and S; commute. Let s; € S1(k), g € G(k), x € X(k). Then
we have

fis19s7 971 (2) = sogsy g fi(z) = filz),

where sq := B(s1). It follows that sygs;'g~" € I';(k), whence a continuous map G(k) — T';(k) taking an
element to its commutator with s;. Because G is connected, this map is constant. Taking its value at eq,
we conclude that the actions of G and S; commute. O

We finally have to prove the last claim of the theorem. By construction, the G-varieties X (@) are of
complexity one. They are moreover almost homogeneous if X is so. The claim follows from this observation
and 3.1.4, 3.1.5. O

Remark 3.5.5. There exists a normal rational G,,-variety of complexity one with only constant regular
functions, such that the master Cox ring is not finitely generated. Consider indeed the two normal affine
rational G,,-surfaces defined by the Q-divisors

Dy := 1[0 + 4[1] + 1[oc], and Dy := —3[0] — 3[1] -

on P} (see [11]). It is easy to verify that these two surfaces glue to a G,,-surface X with only constant
regular functions. The exponent vectors defined by the rational quotient X --» ]P’l by G, are (3,3), (3,3),
(3,3). Hence, X is not rational in view of the criterion [1, 5.8]. This implies that Cox(X ) is not finitely
generated.
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Remark 3.5.6. Let G be a connected reductive group, and X be a normal rational G-variety of complexity
one satisfying the condition

(C%) : O(XG )G ~ k* for i > 0.

For instance, a normal rational G-variety of complexity one satisfies (C¢) if it is complete, or a quasicone, or
almost homogeneous. The Theorem 3.5.2 has an obvious equivariant analogue in this setting and its proof
adapts as well. More precisely, we obtain that X admits finite iteration of G-equivariant Cox rings, with well
defined G-equivariant iterated Cox rings. The proof is in fact easier as the iterated equivariant characteristic
spaces are canonically endowed with a G-action.
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