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Abstract

As a formulation of ‘codimension-two arguments’ in invariant the-
ory, we define a (rational) almost principal bundle. It is a principal
bundle off closed subsets of codimension two or more. We discuss
the behavior of the category of reflexive modules over locally Krull
schemes, the category of the coherent sheaves which satisfy Serre’s con-
dition (S%) over Noetherian (S2) schemes with dualizing complexes,
the class group, the canonical module, the Frobenius pushforwards,
and global F-regularity, of a rational almost principal bundle. We
give examples of finite group schemes, multisection rings, surjectively
graded rings, and determinantal rings, and give unified treatment and
new proofs to known results in invariant theory, algebraic geometry,
and commutative algebra, and generalize some of them. In particular,
we generalize the result on the canonical module of the multisection
ring of a sequence of divisors by Kurano and the author. We also give
a new proof of a generalization of Thomsen’s result on the Frobenius
pushforwards of the structure sheaf of a toric variety.
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0. Introduction

(0.1) This paper is a continuation of [Has9] and [Has11].

(0.2) Let k be afield, and G an algebraic group scheme over k. In geometric
invariant theory, categorical quotients, geometric quotients, and principal
fiber bundles play important roles. Among them, principal fiber bundles
behave well with respect to quasi-coherent sheaves, and they are interesting
from the viewpoint of algebraic invariant theory. Grothendieck’s descent
theorem tells us that if v : X — Y is a principal G-bundle, then ¢* :
Qch(Y) — Qch(G, X) is an equivalence of categories, see [Has9, (3.13)].
This fact has played central role in our treatment of equivariant class groups
and Picard groups in [Has9] and [Has11].

(0.3) A G-invariant morphism ¢ : X — Y is said to be an algebraic quo-
tient (or an affine quotient) by G if it is an affine morphism, and the canonical
map Oy — (p.0x)% is an isomorphism. If B is a G-algebra (a k-algebra
on which G-acts), then the canonical map ¢ : X = Spec B — Spec B¢ =Y
is an algebraic quotient. It is the central object in algebraic invariant the-
ory. This is not even a categorical quotient in general (see Example 10.14),
and it seems that imposing geometric conditions should yield a good class of
algebraic quotients. However, the algebraic quotient ¢ is rarely a principal
G-bundle. For example, if B = k[xy, ..., z,] is a polynomial ring and G acts
on B linearly, then the origin is the fixed point, and hence ¢ is not a principal
G-bundle unless G is the trivial group.

(0.4) However, when we remove closed subsets of codimension two or more
both from X and Y, sometimes the remaining part is a principal bundle,
and this is sometimes useful enough in invariant theory. We define that the
diagram of G-schemes

(1) X<ioy-Leycloy

is a rational almost principal G-bundle if G acts on V and Y trivially, ¢
and j are open immersions, codimy (Y \ j(V)) > 2, codimy (X \ ¢(U)) > 2,
and p : U — V is a principal G-bundle (cf. Definition 10.2). The name
‘rational’ comes from the fact that X - >Y 1is a rational map. A G-
invariant morphism ¢ : X — Y is called an almost principal G-bundle if
there exist some U C X and V C Y such that (1) is a rational almost



principal G-bundle, where ¢ and j are inclusions, and p is the restriction of
¢ (cf. Definition 10.3).

(0.5) If X and Y are locally Noetherian and normal, then the categories
of reflexive modules Ref(V) and Ref(Y) are equivalent under the equiva-
lences j, and j*. Similarly, the categories of G-equivariant reflexive modules
Ref(G,U) and Ref(G, X) are equivalent under the functors i, and ¢*. Finally,
by Grothendieck’s descent theorem, Ref(V') and Ref(G, U) are equivalent un-
der the equivalences p* and (?7)% o p,. Combining them, we have that Ref(Y")
and Ref(G, X) are equivalent under the equivalences i,p*j* and (?)%j,p.i*
(note that (?)%j, and j,(?)¢ are equivalent) (cf. Theorem 11.2). This is the
main observation of this paper.

(0.6) The first purpose of this paper is to show that properties of X and
those of Y are deeply connected, and we can get information of Y from that
on the action of G on X, and vice versa.

(0.7) This kind of argument, sometimes called codimension-two argument,
is not new here. We give one example which shows that our construction is
a generalization of a very important notion in invariant theory.

Let G be a finite group acting on a variety X over a field k. Then for
g € G, we define X, := {r € X | gr = z}. If codimx X, = 1, then we say
that g is a pseudoreflection. If ¢ : X — Y is an algebraic quotient by GG, then
we have that ¢ is an almost principal G-bundle if and only if the action of G
is small, that is, G does not have a pseudoreflection (Proposition 14.8). We
will show that some of the known important results on the invariant subrings
under the action of finite groups without pseudoreflections can be generalized
to the results on (rational) almost principal bundles.

(0.8) The second purpose of this paper is to show that (rational) almost
principal bundles are so ubiquitous in invariant theory, algebraic geometry,
and commutative algebra. As an application, we give new and short proofs
to various known results. Some of them are generalized using our approach.

(0.9) In what follows, we list the results on the first purpose, that is, the
general results on the comparison of properties of X and Y, for a rational
almost principal G-bundle (1). These are proved in Chapter 1 (sections 10—
13).

For simplicity, in the following list, we assume that X and Y are normal
varieties over an algebraically closed base field k.
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(0.10) Ref(Y) and Ref(G, X) are equivalent, as we mentioned.

(0.11) CLY) = CI(G, X) (Theorem 11.2). This is a consequence of the
equivalence Ref(Y) = Ref(G, X). This result has essential overlap with the
work of Waterhouse [Wat2, Theorem 4] in the affine case. Our approach also
enables us to establish an exact sequence

0 = Ha,(G,0%) = CL(Y) = CI(X)° — HZ,(G,0%),

see Theorem 11.5. The proof depends on the corresponding exact sequence
for the Picard groups developed in [Has9).

(0.12) Let wy be the canonical module of Y, and wx be the G-canonical
module of X. Then wy ¥ i,p*j*wx @ Of, and wy = (jup.i*wx)® @4 Og,
where O = O, is a certain one-dimensional representation of G' determined
only by G (Theorem 11.18). If G is smooth, then O = A*P LieG. If G is
connected reductive or abelian, then O is trivial. This kind of relationship
between wy and wy can be found in the work of Knop [Knp] on an action of
an algebraic group over an algebraically closed field of characteristic zero. See
also [Pes]. As we also work over characteristic p > 0 and treat non-reduced
group schemes too, the description of wy and ©g depends on the theory of
equivariant twisted inverse developed in [Hasb).

Although the situation is different, ©4 plays a similar role as the differ-
ential character (or different character) X; ', (in the notation of [FIW], where
X = Spec B and Y = Spec A) played in the study of finite group actions in
[Bro] and [FIW]. In the case that the group G is étale, X = Spec B and Y are
affine, and ¢ : X — Y is an almost principal G-bundle with B a UFD, where
our settings overlap with theirs, O = X;}A is trivial (this case is treated in
[Bra]). In these papers, the assumption that B is a UFD (or a polynomial
ring) was important in order to make the different module Dg /4 rank-one
free. We are free from the assumption that B is a UFD, and we can treat
higher dimensional and non-reduced group schemes.

(0.13) Let the characteristic of k be p > 0. If M € Ref(G, X), then the
Frobenius pushforward F¢(°M) also lies in Ref(G, X), see for the notation,
section 8. This simple observation suggests that (rational) almost principal
bundles are useful in studying Frobenius pushforwards and related properties
and invariants of algebraic varieties in characteristic p > 0. Let N' € Ref(Y)
corresponds to M € Ref(G, X) under the equivalence Ref(Y') = Ref(G, X)
above, and e > 1. If G is k-smooth, then the Frobenius pushforward F¢(°N\)
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corresponds to the invariance (F¢(°M))%, where G. is the eth Frobenius
kernel of G (Theorem 12.6). If G is a finite group, then G, is trivial. Ap-
plying this result, Nakajima and the author recently gave a description of
the generalized F-signatures of maximal Cohen—Macaulay modules over the
invariant subrings under the action of finite groups without pseudoreflections
[HasN].

(0.14) Using the correspondence in (0.13) of Frobenius pushforwards, we
get information on the direct-sum decomposition of the Frobenius pushfor-
wards F¢(°Oy) from the information of the decomposition of (F¢(¢Ox))%.
The author expects that this observation will be useful in studying the prob-
lem of finite F-representation type defined by Smith and van den Bergh
[SmVdB|. As an application, we will give a short proof of a generalization of
Thomsen’s result [Tho| on the decomposition of Frobenius pushforwards of
the structure sheaf of toric varieties (Theorem 16.4).

(0.15) Another related result on Frobenius maps is the heredity of global
F-regularity. We say that an integral Noetherian F)-scheme X is globally F-
regular if for any invertible sheaf £ on X and any nonzero section s : Ox — L
of L, there exists some e > 1 such that sF°: Oy« — L splits as an Ox()-
linear map. This was defined by Smith [Smi] for projective varieties, and
this definition is its obvious extension. She applied this notion to prove a
vanishing theorem on a GIT quotient of a complex Fano variety with rational
Gorenstein singularities. We prove that when G is linearly reductive and both
X and Y have ample invertible sheaves, X is globally F-regular if and only
if Y is globally F-regular. Note that as we work over characteristic p > 0,
if GG is affine and linearly reductive, then the identity component G° of G is
diagonalizable [Swe2], and G/G° is a finite group whose order is not divisible
by the characteristic of k.
This is the end of the list of our general results.

(0.16) Some of the results above are proved under more general settings,
see the text. We tried to study not only smooth algebraic groups but also
non-reduced group schemes, as long as possible. In fact, our base scheme
S is basically general, and our group scheme G is basically general, except
that it is almost always assumed to be flat. Some additional assumptions are
added case-by-case.

When we consider a torus action, our main construction has some applica-
tions to algebraic geometry and commutative algebra (sections 15-17). For a



finitely generated torsion-free abelian group A = Z*, a ring B with the action
of the torus G = Spec ZA is nothing but a A-graded ring. Then the Veronese
subring Br with respect to a subgroup I' C A is nothing but BY, where N
is the diagonalizable group scheme Spec Z(A/I'). If the characteristic of the
base field k is p > 0 and A/T" has a p-torsion, this is a non-reduced group
scheme. So the invariant theory of non-reduced group schemes arises natu-
rally in algebraic geometry and commutative algebra in characteristic p > 0.
As an application of our main construction, we give a characterization of a
standard graded k-algebra B of dimension greater than or equal to two whose
Veronese subalgebra Bz is quasi-Gorenstein (Proposition 17.9). Although
their (seeming) statement was a little bit weaker, Goto and K.-i. Watanabe
[GW, (3.2.1)] already proved it (exactly the same proof works).

Recently, the author gave a classification of the linearly reductive finite
subgroup schemes of SL, [Has10]. This enables us to write any complete
local F-rational Gorenstein ring of dimension two over an algebraically closed
field of positive characteristic as an invariant subring of such a subgroup
scheme. This has known to be true for sufficiently large characteristic, but
now the bad characteristics have also be covered, using non-reduced group
schemes. In this paper, we define the smallness of the action of a group
scheme, generalizing the action of finite groups without pseudoreflections,
and show that the canonical action of a linearly reductive finite subgroup
scheme of SL,, on k[[xy,...,z,]] is small (Proposition 17.14). Applying the
general results listed above to the action of SLy on k[[z, y]], we get some basic
and known results on the two-dimensional F-rational Gorenstein singularities
(such as finite representation type property), see Theorem 17.17.

The author expects that the generalization from groups to group schemes
will give interesting new aspects to invariant theory.

(0.17) The codimension-two argument on reflexive sheaves works comfort-
ably on Noetherian normal schemes. However, as applications to commu-
tative algebra are important motivations, we mainly work on locally Krull
schemes when we discuss class groups, as in [Has9] and [Hasll]. A gen-
eralization to different direction is the coherent sheaves M which satisfy
Serre’s (S3) condition (that is, depthy, M, > min(2,dim Oz,) for z € Z)
on a quasi-normal locally Noetherian scheme Z. Quasi-normality is a notion
which generalizes a normal scheme (a little bit more generally, schemes which
satisfy (T7) + (S2) ((71) is ‘Gorenstein in codimension one,’ it is also written
as (G1) by some authors. Our notation is after [GM])) and a locally equidi-



mensional scheme with a dualizing complex simultaneously, see (7.36). In
particular, we generalize [Hart4, (1.12)]. A quasi-Gorenstein locally Noethe-
rian scheme is quasi-normal, and the generalization to this direction is used
to reprove the theorem of Goto—Watanabe mentioned in (0.16).

(0.18) As in [Hasll], instead of working on a single group scheme G, we
mostly work on a short exact sequence

1%N—>GL>H—>1

of group schemes. That is, f : G — H is a qfpqc homomorphism of group
schemes, and N = Ker f. For qfpqc morphisms, see [Hasl1, section 2]. We
say that a rational almost principal N-bundle (1) is G-enriched if it is also a
diagram of G-morphisms.

For example, let B = k[z1,...,x,] be a polynomial ring over a field k,
and N a finite subgroup of GL, without pseudoreflection, acting on X =
Spec B in a natural way. Let H = G,, be the one-dimensional torus, and
G = N x H. As the action of N on B preserves grading, G acts on B.
As the inclusion A < B preserves grading, the almost principal N-bundle
¢ : X = Spec B — Spec BN =Y is G-enriched. By our general result,
©* : Ref(H,Y) — Ref(G, X) is an equivalence whose quasi-inverse is (?)" o,
(Theorem 11.2). Note that Ref(H,Y") is the category of graded reflexive
Oy-modules, and Ref(G, X) is the category of graded reflexive (N,Ox)-
modules. So the auxiliary action of H gives us the graded version of the
invariant theory.

Another example of an auxiliary action is that of Galois groups. Let k be
a field, N; an étale k-group scheme, and ¢ : X — Y an almost principal N;-
bundle. Let &’ be a finite Galois extension of k£ with the Galois group H such
that the base change k¥’ ®; N; is a constant finite group N (such &' always
exists). Then H acts on N by group automorphisms, and we can define the
semidirect product G := N x H, and the base change ¢’ : X’ — Y, where
the base field is still k, not £/, is a G-enriched almost principal N-bundle
(H-equivariant almost principal N-bundle). Even if the original N; is not
constant, G and H are constant finite groups, and we can utilize the usual
group theory to study ¢'.

Yet another example can be found in the study of the Cox rings of toric
varieties, see Proposition 16.1. See also Lemma 15.36.



(0.19) In Chapter 2 (sections 14-18), we show various examples of (ratio-
nal) almost principal bundles and give applications.

(0.20) The first example is the finite group schemes. As we have men-
tioned, an action of a finite group G on an affine algebraic variety X = Spec B
yields an almost principal G-bundle ¢ : X = Spec B — Spec B =Y if and
only if the action is small (that is, G does not have a pseudoreflection). For
a general finite group scheme action, we defined the smallness of the action
via the largeness of the free locus of the action, see (14.1). The author does
not know how to redefine the smallness using the non-existence of pseudore-
flections for general finite subgroup schemes of GL,,, see Remark 17.15.

We call a group scheme h : G — S on a scheme S is locally finite free (LFF
for short) if it is finite and the structure sheaf h,Og is a locally free sheaf
on S. We work on LFF group schemes (as a generalization of finite group
schemes over a field), and prove that an algebraic quotient ¢ : X = Spec B —
Y = Spec B¢ is an almost principal G-bundle if and only if the action is small
(Proposition 14.8). Thus we know that the action of a finite group G without
pseudoreflection on an affine variety yields an almost principal G-bundle, as
we have already mentioned. This fact is also useful in finding examples of
(rational) almost principal bundles with respect to non-reduced finite group
schemes in (0.16).

As an application, assuming that X satisfies the (S3) condition, we give
a characterization of an algebraic quotient ¢ : X — Y by the action of an
LFF group scheme G such that Y is (connected Noetherian with a dualizing
complex and) quasi-Gorenstein (Theorem 14.24, 6). If, moreover, G is étale;
abelian group scheme over a field; or a linearly reductive group scheme over
a field (more generally, a Reynolds group scheme over S, see below), then we
have a very simple relationship: wy = (p.wx ). If, moreover, X is normal,
then we have wy = (¢*wy )™ (Theorem 14.24, 4). When the group scheme
is étale, there are considerable overlaps with the results of [Pes|, [Bro], [Bral,
and [FIW].

Also, well-known formula for the class group of A is generalized to the
action of non-reduced finite group schemes, see Example 14.28.

We point out that if the base scheme S, the group scheme G, and the
scheme X = Spec B are affine, to say that ¢ : X = Spec B — Spec BY is an
almost principal G bundle is the same as to say that B¢ — B is a pseudo-
Galois extension in the sense of Waterhouse [Wat] by definition. His study
on the class group is applicable to finite group schemes also, and our work



has many overlaps with his.

(0.21) Next example is a rational almost principal G-bundle arising from
a sequence of divisors Dy, ..., D over a Noetherian normal variety (more
generally, a quasi-compact quasi-separated locally Krull integral scheme) Y,
where G is the torus GJ,, and we assume that ) . ZD, contains an ample

m?

Cartier divisor. Let j : V = Y, — Y be the regular locus of Y (for
simplicity, assume that Y is Noetherian), and let

p: U =Spec (B Oy(> XDy -t*) =V
AEZS i
be the canonical map. Also, let
X = Spec (U, Oy) = Spec(P T'(Y, Oy (D> ADy)) - 1Y),
AEZS i

and ¢ : U — X be the canonical map. Then

X<ty Loy ley

is a rational almost principal G-bundle (Theorem 15.28). No map is defined
from X to Y here, and this gives an example of a rational almost principal
bundle which is not an almost principal bundle. This construction already
essentially appeared in [HasK] without the formal definition of rational al-
most principal bundles. By our main theorem (Theorem 11.2), we get an
equivalence between the categories Ref(Y') and Ref(G, X)) in an explicit way
(Corollary 15.29). Also, the description of the canonical module of a multi-
section ring (where Y is a projective normal variety over a field) in [HasK]
is generalized to a result on Noetherian normal integral schemes (Proposi-
tion 15.33). A part of the results on the class group of the multisection ring
in [EKW] is also reproved as a theorem on locally Krull schemes (Proposi-
tion 15.32).

Let A = Z° so that G = SpecZA Xgpecz S. Let I' be a subgroup of A,
and set H = SpecZI' Xgpecz S, and f : G — H the canonical map. Then
N := Ker f is nothing but Spec Z(A/T") Xgpecz S. Let B be the multisection
ring @, LY, Oy (X, \iD;)) - t*. Then BY is the Veronese subring Br =
D, T (Y, 0y (35, AiD;)) - t*. We show that the canonical algebraic quotient
0 : X = Spec B — Spec BY = X' is a G-enriched almost principal N-bundle
(Lemma 15.36). Consequently, we can prove some results which connect X
and X'.
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(0.22) When we apply the construction explained in (0.21) to the Cox ring
of a toric variety (with a torsion-free class group), then we get some basic
information on toric varieties, such as the description of the canonical module
(Corollary 16.2), and the global F-regularity (Proposition 16.5). Also, we
prove that for a toric variety Y over a perfect field k, there exist finitely many
equivariant rank-one reflexive modules My, ..., M, on Y (equivariant with
respect to the torus action) such that any Frobenius pushforward F¢(¢Oy)
is a finite direct sum of copies of them, as Oy-modules, generalizing the
theorem of Thomsen [Tho] on non-singular toric varieties. This has been
known also for affine toric varieties [Bru2].

(0.23) Although we can construct a rational almost principal bundle from
a set of divisors on a normal variety, it seems difficult to find a rational almost
principal bundle from a given multigraded ring B. But this is relatively easy
when B is surjectively graded. This notion first appeared in [Has3| for the
case that B is a domain. We modify this to a usable definition for the case
that B is not a domain, and give an easy way to get many rational almost
principal bundles from multigraded rings (Lemma 17.6).

The most typical example is a standard graded algebra B = @, -, B,
with dim B > 2. Then letting X = Spec B, U = X \ 0, and Y = Proj B, we
get a rational almost principal bundle

X<iop Loycoy,

where 0 is the origin of the affine cone X. From this construction, we get a
very short proof of Grothendieck’s theorem which tells that any locally free
sheaf on P! is uniquely a direct sum of O(n) (Example 17.10). This is simply
because Ref(P!) and Ref(G,,, k[z, y]) are equivalent by our main theorem.

(0.24) There are also examples where the group scheme G is not a torus
or a finite group scheme. We point out that determinantal and Pfaffian
varieties yield examples of almost principal G-bundles where G is a connected
reductive group which are not finite (section 18).

Given a G-algebra Krull domain B and a candidate Krull domain A ¢ B¢
of BY, it is sufficient to prove that ¢ : Spec B — Spec A is an almost principal
G-bundle in order to show A = BY (Theorem 10.13). Thus, proving that
A = B% is reduced to proving that A is a Krull domain, when we know
geometric information that ¢ is an almost principal bundle. This technique
essentially appeared in [Has4], and applied to the same examples.
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An example of an action of the additive group G, is also given (Exam-
ple 10.14).

(0.25) Some miscellaneous problems are also discussed in this paper, in
order to overcome technical difficulties to discuss main ingredients. Most of
them are contained in Chapter 0 (sections 1-9). We will see them below.

(0.26) We overview the contents of this paper section by section.

Chapter 0 (sections 1-9) is preliminaries.

In section 1, we review some basic definitions and facts on quotients. In
section 2, we discuss the compatibility of the invariance functor and some
other operations on sheaves. In section 3, we discuss the problem of functo-
rial resolutions. In section 4, we discuss the compatibility of the restriction
functor and some other operations on sheaves. In section 5, generalizing lin-
early reductive group schemes over a field, we define Reynolds group schemes
and discuss basic properties. This class of group schemes includes linearly
reductive group schemes over a field, finite groups with the order invertible
in the base ring, and diagonalizable group schemes (including split tori) over
an arbitrary base ring (Examples 5.15-5.17). In section 6, we discuss the
base-change map of twisted inverse pseudofunctors. In section 7, we discuss
the (equivariant) canonical modules. As a generalization of a special case of
Knop’s work over a field of characteristic zero, we give the correspondence
between wyx and wy for a principal G-bundle X — Y. Also, generalizing
the facts on the category of reflexive sheaves on normal varieties, we show
that the category of sheaves M which satisfy the (S5) condition (that is,
depth M, > min(2,dim Oy ) for z € Z) behaves very similarly on quasi-
normal Noetherian schemes Z, and we show that codimension-two argument
works. We generalize [Hart4, (1.12)]. On the way, we generalize the well-
knwon result on the equivalence of (5}), reflexive, and being a second syzygy
due to Evans and Griffith [EvG, Theorem 3.6], using the new notion of
2-canonical modules (Lemma 7.28). Recently, similar results in slightly dif-
ferent contexts are obtained by Dibaei-Sadeghi [DiS] and Araya—lima [Ar]].
In section 8, we define a new category to treat Frobenius twists and Frobe-
nius kernels effectively. This enables us to discuss the Frobenius kernels of
a group scheme over an arbitrary IF,-scheme. In section 9, we discuss when
B is finite over BY, and when BY is F-finite for an affine algebraic group
scheme G over a field k of characteristic p > 0 and a G-algebra B. The main
result is Lemma 9.6. If GG is a constant finite group, then the lemma is a
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special case of [Fog, Theorem].

(0.27) After these preliminaries, in Chapter 1 (sections 10-13), we do the
main definitions and discuss general properties of rational almost principal
bundles.

In section 10, we give main definitions, and discuss the problem of base
change. We also prove Theorem 10.13 mentioned above. In section 11,
we discuss the behavior of the (equivariant) class group, using the results
obtained in [Has9] and [Has11]. We also discuss the behavior of the canonical
modules, using the results in sections 6 and 7. We discuss the behavior of
the Frobenius pushforwards with respect to rational almost principal bundles
in section 12. The author expects some future applications on the problems
in invariant theory related to the characteristic p commutative algebra. The
paper [HasN] is a trial toward this direction. Section 13 is on the global
F-regularity. As our construction uses open subschemes, we discuss global
F-regularity of schemes which may not be projective.

(0.28) After proving general results, we give examples and applications of
rational almost principal bundles in Chapter 2 (sections 14-18). In section 14,
we discuss finite group schemes (more precisely, LFF group schemes). In
particular, we prove a similar result to the results on the canonical modules
for the finite group actions due to Broer [Bro] and Fleischmann—Woodcock
[FIW]. In section 15, we construct a rational almost principal bundle from a
sequence of divisors on a locally Krull scheme, and prove a generalization of
the theorem of Kurano and the author which describes the canonical module
of the multisection ring. As an application, we prove some known and new
results on toric varieties, using the Cox ring in section 16. In section 17, we
give a way to construct rational almost principal bundles from a multigraded
rings. This enables us to study the Veronese subring using our approach. In
section 18, we show that determinantal and Pfaffian varieties treated by De
Concini and Procesi [DeCP] give examples of almost principal bundles.

(0.29) Acknowledgments: The author is grateful to Professor Kayo Masuda
for kindly showing me that Example 10.14 is an example of an algebraic
quotient which is non-surjective. Special thanks are also due to Professor
Kazuhiko Kurano, Dr. Yusuke Nakajima, Dr. Akiyoshi Sannai, and Professor
Takafumi Shibuta for stimulating discussion. The author also thanks Pro-
fessor Tokuji Araya, Professor Shiro Goto, Professor Nobuo Hara, Dr. Ryo
Kanda, Professor Takesi Kawasaki, Professor Shunsuke Takagi, Professor
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Ryo Takahashi, Professor Kohji Yanagawa, and Professor Yuji Yoshino for
valuable advice. He is also grateful to Professor Kei-ichiro Iima and Professor
Gregor Kemper for valuable comments on an earlier version of this paper.

Chapter 0. Preliminaries
1. Actions and quotients

(1.1) This paper is a continuation of [Has9] and [Hasll]. We follow the
notation and terminology of these papers. In particular, for the notation and
terminology on sheaves over diagrams of schemes and equivariant modules,
we follow [Hasb], [HasO], and [HasO2], unless otherwise specified. Unex-
plained notation and terminologies on commutative algebra, algebraic geom-
etry, algebraic groups, representations of algebraic groups, and Hopf algebras
that are not in these should be found in [Mat], [Hart3], [Gro|, [Bor|, [Jan],
[Swe], or [Has]. Throughout this paper, S denotes a (base) scheme.

(1.2) Let G be an S-group scheme, and ¢ : X — Y a G-invariant mor-
phism. The secondary map associated with G and ¢ is the map

UV=Ug, : GxX = XxyX

given by (g, ) — (gx,z). This map is independent of the choice of S in the
sense that when we replace S by Y and G by Gy = G x Y, then we get
the same map (over the base scheme Y'). If h : Y/ — Y is an S-morphism
between S-schemes with trivial G-actions, then W¢ v : G X X' — X' Xy X'
is identified with 1y» x U, Y Xy (G x X') = Y xy (X xy X).

(1.3) Let G be an S-group scheme. A G-invariant morphism ¢ : X — Y is
said to be a categorical quotient if for any G-invariant morphism ¢ : X — 7|
there exists some unique S-morphism 6 : Y — Z such that ¢ = 6p. The
categorical quotient is unique (in the category of G-schemes under X).

(1.4) A G-invariant morphism ¢ : X — Y is said to be an algebraic quotient
or affine quotient by the action of G if it is an affine morphism, and 7 : Oy —
(0+Oy)% is an isomorphism. An algebraic quotient need not be surjective.
It need not be a categorical quotient either in general, see Example 10.14
below. However, if S = Speck is a field and G is a semireductive k-group
scheme (see (9.3) below), it is a categorical quotient (see Lemma 9.5).
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(1.5) A morphism of schemes h : Z — W is said to be submersive if h is
surjective, and for any subset U of W, U is open if and only if h=1(U) is open
in Z. A G-invariant morphism ¢ : X — Y is said to be a geometric quotient
if it is submersive, Oy — (¢.Ox)Y is an isomorphism, and W, is surjective.
A geometric quotient is a categorical quotient [MuFK, (0.0.1)]. By definition,
an affine geometric quotient is an algebraic quotient. However, a geometric
quotient need not be an algebraic quotient in general. For example, let
G = SL, with n > 2 over an algebraically closed field k, and consider the
structure map ¢ : X = G/B — Speck = Y, where B is the subgroup of
the upper triangular matrices in G. It is a geometric quotient by G, but is
not an affine morphism, since GG/B is a projective variety of dimension one
or more [Bor, (11.1)]. So in particular, we have an example of a categorical
quotient which is not an affine morphism.

(1.6) We say that ¢ : X — Y is a universal (resp. uniform) categorical
quotient by G if for any S-morphism (resp. any flat S-morphism) Y’ — Y,
the base change ¢’ : X’ — Y is a categorical quotient by G. A similar def-
inition is done for algebraic and geometric quotients. An algebraic quotient
is uniform under very mild conditions, see Corollary 2.22 below.

(1.7) Let G be an S-group scheme acting on an S-scheme X. Let us
consider ¥ = Uq,, 0 G x X = X X X, where hx : X — S is the structure
map. It is easy to see that ¢ : U"1(X) — X induced by ¥ is an X-subgroup
scheme of G x X, where X is embedded in X x X via the diagonal map (if
hx is separated, then it is a closed subgroup). Sx := ¥~1(X) is called the
stabilizer of the action of G on X. If Sx is trivial as an X-group scheme,
then we say that the action of G on X is free. We say that the action of G
on X is GIT-free if ¥ is a closed immersion. Obviously, a GIT-free action is
free.

Lemma 1.8. Let G be an S-group scheme, and ) : X' — X be a G-morphism
which is a morphism of schemes. Then there is an inclusion Q) : Sx+ —
Sx Xx X' of X'-subgroup schemes of G x X'. In particular, if the action of
G on X is free, then so is the action of G on X'. If ¢ is a monomorphism
(e.g., an immersion), then Q is an isomorphism.

Proof. Note that both Sy, and Sx X x X’ are X’-subgroup schemes of G x X".
For an S-scheme W,

Sx/(W) ={(g.2") € GIWV) x X'(W) | ga" = 2"}
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and
(Sx xx X')(W) = {(g,2") € GW) x X"(W) | ¢(g2") = ¥ (a")}.

So Sy x x X’ contains Sy.

If the action of G on X is free, then Sx is trivial. So Sx- is also trivial
by the discussion above, and the action of G on X' is free. The argument
above also shows that if ¢ is a monomorphism, then Sy = Sy xx X'. O

(1.9) Let G be an S-group scheme acting on X, and ¢ : X’ — X any
monomorphism of S-schemes (X’ need not be a G-scheme). Then we define
the stabilizer at X’ of the action of G on X by the X'-group scheme Sy :=
Sx X x X'. This definition does not cause a confusion by Lemma 1.8. If = is
a point of X, the stabilizer S, is a x(x)-subgroup scheme of G X x.

(1.10) A G-invariant morphism ¢ : X — Y is a principal G-bundle if and
only if it is qfpqc and ¥, is an isomorphism [Hasll, (2.8)]. A principal
G-bundle is a universal geometric quotient [Hasll, (6.2)]. If, moreover, G
is a normal subgroup scheme of an S-group scheme G and @ is also a G-
morphism, then we say that ¢ is G-enriched.

Lemma 1.11. Let G be an S-group scheme, and ¢ : X — Y a G-invariant
submersive (resp. universally submersive) morphism such that ¥ : G x X —
X xy X given by V(g,z) = (gx,z) is surjective. If U is a G-stable open
subset of X, then o(U) is an open subset, and o~ (¢(U)) = U. If, moreover,
G is universally open, then ¢ is open (resp. universally open).

Proof. This is essentially [MuFK, (0.2), Remark (4)]. O

2. Compatibility of G-invariance and direct and inverse images

(2.1) Let G be an S-group scheme and Z an S-scheme on which G acts
trivially. Set ()¢ = (?)_1Ra,, : Mod(G, Z) — Mod(Z), and £ = (?)a,, L_1 :
Mod(Z) — Mod(G, Z). Note that £ is left adjoint to (?)“.

Using the description of Ra,, [Hasb, (6.14)], (?)M = MY is the kernel

of the map

Bsg—Bs
My — p. My,

where p : G x Z — Z is the second projection, which equals the action
(because the action is assumed to be trivial), and ¢; : [0] = {0} — [1] = {0, 1}
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is the map given by 0;(0) = 1 — ¢ (for the notation on simplicial objects, see
[Hasb, Chapter 9]). We call MY € Mod(Z) the G-invariance of M [Has5,
(30.1)], [Has11, (5.30)]. The natural inclusion

M — M,
is denoted by 7.
Lemma 2.2. For M € Mod(G, Z), the following are equivalent.
1 M=LN for some N € Mod(Z).
2 M is equivariant, and Bs, = Bs, -

3 M is G-trivial, that is, M is equivariant, and v : MY — M, is an
isomorphism (see [Hasb, (30.4)]).

4 The counit of adjunction € : LME — M is an isomorphism.

Proof. 1=2. Since [—1] is the initial object of A},, M = LN is equivariant
by [Hasb, (6.38)]. By definition, (LN), = (Bg[(Z)):(n)/\/’, where e(n) :
[—1] = 0 — [n] is the unique map. The map B; : (LN)g =N — p.(LN); =
pp*N is the unit map, and is independent of 7.

243 is trivial.

3=4. By 1=2, LM is equivariant, and M is assumed to be equivariant.
Hence it suffices to prove that gq : (LM%)y — M is an isomorphism, since
the restriction (7)o : EM(G, Z) — Mod(Z) is faithful. However, this map is
identified with v : M% — M,.

4=-1. This is trivial. O

(2.3) Let G be an S-group scheme and h : Z' — Z be a morphism of
S-schemes on which G acts trivially. Then the canonical map

€: h*M% = (h*M)C
is defined to be the composite

€ "M% = h*(?)_1Ra,, M 2 (7)_BY (h)*Ra,, M
= (D)-1Ray B (h)* M = () Bg (h) M = (h* M),
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see [HasO, (7.4)]. It is an isomorphism between functors from Lqc(G, Z) to
Qch(Z’) if G is quasi-compact quasi-separated and h is flat [HasO, (7.5)] (the
flatness of G is assumed there, but that assumption is unnecessary). Note
that as in [HasM, (2.18)], BY(h)*M is abbreviated as h*M, by abuse of
notation (although M may not be quasi-coherent here). Note that € is a
natural transformation between the functors from Mod(G, Z) to Mod(Z’).

Lemma 2.4. The diagram
W ()0 b (D
L
(7)9h* —— (2)oh
15 commutative.
Proof. Follows easily from the commutative diagram in [Hasb, (6.27)]. O

Corollary 2.5. Let b : Z" — Z' and h : Z' — Z be a sequence of G-
morphisms. Then the composite

(W'Y (D)S 5 () B (2)C 55 () ()R 5 ()R (2)S (hh!)©
agrees with €.

Proof. This follows easily from Lemma 2.4 and [Hasb, (1.23)]. O

(2.6) Let ¢ : X — Y and ¢ : Y — Z be morphisms of ringed sites.
Then the two functors (¢), and ¥,p, are equal, and the standard natural
isomorphism ¢ : (¢¢). — 1.p. is nothing but the identity map.

(2.7) Let I be a small category, and X an I°P-diagrams of schemes. For
M € Mod(X) and i € I, M; € Mod(Xj;). For each ¢ € 1(i,7), By : M; —
(X¢)+M, is induced, and the composite

B B c
(2) M =5 (Xg)eM; = (Xg)o(Xy) My, = (Xyp) My,
agrees with 3y, for any sequence of morphisms

(3) iS5k

18



in I, see [Has5, (4.10)]. We call the collection ((M;)icr, (Bs)senmorr)) the
structure data of M. This data exactly determines M (not up to isomor-
phisms).

Conversely, if M; € Mod(X;) for ¢ € I, 5, : Homp, (M;, (X4).M;) for
¢ : i — j, and the composite (2) agrees with (4 for (3), then it is a structure
data for a unique M € Mod(X).

(2.8) Let f: M — N be a morphism in Mod(X). Then f; : M; — N, is
a morphism in Mod(X;) such that 840 f; = (X4).fj 0 B, for each ¢ : i — j.
Conversely, such a collection (f;) gives a unique morphism f : M — N. We
call (f;) the structure data of f.

(2.9) Let ¢ : X — Y be a morphism of /°P-diagrams of schemes, and M €
Mod(X). Then the structure data of ¢,M is as follows. (p.M); = (¢;).M;,
and f4(p.M) is the composite

(00 M 25 (00.(X0) oMy 5 (Yp)u(9))uM,

as can be seen easily from the direct computation (note that c is the identity
map).

(2.10) Let I be a small category, X be an I°P-diagram of schemes, J be
a subcategory of I, and N' € Mod(X;). Then R;N € Mod(X) is given by
its structure data. (R;N); = @(X¢)*M, where the limit is taken over the

comma category (i | J), see [Mac, (I1.6)] (it is I in [Has5]). Here, for a
morphism ¢ : j — j"in (i | J) from ¢ : i — j to ¥¢, the map
B c
(Xo)uNj = (Xo)u (X ) NG > (Ko N

is the structure map.
For a morphism ¢ : i — @' in I, B, : (RyN); = (Xy)«(RsN)y is given by

m (Xy)uNj = (Xyrg)eNjr = (Xg)u(Xyr)uNy
Pe(il)

for an object ¢’ :i' — j" in (i' | J).

(2.11) Asin [Hasb, Chapter 5,6], R, is right adjoint to the restriction func-
tor (7). The unit of adjunction w : Id — R,(?); is given by the map M; —
Y£1¢E(i¢J) (Xy)«M; induced by 5, : M; — (X,)M; for each j. The counit
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o (o : o )
of adjunction ¢ : (?);R; — Id is the projection gn(w:j_)j/)e(ju)()(w)*/\/l] —

M; = (Xiq,)«M; (thus if J is a full subcategory, then ¢ is an isomorphism
[Hasb, (6.15)]).

(2.12) For a morphism f: X — Y and J C I, we have that (?),f. and
(f1)«(?); are identical, and ¢ : (?);f. — (f7)«(?)s is the identity.

(2.13) Combining these, it is easy to describe the canonical isomorphism
£ fRy — Ry(fr)s
(see [Hasb, (6.26)]) via the structure data.
&t (RN )i = (Ry(f1)N)i
is given by
() B (X NG 22 (£ (X)o A 5 Hm(Y5). (f7)o ;.

(2.14) Let G be an S-group scheme, and h : Z' — Z an S-morphism
between S-schemes on which G acts trivially. We denote the composite
isomorphism

h*(?)G = h*<?)*1RA1\/I ; (?)*lég(h%RAM i> (?>*1RAMB£¥/[(h>* = (?>Gh*

by e : h(?)¢ — (?)%h, asin [HasO, (7.3)]. (here B (h), is abbreviated to be
h., by abuse of notation). By (2.13) and the fact that c is the identity, we have
that e is nothing but the canonical isomorphism from h, Kervy — Ker h,7.
In particular,

Lemma 2.15. Let the notation be as in (2.14). Then the diagram
ho(7)E —= h, (7)o
()6 hy —— (?)ohs
15 commutative. [l

Corollary 2.16. Let b/ : Z" — Z' and h : Z' — Z be a sequence of G-
morphisms. Then the composite

(RI) (D) 5 R (D S o (DCR, S (DR, LN (1) (hR),

agrees with e. O
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Lemma 2.17. Let I be a small category, J its subcategory, f : X — Y a
morphism of I°P-diagrams of schemes. Then the composite

Ry % ff* Ry % fRof; 5 Ro(f0).f
1s the unit map u.

Proof. Follows easily from the commutativity of the diagram

Ry ————R;(f1):f; < LR f7

lu X |

Fof Ry —m f Ry () fs = ff F Ry f5 |ia

L .

Lemma 2.18. Let G be an S-group scheme, and h : Z' — Z an S-morphism
between S-schemes on which G acts trivially. Then the composite

(N 5 b (D S h (D)9 S (DCh,h*

O

18 the unit map u.
Proof. Follows easily from Lemma 2.17 and [Hasb, (1.24)]. O

Lemma 2.19. Let S be a category, (7). be a covariant symmetric monoidal
almost pseudofunctor on S [Hasb, (1.28)], and (7)* its left adjoint. Let

(4) X 2sX

P

v Ly
be a commutative diagram on S. Then the diagram

h*OY ¢ OY’

) |

hp.0x —1>lg*Ox —“~ 0. Ox

is commutative, where we use the notation in [Has5, Chapter 1].
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Proof. Prove the commutativity of the diagram

h*Oy h*e,Ox .
n
n
c h*h, Oy —1= h*p,q,0% o
/ J{n / io
Oy h*hep,Ox: 0.g"3.0x/ ~— ¢.g"Ox
\_ n WO~

The details are left to the reader. O

(2.20) Let G be an S-group scheme, and ¢ : X — Y a G-invariant mor-
phism. Then the canonical map 7 : Oy — (9.0x)% is nothing but the
composite

-1
Oy — OF % (0.0x)°,
where v : O — Oy is an isomorphism as Oy is G-trivial, and n : Oy —

0Oy is the standard map. As « is a natural map, it is easy to see that the
composite

is 7.
Lemma 2.21. Let G be an S-group scheme, and (4) a commutative diagram
of G-schemes such that G acts on'Y and Y’ trivially. Then

1 The diagram
(5) h* OY ¢ Oy/

) 3

h*(0.0x)¢ — (K. 0x)¢ —2= (99" Ox)¢ S (9, O0x:)¢

18 commutative.

2 Assume that (4) is cartesian, ¢ is quasi-compact quasi-separated, h is
flat, and G — S s quasi-compact quasi-separated. Then 7 : Oy —
(0. Ox)% is an isomorphism if and only if h*7 : h*Oy — h*(p,O0x)¢
s an isomorphism.
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3 In addition to the assumption of 2, assume that n : Oy — h,Oy: and
n: Ox — ¢.Ox: are isomorphisms. Then 7 : Oy — (p.Ox) is an
isomorphism if and only if i : h,Oy+ — h.(0.Ox/)% is an isomorphism.

Proof. 1. By (2.4), (2.19), and (2.20), the diagram

h*OY C OY/
2 i
n n
W (0. 0x )¢~ h* 0,0y — > 0 g*Ox — = L O 7

~_ b E |

(h*0.0x)¢ —2> (pLg* Ox )¢ L= (p.Ox)C

is commutative. As 7y : (¢.Ox/)% — ¢.Ox is a monomorphism, the result
follows.

2. Note that € in (5) is an isomorphism by [HasO, (7.5)] (note that in
[HasO, section 7], G is assumed to be flat, but this assumption is unnecessary
in proving [HasO, (7.5)]). 0 in (5) is also an isomorphism by [Hasb, (7.12)].
As the two (s are isomorphisms, the result follows from 1.

3 follows easily from 1, the proof of 2, Lemma 2.18, and [Hasb, (1.24)]. O

Corollary 2.22. Let G be a quasi-compact quasi-separated S-group scheme,
and ¢ : X =Y an algebraic quotient by G. Then ¢ is a uniform algebraic
quotient.

Proof. Obvious by Lemma 2.21, 2. ]

Lemma 2.23. Let G be a quasi-compact quasi-separated S-group scheme,
X an S-scheme on which G acts trivially, and M a locally quasi-coherent
(G, Ox)-module. Then M € Qch(X). Moreover, (7)¢ : Mod(G,X) —
Mod(X) preserves direct sums.

Proof. Let p : G x X — X be the second projection. Then p, preserves
quasi-coherence. So if M is locally quasi-coherent, then the kernel M% of
My — p.M; is quasi-coherent. Moreover, p, : Mod(G x X) — Mod(X)
preserves the direct sums [Kem, Theorem 8. As the kernel also preserves
the direct sums, (?)¢ preserves the direct sums. O
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(2.24) Let G be an S-group scheme, and X an S-scheme on which G acts
trivially. Then for M € Mod(G, X), we have

(X, M%) = Homp, (Ox, (7)1 Ra,, M) =

Home (Opy(x), M) = T'(Zar(Bg (X)), M).

BM(x)

For M, N € Mod(G, X), we denote Hom, (M, N) by Hom, (M, N),
Ba

(X)

and Homg, (M, N)“ by Homg, o (M, N). In particular,

D(X, Homg, o, (M, ) & T(Zar(BY (X)), Home, |, (M, \)
(M, N),

= Homo ¥ 0x)

which we denote by Homg o, (M, N).

3. Functorial resolutions

Lemma 3.1. Let A be an abelian category, and assume that for each complex
F e C(A), a K-injective resolution ig : F — I is chosen. Then there is a
unique functor I : K(A) — K-inj(A), to the thick subcategory of K-injective
objects, such that I(F) = Iy for each F, and that i : 1d — jl is a natural
transformation, where j : K-inj(A) < K(A) is the inclusion.

We call such a pair (I,7) of a functor and a natural map a functorial
K-injective resolution. Note that the dual assertion of the lemma is the
existence of a functorial K-projective resolution.

Proof. Let h : F — G be a morphism in C(A). As ir is a quasi-isomorphism
and [ is K-injective,

ip : K(Ip, Ig) — K(F, Ig)

is an isomorphism. So it is necessary to define I(h) to be ((ig)*) " (igh) to
make 7 a natural transformation, and the uniqueness follows.

The fact that I is a functor and ¢ is a natural transformation with this
definition is easy, and is left to the reader. O]
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(3.2) Let C be a Grothendieck category. Then for each F € C(C), the
category of complexes in C, there is an injective strictly injective resolution
ip : F — I [Fra]. That is, if is a monomorphism and is a quasi-isomorphism,
Ir is K-injective, and I is an injective object for each i. Thus we have

Lemma 3.3. Let C be a Grothendieck category. Then there is a functorial
K -injective resolution ig : F — Iy for F € K(C) which is a monomorphism
for each F. [

Lemma 3.4. Let C be an abelian category, and (I,4) and (I',i") be functorial

K -injective resolutions of C. Then there is a unique natural isomorphism
AL — T such that (jA)oi =17'.

Proof. For each F € K(C),
K(C)(IF,I'F) % K(C)(jIF, jI'F) <5 K(C)(F, jIF)

are isomorphisms. O

(3.5) Let 7 be a triangulated category. A triangulated subcategory (see
[Nee, Definition 1.5.1] for the definition) 7" is said to be localizing if it is
closed under small direct sums. For a set of objects (or a full subcategory)
F of T, there is a smallest localizing subcategory Loc(F) of T containing F.

(3.6) Let C be an abelian category which satisfies the (AB3) condition.
For n € Z, let C(C)<, be the full subcategory of C(C) of the category of
complexes in C consisting of complexes F with F? = 0 for i > n.

Lemma 3.7. Let F be a full subcategory of C closed under small direct
sums. Assume that there is a pair (§,f) such that § : C — F is a functor,
and § : j'§ — 1d is a natural map which is epic objectwise, where j' : F — C
is the inclusion. Assume also that §(0) = 0. Then

1 ForF € C(C)<p, there is a functorial resolution (&,g) such that &(F)
is in C(F) N C(C)<p.

2 There is a functorial inductive system &, (F) of complexes, functorial
on F e C(C), and a quasi-isomorphism g, : &, (F) — F<,, such that

a 671(131) = O,'
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b Forn € Z, s, : 8,(F) — &,,_1(F) is a semisplit epi (that is,
st &, (F) — &, (F)" is a split epimorphism for each i € Z);

n

c 9, :=Kers, isin C(F)NC(C)<y for each n > 0.

3 If C satisfies the (AB4) condition, then there is a functorial resolution
g: &(F) = F, functorial onF € C(C) with &(F) € Ob(Loc(F")), where
F' is the full subcategory of K(C) whose object set is the same as F.

Proof. For _
Foooo T it o
in C(C), let §(F) be

%g([g‘z) @)3@?@“) ...

Note that
F(O:)3(9%) = §(05"'9) = §(0) =0,

since 0 : F? — F2 factors through the null object 0, and hence F(0) :
§(F") — F(F*?) also factors through the null object F(0) = 0, and hence
5(0) is the zero map.

Let §f(F) : §(F) — F be the obvious natural map. It is an epic chain
map. Let R(F) := Ker f(F). Then defining £(0) := F, &(m) := F(K(m)),
and R(m + 1) := R(K(m)), we have a resolution

e B(m+1) > B(m) — - > B(0) =0

of F.

Assume that F € C(C)<, for some n, and let &(F) be the total complex
of this resolution, and g : &(F) — F be the canonical map. Then g is the
desired resolution, and we have proved 1.

2 is proved by the same proof as in [Spa, Lemma 3.3], except that every-
thing here is functorial.

3 This is proved similarly to (the dual assertion of) [BN, Application 2.4,
using 2. O

(3.8) Let (X,Ox) be a ringed site with a small basis of topology B. For
M € Mod(X), z € B and ¢ € I'(x, M), there corresponds a map

(e(c) : Op = M) € Homop, (O, M) = Homop,|, (Ox|., M|z) = T'(x, M),
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corresponding to ¢ € I'(x, M). So

M) =) el0): 5= P Owc—M

z€B 0#cel (z,M)

is an epimorphism, where each O, . is a copy of O,, see [Hasb, (2.23), (3.19)].
Note that for y € X, I'(y, O, ) = @sex(y,x) I'(y, Ox)e,s, where I'(y, Ox)c,s is
a copy of I'(y, Ox). Then f(M) is the unique map such that 1 € I'(z, Ox).1,
is mapped to ¢ for each x and ¢ # 0.

Let h : M — N be a map in Mod(X). Then mapping 1 € I'(z, Ox)1,
to 1 € I'(z, Ox)n(e)1, if h(c) # 0, and to 0 if h(c) = 0, we get a map
§(h) : M) — F(N) such that F : PM(X) — 20 is a functor, where 20
is the full subcategory of PM(X) consisting of the direct sum of copies of
O, with x € X, and that f : 7§ — Id is a natural transformation, where
J' W — PM(X) is the inclusion. Moreover, §(0) = 0.

Lemma 3.9. Let (X, Ox) be a ringed site with a small basis of the topology.
Then there is an endofunctor § = §x : C(Mod(X)) — L and a functorial
L-resolution § = fx : j'§ — 1d, where L is the full subcategory of C(Mod(X))
whose object set is the set of strongly K-flat complexes [Hasb, (3.19)].

Proof. As Mod(X) is a Grothendieck category (so (AB5) is satisfied), Lemma 3.7
and the discussion above are applicable.

By definition, O, is strongly K-flat for x € X. Now F(F) is strongly
K-flat for F € C'(Mod (X)) by construction. O

4. The restriction and other operations on quasi-coherent sheaves

(4.1) Let G' and G be flat S-group schemes, and h : G' — G a homomor-
phism of S-group schemes. Let Z be an S-scheme on which G acts. Then
resS, : Mod(G, Z) — Mod(G’, Z) is defined to be the inverse image functor
BM(Z)*, see [Hasl1, (2.45)].

Lemma 4.2. res$, is a faithful ezact functor from Qch(G, Z) to Qch(G', Z).

Proof. By [Hasb, (7.22)], resS, is a functor from Qch(G, Z) to Qch(G', Z).
Then as functors from Qch(G,Z) to Qch(Z), we have (?)gress, = (7)o,
where the left (7)y is from Qch(G’, Z) to Qch(Z), and the right (?), is from
Qch(G, Z) to Qch(Z). As the both (?)g are faithful exact, res$, is also faithful
exact. [
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Lemma 4.3. If M € Qch(G, Z), then (L;resG)M =0 for i > 0, where L;
denotes the ith left derived functor D(G, Z) — Mod(G', Z).

Proof. By [Hasb, (8.20), (8.21)], we have that (L, resS, )M is quasi-coherent.
As the restriction functor (7)o : Qch(G, Z) — Qch(Z) is faithful and exact
by [Has5, (12.12)], it suffices to prove that ((L;res& ) M)y = 0 for i > 0. But
this is L;(idz)*M, = 0, by [Hasb, (8.13)]. O

Lemma 4.4. Let G € Dqu,(G,Z). Then G is (left) resS, -acyclic, in the
sense that for any (or equivalently, some) K-flat resolution P — G, the
map resg, P — resS, G is a quasi-isomorphism. In particular, LresG, G has
quasi-coherent cohomology groups. If Z is locally Noetherian, G and G’ are
locally of finite type, and G has coherent cohomology groups, then res&, G has
coherent cohomology groups.

Proof. It G € D, (G, Z), then the assertion follows from Lemma 4.3. Con-
sider the general case. From the bounded-above case, it is easy to see that
the resolution g : (G) — G in Lemma 3.7 is a K-flat resolution such that
resg, ¢ is a quasi-isomorphism. ]

(4.5) Now we can prove that the (derived) restriction is compatible with
most of basic operations on sheaves. For the notation, see [Hasb].

Lemma 4.6. Let f : (X,0x) — (Y,Oy) be a morphism of ringed sites.
Assume that for each © € X, the category (I{)°P (see [Hasb, (2.6)]) is fil-
tered (that is, connected and pseudofiltered, see [Mil, Appendix A]). Then
the canonical map

(6) A: ffM@o, N) = [fM®@o, [N

is an isomorphism for any M,N € Mod(Y), and the canonical map
(7) A: L (F®b, G) = LI Fes, LI*G

is also an isomorphism for F,G € D(Y).

Proof. First consider the corresponding map of presheaves

(8) A oM @p, N) = fouM @0, fouV
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for M, N € PM(Y). Then the map between sections at = € X is

hg F(Z‘, OX) ®F(y,(9y) (F(y7 M) ®F(y70Y) F(yaN)) —

z—fy
( hﬂ F(Ia OX) ®F(yon) F(?/? M)) ®F($7(9x) ( hgl F(SL‘, OX) ®F(y,OY) F(y, M>)7
z—fy z—fy

which is an isomorphism by the assumption that (IJ)°P is filtered. Thus (8)
is an isomorphism.

Now consider M, N € Mod(Y). It is not so difficult to show that the
diagram

af*(gM @5, gN) —=—a(f*qM @5, f*gN)

iu iq@u

af*qa(gM &h, gN) —==alqaf*qM &b qaf*qN)

is commutative. The top horizontal arrow is an isomorphism by the argument
for presheaves above, and the vertical arrows are isomorphisms by [Has5,
(2.18), (2.34)]. Thus the bottom horizontal arrow, which agrees with the
map (6), is an isomorphism.

Now consider F,G € D(Y). Take strongly K-flat resolutions P — F and
Q — G. Then the map (7) is nothing but the composite

Lf*(F ®p, G) = Lf*(P®g, Q) = f*(P Qo, Q)
% [P ®o, f*Q= LfF&h LI'G.

The second isomorphism comes from the fact that P ®¢p, Q is K-flat [Hasb,
(3.21)]. The last isomorphism comes from the fact that f*P and f*Q are
strongly K-flat [Hash, (3.20)]. Being the composite of isomorphisms, (7) is
an isomorphism. O

Lemma 4.7. Let J be a small category, and ¢ : X — Y a morphism of JP-
diagrams of schemes. Let f = o' : Zar(Y) — Zar(X) be the corresponding
functor between sites [Hasb, (5.3)]. Then for each (j,U) € Zar(X) (where

j€J and U € Zar(Xj)), the category (I&U))Op (see [Hasb, (2.6)]) is filtered.

Proof. Left to the reader. O]
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Lemma 4.8. Let F,G € D(G, Z). Then the canonical map
A Lresd(F®p, G) — (Lresl F) @, (Lresg G)

is an isomorphism (Note that the ®g  in the left (resp. right) hand side is
an abbreviation for ®éBgI(z) (resp. ®éBg[(Z))).
Proof. By Lemma 4.7, Lemma 4.6 is applicable. O
Corollary 4.9. Let M and N be objects in Qch(G, Z). Then

resS, Tord? (M, N) = Tor®” (res&, M, resS, N).

0

Lemma 4.10. Let X be locally Noetherian, and G be locally of finite type.
Let F € Dc, (G, Z) and G € D{_(G,Z). Then the canonical map

Lqc
9) Lresy, RHom,, (F,G) — RHom, (Lresl F, Lrest: G)
s an isomorphism.

Proof. By Lemma 4.4 and [Has5, (13.10)], the two complexes have quasi-
coherent cohomology groups. So in order to prove that the map is an iso-
morphism, we may discuss after applying the functor (?)y. By [Hasb, (8.13)],
the canonical map
0 : L(id3)(?)o — (?)oresS,
is an isomorphism. So the map (9) applied (7)o is identified with
Hy : (RHomy, (F,G))o — RHom,, (FFo, Go).

It is an isomorphism by [Has5, (13.9)]. O
Corollary 4.11. Let M € Coh(G,Z) and N € Qch(G, Z). Then we have

(M,N) = Ext’bBM(Z) (res&, M, resS, N).
G/

resd, Ext,

BY (2)
[

Lemma 4.12. Let g : Z' — Z be a concentrated (that is, quasi-compact
quasi-separated) G-morphism of G-schemes. Then the canonical map

0 : Lresg, Rf.F — Rf.L resg, F
is an isomorphism for F € Dqu(G, Z').

Proof. As the complexes have quasi-coherent cohomology groups by [Hash,
(8.7)] and Lemma 4.4, we may discuss after applying the functor (7)y, and
the rest is easy. O

30



(4.13) Let V C U C Z be G-stable open subsets. Assume that the inclu-
sions f: U < Z and ¢g : V — U are quasi-compact. For F € Dqu(G, Z),
there is a commutative diagram

(10) Lresg Ry F—— Lresg, Rf.[*F — Lresg, Rf.Rg.g* f*F —
ld@ idd%
RLyy LresG, F—— Rf.f*Lres&, F—> Rf.Rg.g* f*LresG, F ——

whose rows are distinguished triangles by [HasO, (4.10)]. Then, as the de-
rived category is a triangulated category,
S . L resg/ REU,V F — REU,V L resg/ IF

which completes (10) as a map of triangles. As df and ddf are isomorphisms

by Lemma 4.12, § is an isomorphism by [Hart, (L.1.1)].
We can make 9 functorial on F. Fix a functorial strictly injective resolu-
tion F — I (in the category Kqwm (G, Z)) as in section 3. Then the composite

Lresé, RIyyF= resS, LyviIp = resS, Cone(u : fof* Iy — fog.9" fTp)[—1]
>~ Cone(u : fofresS g — fog.g* f* resS, Ip)[—1] = RTyy resg, F

is the desired functorial ¢.
In conclusion,

Lemma 4.14. There is an isomorphism
6 : Lresg, RTyF — RIy, Lresg, F
which is functorial on F € Dqen(G, Z), the diagram
EREU,V ——LRf.f* —=LRf.Rg.g" f* — ﬁREU,V[l] -
la J{d@ J{dd@@ l(sm
Rlyy L ——=Rf.f*L—= Rf.Rg.g" f*L — Rlyy L] —
1s commutative, where L = Lresg,, and the diagram
(MoLRLy, F — (MoRLy, F — RLyy Fo
lmoS E
(M)oRLyy LF —= RTy (7)o LF

1s also commutative.
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Proof. Follows easily from the construction above. O

Lemma 4.15. Let h : G' — G be a homomorphism of S-group schemes.
Let X be an S-scheme with a trivial G-action. Then for M € Mod(G, X),
ME C MY = (vesG M), If h is faithfully flat, then ME = MY

Proof. Let p (resp. p') be the second projection G x X — X (resp. G' x X —
X). Then MY is the kernel of the map

Bsg—Bs,
— 1

M p*Ml

As p' = p(h x 1), M is the kernel of the map

650 _551
—

M peMy S po(h x 1), (h x 1)*M;.

So ME c M. If h is faithfully flat, then p,u is a monomorphism, and
hence M& = M. O

(4.16) Let h: G’ — G be a homomorphism between flat S-group schemes
of finite type, and X a Noetherian G-scheme with a G-dualizing complex Ix.

Lemma 4.17. Lresg, Iy is a G'-dualizing complex of X.
Proof. Follows easily from [Hasb, (8.20)] and [Hasb, (31.17)]. O

(4.18) By abuse of notation, we will sometimes write the G’-dualizing com-
plex resg, Iy by Ix or Ix(G').

5. Groups with the Reynolds operators

(5.1) Let G be a flat quasi-compact quasi-separated S-group scheme, and
Y an S-scheme on which G acts trivially. Let v = ygy : (?)¢ — Id be the
inclusion between the functors from Qch(G,Y) to itself (although (?7)¢ is a
functor from Qch(G,Y) to Qch(Y), we regard M¢ as a trivial G-module,
and then (?)¢ can be viewed as a functor from Qch(G,Y) to itself. So v in
(2.1) is o here. This abuse of notation does not cause a problem).

We say that G has a functorial Reynolds operator on Y if there is a
natural transformation p = pgy : Id — (?)¢ such that py = id. The natural
map p (or sometimes R := p) is called the Reynolds operator of G on Y.
Note that R? = R.
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(5.2) Let G, Y be as above, and assume that G has a Reynolds operator
on Y. For M € Qch(G,Y), we define Ug(M) = Kerpgy (M) = Im(id —
M), and call it the anti-invariance of M. We say that M is anti-trivial
if Ug(M) = M, or equivalently, M% = 0. If M,N € Qch(G,Y), and
M is anti-trivial and N is trivial, then Homg o, (M, N) = 0. Indeed, if
h € Homg o, (M, N), then h = Rh(id — R) = hR(id — R) = 0. Similarly,
we have Homg o, (N, M) = 0.

(5.3) Note that Ug(M) is the sum of all the quasi-coherent submodules A/
of M such that N¢ = 0, and is determined only by G, Y, and M, and is
independent of the choice of p. As the Reynolds operator p is the projection
with respect to the direct sum decomposition M = MY @ Ug(M), it is
unique, if exists. So R is also unique, if exists.

Definition 5.4. We say that an S-group scheme G is Reynolds, if G is flat
quasi-compact quasi-separated, and for any affine open subscheme U of S,
the Reynolds operator of G on U exists.

Lemma 5.5. Let G be a flat quasi-compact quasi-separated S-group scheme,
Y an S-scheme on which G acts trivially, and U its open subset. If G has
a Reynolds operator on'Y and if the inclusion 7 : U — Y 1is quasi-compact,
then G has a Reynolds operator on U.

Proof. For M € Qch(G,U), define pgr : M — ME to be the composite
M = 7 M 25 ()M = ()M S ()M,
It is easy to see that this is the identity map on M. O]

Corollary 5.6. Let G be a flat quasi-compact quasi-separated S-group scheme.
Assume that G has a Reynolds operator over S, and S is quasi-separated.

Then G is Reynolds. [

Lemma 5.7. Let G be a flat quasi-compact quasi-separated S-group scheme,
Y an S-scheme on which G-acts trivially, and assume that G has a Reynolds
operator on' Y. Then

1 (7)Y and Ug are exact functors on Qch(G,Y) which preserve direct
sums. In particular, H' (G, M) = 0 for M € Qch(G,Y) and i > 0,
where HY(G,?) = RY(?)Y, the derived functor of the functor Qch(G,Y) —
Qch(Y) (not a functor from Mod(G,Y)).
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2 The full subcategory of the G-trivial quasi-coherent (G, Oy )-modules is
closed under extensions and subquotients. Similarly for the full subcat-
egory of G-anti-trivial quasi-coherent (G, Oy )-modules.

Proof. 1 As we have Id = (?)¢ @ Ug, we have that both (?)¢ and Ug are
exact. Let (M;);esr be a family of objects in Qch(G,Y’). Then we have

(1) D M = (M) & (@ Ue(M).

As ()¢ is compatible with the direct sum by Lemma 2.23, we have that
(P; MEY = P,((M;))¢ = @, ME, and hence P MY is G-trivial. As
(B, Us(M:)¥ = @, Us(M;)¢ = 0, we have that @ Ug(M,) is anti-trivial.
So by the decomposition (11), we have that @, M = (P, M;)¢ and

@z‘ UG(Mi) = UG(@i Mz)
2 follows easily by the five lemma and 1. O]

Lemma 5.8. Let the notation be as in Lemma 5.7. Assume that Y = Spec R
is affine. If V is a G-trivial R-module and M is a G-module, then (V ®g
M)G =V ®gr M€ and Ug<v ®r M) =V ®r Ug(M)

Proof. There is a G-trivial free R-module F' and a surjection F' — V. Then
F®pMFC is a direct sum of copies of M as a (G, R)-module, and hence it is
G-trivial. Being a homomorphic image of F @ M%, V @z M is G-trivial.
Similarly, ' ®g Ug(M) is G-anti-trivial, and hence so is V ®g Ug(M). As
we have the decomposition

VorM=V &z M° OV @i Us(M),
we must have (V@RM)G = V®RMG and Ug(V®RM) = V®RUg<M) ]

Lemma 5.9. Let the notation be as in Lemma 5.8. Let R’ be an R-algebra
(on which G acts trivially), and set h : Y’ = Spec R" — Spec R =Y be the
associated map. Then

1 G also has a Reynolds operator on Y'.

2 (N, and Ugh, are canonically identified with h.(?)¢ and h.Ug, re-
spectively.

3 h*pG’,Y’ :pG',Yh*-
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4 (Mh* and Ugh* are canonically identified with h*(?)¢ and h*Ug, re-
spectively.

5 For a (G, R)-module M, the diagram

M- RopM

P

usvee =

MGHR/ ®r ]\4(}*> (Rl QR M)G
15 commutative.

Proof. Let M be a (G, R')-module. Then we can decompose M = M @
Ug(M) as (G, R)-modules. On the other hand, As R’ @z M is G-trivial, it
is mapped to M by the product ay; : R®@zrM — M. Similarly, R'@zrUq (M)
is mapped to Ug(M). Hence MY and Ug(M) are (G, R')-submodules of M,
and the decomposition M = MY @ Ug(M) shows 1, 2, 3.

Next, let M be a (G, R)-module. Then by Lemma 5.8, R ®p MY is
identified with (R’ @ M)%. As a (G, R)-module, Ug(R' ®r M) is identified
with R ®g Ug(M). However, by 3, this is an identification also as (G, R')-
modules. Now 4 and 5 are clear. ]

Lemma 5.10. Let G be a flat quasi-compact quasi-separated S-group scheme,
Y an S-scheme on which G acts trivially. Let Y = |J, U; be an affine open
covering such that G has a Reynolds operator over U; for each i. Then for
any Y -scheme Y' (with a trivial action), G has a Reynolds operator.

Proof. First, we prove that G has a Reynolds operator on Y. Let C = Zar(Y'),
and let D be the full subcategory of C consisting of affine open subsets W of
Y such that W C U; for some ¢. For W € D, GG has a Reynolds operator on
W by Lemma 5.9. So defining p : M|p — M%|p by

(W, Mlp) =T (W, M|w) o, T(W, (M|w)%)
<L D(W, (M) ) = T(W, MCp),

we get a functorial splitting of i : M%p — M|p by Lemma 5.9, 4, 5. As
the restriction from C to D gives an equivalence Sh(C) — Sh(D) by [Hasl1,
(4.6)], there is a unique splitting p : M — MY of i : MY — M in Sh(C)
whose restriction to Sh(D) is p. By the uniqueness, it is easy to see that the
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restriction of p to each U; is a Reynolds operator, and hence p is a morphism
in Qch(G,Y), and p is the Reynolds operator of G on Y.

Next, let A : Y’ — Y be a Y-scheme. Then for each affine open subset
W of Y’ such that h(W) C U; for some i, G has a Reynolds operator over
W. Such W covers Y’ and hence Y’ has a Reynolds operator by the first
step. 0

Corollary 5.11. Let G be a flat quasi-compact quasi-separated S-group scheme.
If G is Reynolds, then for any S-scheme Y with the trivial G-action, G has
a Reynolds operator over'Y .

Lemma 5.12. Let G be a Reynolds S-group scheme, and h :' Y — S a
morphism. Then we have the following.

0 The base change Gy =Y xg G is a Reynolds Y -group scheme.

1 The canonical map € : h*(?)¢ — (?2)9h* (see (2.3)) is an isomorphism
between functors from Qch(G,S) to Qch(G,Y). The composite

Idh* = h* = h*1d 225 p*(2)% S ()G
agrees with pgy -
2 Let h be quasi-compact quasi-separated. Then the composite
Idh, = h, = hd 255 b ()¢ S (2)Ch,

18 pa,s-

3 Let V € Qch(S) be G-trivial, and M € Qch(G,S). Then 1 ® ~ :
VMY = VM is a monomorphism, and it induces an isomorphism
7" onto (V ® M)C. The composite

VoM 295y o ME L (Ve M)E

is pg.s. Let 6 : Ug(M) — M be the inclusion. Then 1 ® 9 : V ®
Ug(M) = V@M induces an isomorphism §' : V Q@ Ug(M) = Ug(V ®

4 Let M, N € Qch(G,S), and assume that M is trivial and N is anti-
trivial. Then Homg o (M, N) = 0 = Homg o (N, M).
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5 LetV € Qch(G, S) be G-trivial, and M € Qch(G, S). Then Home (V, M%)
is G-trivial, and Homg o (V,Ug(M)) = 0. In particular,

I—IO—mOS (V7 MG) — I_IO—mOS (V7 M)

is an isomorphism onto Hom, (V, M)%. If, moreover, Hom,_(V, M)
1S quasi-coherent, then

Homg, (V,Ug(M)) — Homy (V, M)

is an isomorphism onto Ug(Hom,, (V, M)).

6 LetV € Qch(G,S) be G-trivial, and M € Qch(G, S). Then Hom, (MY, V)

is G-trivial, and Homg, o (Ua(M),V) = 0. In particular, the monomor-
phism p g : Homy (MY, V) — Hom, (M, V) is an isomorphism onto
Hom, (M, V). If, moreover, Hom, (M, V) is quasi-coherent, then
the monomorphism qf, 5 : Homy (Ug(M),V) — Homy (M, V) is an
isomorphism onto Ug(Home (M, V)).

Proof. 0 is trivial by Corollary 5.11.

1 We prove that € is an isomorphism. The case that h is an open immer-
sion (from a sufficiently small affine open subset) follows from Lemma 5.10.
The case that both Y and Y are affine follows from Lemma 5.9. The general
case follows from these, using Corollary 2.5.

The latter part is obvious, because the composite map is the identity on
(7)h* by Lemma 2.4.

2 is proved similarly to 1.

3 As V ® MY is G-trivial, it suffices to show that V ® Ug(M) is anti-G-
trivial. This is checked locally, and we may assume that Y is affine. Then
this is Lemma 5.8.

4 Tt suffices to show that Homg o, (M|, N|v) = 0 = Homg 0, (N, M|v)
for any affine open subset U. As M|y is trivial and Ny is anti-trivial, This
is checked in (5.2).

5, 6 follow from 4. O

Lemma 5.13. Let G be a Reynolds S-group scheme. Let B be a quasi-
coherent (G, Og)-algebra, and A = B®. Then the Reynolds operator pg.s
B — Ais (G, A)-linear. In particular, A is a direct summand subalgebra of
5.
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Proof. Set Y = Specs A. Then pg g is identified with pgy, which is A-
linear. ]

Example 5.14. Let S = Speck. We say that an affine algebraic k-group
scheme G is linearly reductive if any G-module is completely reducible. In
this case, for a G-module M| letting Ug (M) to be the sum of all the nontrivial
simple G-submodules, we have a decomposition M = MY @& Ug(M) of G-
modules. When we set p : M — M to be the projection with respect to
this decomposition, we have that p is a Reynolds operator. Conversely, if G
is an affine algebraic k-group scheme which is Reynolds, then G is linearly
reductive. Assume the contrary. Then there is a non-semisimple G-module
V. Let W be its socle. Then we have that V/W # 0, and there is a simple
submodule E of V/W. Then 0 = HY(G,E* @ W) = Ext(E,W) # 0, a

contradiction.

Example 5.15. Let R be a commutative ring, and H a flat commutative
R-Hopf algebra. We say that H is Reynolds if there is a decomposition
H = R & U as an R-coalgebra, where R denotes the image u(R) of the
unit map v : R — H. Then for any H-comodule M, the decomposition
M = M"Y @ ind% M is functorial, and so letting Ug = ind%, we have that
G = Spec H has a Reynolds operator over S = Spec R. Hence Gy is Reynolds
for any R-scheme Y. Conversely, if G has a Reynolds operator on S, then
the right regular representation H is decomposed as H = R & U, where
U = Ug(H). As U is a right subcomodule, A(U) C U ® H. Letting G
act trivially on U and right regularly on H, U ® H is a G-module, and
A:U — U ® H is G-linear. So

AU)CU(U@H) =UQU

by Lemma 5.8. Being a direct summand of H, U is a subcoalgebra of H, and
H = R® U is a decomposition as subcoalgebras, and hence H is Reynolds.

Example 5.16. Let G be a finite group of order n, and R = Z[n™']. Then
p=mn"1 deGg € RG is a central idempotent of RG such that gp = p = pg
for ¢ € G, where RG is the group algebra. Then we have a decomposition
of bimodules RG = p(RG) & (1 — p)(RG). So we have a decomposition of
R|G]-bicomodules

RG] = (RG)" = (p(RG))" @ ((1 = p)(RG))" = pR[G] @ (1 - p)R[G].
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As € : pRG — R is an isomorphism (since e(p) = 1), pR[G] = R, and G
is Reynolds. The Reynolds operator p is the action of p, and the element
p € RG is also called the Reynolds operator.

Example 5.17. Let A be an additive abelian group, and R a commutative
ring. Then the group ring RA = @, _, Rt* is a Hopf algebra, letting each ¢}
(X € A) group-like (that is, A(#*) = t*®¢*). Then as RA = R® (@, o R-1"),
RA is Reynolds. If A = Z°, then G = Spec RA is a split torus (of relative
dimension s), and G is Reynolds.

(5.18) Let Y be an S-scheme, and G an S-group scheme. Let x be an in-
finite regular cardinal such that S, G, and Y are k-schemes [Hasll, (3.11)].
As in [Hasll, (3.14)], we denote the full subcategory of the category of Y-
schemes consisting of k-morphisms by (Sch/Y),. We call a presheaf on
(Sch/Y), a Y-prefaisceau. We denote the structure presheaf of (Sch/Y),
by O. For an Oy-module M (in the Zariski topology), we denote the
associated Y-prefaisceau by M,. That is, M, is the O-module given by
I'h:Z =Y M, =I(Z h*M). For an Oy-module M, the Y-prefaisceau
of groups Z — Endep, I'(Z, M,)* is denoted by GL(M), and called the
general linear group of M.

(5.19) Let (M, ¢) be a G-linearized Oy-module. Then for any S-scheme
W,y eY(W)and «a,5 € G(W), the composite

agrees with (a3, y)*¢, see [MuFK, (1.3)].

(5.20) Assume that the action of G on Y is trivial. Then we denote
(v, y)*¢ : y* M — y*M by h(a). Then by the argument above, h(a)h(f) =
h(af), and we get a homomorphism between Y -prefaisceaux of groups h :
Gy — GL(M), where Gy is the restriction of G to (Sch/Y),. For a given Oy-
module M on an S-scheme Y with a trivial G-action, giving a G-linearization
¢ and giving a group homomorphism Gy — GL(M) are the same thing. M
is quasi-coherent if and only if B ® 4 I'(Spec A, M,) — I'(Spec B, M,,) is an
isomorphism for any morphism of the form Spec B — Spec A in (Sch/Y'),.

(5.21) If G is S-flat, then we modify the construction above, and we con-
sider the full subcategory &£ of (Sch/Y"), consisting of flat Y-schemes. If M
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is a G-equivariant module on Y (in the Zariski topology), then we get a ho-
momorphism h : Gy — GL(M) of prefaisceaux of groups on (Sch/Y’),. By
restriction, we get h : G|lg = GL(M)|e. As G is flat, it is easy to see that
giving such a homomorphism is the same thing as to give a G-linearization
on M.

(5.22) Let G be S-flat, M a G-equivariant module on Y, and N its Oy-
submodule. Although N, may not be a submodule of M,, we have that N,|e
is a submodule of M,|¢ by flatness.

Lemma 5.23. Let the notation be as above. Then N is a (G, Oy )-submodule
of M if and only if for each object U in E which is an affine scheme, T'(U,N,)
is a G(U)-submodule of T'(U, M,).

Proof. The ‘only if’ part is trivial. We prove the ‘if” part.

Let U be any affine open subset of G x Y. Then U & G xY & Y
lies in £ and U is affine. where j is the inclusion, and ps is the second
projection. Let g € G|¢(U) be the map p1j : U — G, where p; : G XY — G
is the first projection. The action of g on I'(pyj : U — Y, M,) is induced by
75 g psM — 7 ps M, where ¢ is the linearization of M.

By assumption, the actions of g and ¢! preserve the submodule T'(p,j :
U—Y,N,). As U is arbitrary, p;/ is preserved by the linearization ¢ and
its inverse ¢ . Hence N is a G-equivariant submodule. O

Lemma 5.24. Let G be a flat quasi-compact quasi-separated S-group scheme,
Y an S-scheme on which G acts trivially, and M a quasi-coherent (G, Oy )-
module. Then (M%),|e is an O-submodule of M,|e given by

LW, (M),) = {m e T(W, M,) | gm =m in T(W', M,)
for any morphism W' — W in &€, and any g € G(W')}.
Proof. First we prove the assertion for W =Y. Then the left-hand side is
{meT(Y,M)| gm=min (G xY, M)},

where g9 € G(G x Y) is the first projection. So the right-hand side is
contained in the left-hand side. On the other hand, if A : W/ — Y is any
morphism in &, then for any ¢ € G(W’), we define ¢, : W' — G x Y by
(g,h). Then by definition, g = 1,(go). So if gom = m in I'(G x Y, M), then
gm =m in T'(W’' M), and the equality was proved.

Next consider general W € €. Then replacing Y by W using [HasO,
(7.5)], the problem is reduced to the case Y = W, and we are done. O
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Proposition 5.25. Let f : G — H be a quasi-compact quasi-separated
flat homomorphism of S-group schemes with N = Ker f. Then for M €
Qch(G,Y), MY is a quasi-coherent (G, Oy)-submodule of M.

If, moreover, N is Reynolds, then Uy (M) is also a quasi-coherent (G, Oy )-
submodule of M. In particular, the Reynolds operator pyy : M — MY is
(G, Oy)-linear.

Proof. Although the first assertion can be proved in the same line of [Hasl1,
(6.18)], we give a new proof.

For the first assertion, in view of Lemma 5.23 and Lemma 5.24, it suffices
to show that for each flat morphism h : W — Y and any morphism A’ : W’/ —
W such that hh' is flat, m € T(W,(M%),), g € GW), and n € G(W'),
we have that ngm = gm in T(W/',M,). As N is normal in G, ngm =
g(g7'ng)m = gm. As the quasi-coherence is trivial, the first assertion has
been proved.

Assume that N is Reynolds. Let W = Spec A — Y be an object of £
such that W is affine, and g € G(W). Set U = T'(W,Uyx(M),). We claim
that gU is an (N, A)-submodule of M := I'(W, M,). In order to show this,
it suffices to show that for any flat k-morphism W’ = Spec A’ — W and
n e N(W'), we have n((gU) ®4 A") C (gU) @4 A" in M ®4 A’. This is clear,
since

n(gua) =g((g7 ng)(u®a)) € g(UeasA") = (gU) ©a A’

forue U and a' € A'.

Next, we prove that (¢gU)" = 0. Assume the contrary, and take u € U\ 0
such that for each flat k-morphism W’ — W and n € N(W’), ngu = gu.
Then nu = g~ (gng~')gu = g 'gu = u, and hence v € UN MY = 0, and this
is a contradiction. Hence (gU)N = 0. That is, gU C U. By Lemma 5.23, we
have that Uy (M) is a G-equivariant submodule. Quasi-coherence is trivial.

The last assertion is clear from the fact that the decomposition M =
MY @ Uy (M) is that of a (G, Oy)-module. O

Lemma 5.26. Let GG be a flat quasi-compact quasi-separated S-group scheme,
and X a G-scheme. Then Qch(G, X) is a Grothendieck category.

Proof. In view of [Hasb, (11.5)], it suffices to show that Qch(X) is Grothendieck.
This is Gabber’s theorem [Con, (2.1.7)]. O
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Lemma 5.27. Let S be a scheme, and G a Reynolds group over S. LetY
be an S-scheme on which G acts trivially. Let I be an injective object of
Qch(Y). Then T viewed as an object of Qch(G,Y") (formally rest.T) is an
injective object.

Proof. Set J :=resi, Z. Let i : J < M be a monomorphism in Qch(G,Y).
By Lemma 5.26, we have that Qch(G,Y’) has enough injectives, and hence
it suffices to show that i splits. As we have that J = J¢, the image of 4
is contained in M%. As M is a direct summand of M, it suffices to show
that i : J < MY splits. Note that (?)g : Qchy(G,Y) — Qch(Y) and res§; :
Qch(Y) — Qchy (G, Y) are quasi-inverse each other, where Qch, (G, Y) is the
category of G-trivial objects in Qch(G,Y'). So it suffices to show that Z —
ME splits in Qch(Y'). This is obvious, since Z is injective by assumption. [J

Lemma 5.28. Let f : G — H be an fpgc homomorphism of flat S-group
schemes with N = Ker f. Assume that N is Reynolds. Let Y be a locally
Noetherian G-scheme on which N acts trivially. Let F € D (G,Y) and
G € D&w(G,Y). If for each i € Z, H(F) = Uy(H'(F)) and H'(G) =
(N i N _ -

H'(G)"Y, then @OB%M(F, G)Y =0 forieZ.

Proof. Note that the full subcategory Cohy(G,Y) (resp. Un(G,Y)) con-
sisting of N-trivial (resp. N-anti-trivial) coherent (resp. quasi-coherent) G-
modules forms a plump subcategory (that is, a full subcategory which is
closed under extensions, kernels, and cokernels) of Mod(G,Y). So we may
assume that F = M and G = N are single coherent sheaf and quasi-coherent
sheaf, respectively, by the way-out lemma [Hart].

Note that Exty (M, N)Y =0 if and only if
M

()

BM(Y N

(res§ (Bxthy |, (M N))Y 2 Bxthy - (res§ M, res§ N)Y =0

by Corollary 4.11. Set M’ := res§ M and N7 := res§ N
Let 0 — N — I be an injective resolution in Qch(Y’). Then applying
Lemma 4.2, Lemma 5.27, and [Has5, (15.2)], we have that 0 — resj\f}/\/'é —
res%} I'is an Hom,, /I(Y)(./\/l’ , 7)-acyclic resolution. By assumption, N is of
N

the form res'! £ for some £ € Qch(Y). Then rest! AV = res'™ £~ A7, So
) / NN : : ! TiI\N s s
ExtOB%[(Y)(M ,N")¥ is a subquotient of HomoB%Im (M, T")N. This is zero

by Lemma 5.12, 4. O
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Lemma 5.29. Let G be a Reynolds S-group scheme, and p : X — Y an
algebraic quotient by G. Then ¢ is a universal algebraic quotient. If, more-
over, ¢ is an affine universally submersive geometric quotient, then ¢ is a
universal geometric quotient.

Proof. Let h : Y’ — Y be an S-morphism between S-schemes on which
G acts trivially, and consider the fiber square (4) in Lemma 2.19. As ¢
is affine, 0 : h*p,Ox — ¢.g*Ox is an isomorphism. Now the first assertion
follows from Lemma 2.21, 1 and Lemma 5.12, 1. The second assertion follows
immediately. O]

6. Base change of twisted inverse

Lemma 6.1. Let
(12) X 2sx
LT
v Ly
be a fiber square of schemes. Assume that ¢ is quasi-compact quasi-separated.

Then the following are equivalent.

1 Lipman’s theta 6 : Lh* Ry, — R/, Lg* between the functors Dgen(X) —
Dqen(Y') (cf. [Lip, (3.9.1), (3.9.2)]) is an isomorphism.

2 The square is tor-independent in the sense that for each x € X and
Yy €Y' such that p(z) = h(y') =y €Y, Tor?y’y(@x7m, Oy ) =0 for

1> 0.
Proof. As the question is local both on Y and Y’, we may assume that both
Y and Y are affine. This case is [Lip, (3.10.3)]. O

(6.2) Let I be a small category, and (12) be a tor-independent fiber square
of I°P-diagrams of Noetherian schemes such that ¢ : X — Y is proper. By
Lemma 6.1, Lipman’s theta 6 : Lh*Rp, — Ry’ Lg* is an isomorphism (be-
tween functors from Dyqc(X) — Drg(Y’). Then we define ((o) : Lg*¢p* —
(¢')*h* as the composite

Lg*QOX i> (QOI)XR(P;LQ*QOX Q ((P/)XLh*RSO*(PX i> ((P/)XLh*
(cf. [Has5, (19.1)]).
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Lemma 6.3. Let

(13) PR '
J/‘P” o! l@/ o i‘p
yr Koy toy

be a commutative diagram of schemes. Assume that o is a tor-independent
cartesian square. Then o' is tor-independent cartesian if and only if the
whole rectangle o’ + o is a tor-independent cartesian square.

Proof. As o is cartesian, o’ is cartesian if and only if ¢’ + o is cartesian.
Let y” € Y" and € X such that hh'(v") = p(x). Let A” = Oy v, A’ =
Oy y, A = Oy, and B = Ox,, where ¢y = h/'(y") and y = h(y') = ().

There is a spectral sequence

2 Al A A
E;, = Tor;, (A", Tor, (A, B)) = Tor

p+q

(A", B).

By assumption, Eiq =0 for ¢ # 0. So Torﬁ/(A”,A’ ®a B) & Torf(A”,B),
and the equivalence follows. O

Lemma 6.4. Let I be a small category, and (13) be a diagram of I°P-
diagrams of Noetherian schemes. Assume that ¢ is proper, and o and o’
are tor-independent fiber squares. Then the composite

Liggy"¢ % L(g')" Lg"e* <™ L(g') (¢')* LI
S5 (") L(W) LA® 5 () L{RR)
agrees with ((o' + o).
Proof. Straightforward, and left to the reader (use [Hasb, (1.23)]). O

Lemma 6.5. Let

(14) xLox

!

7Y .z

P

y' oy

44



be a diagram of I°P-diagrams of Noetherian schemes. Assume that ¢ and
W are proper, and o and o' are tor-independent fiber squares. Then the
composite

Lf*(@w)x i> Lf*¢x¢x C_(U_/)_> (¢/>XL9*¢X

L0 (@) (@) LA S (9) L
agrees with (o' + o).
Proof. Left to the reader (use [Hasb, (1.22)]). O

(6.6) Let G be an S-group scheme, Y be a G-scheme, and X a G-stable
subscheme. That is, X is a subscheme of Y such that GX C X. Then X is a
closed subscheme of an open subscheme U of Y. Assume that G is universally
open (e.g., flat locally of finite presentation) over S. Then GU is a G-stable
open subscheme of YV, and X = GU \ G(U \ X) is a G-stable closed subset
in GU. Being a G-stable subscheme of Y, X is a G-stable closed subscheme
of GU. Thus if G is universally open, a G-stable subscheme is nothing but a
G-stable closed subscheme of a G-stable open subscheme.

(6.7) Let G be a flat S-group scheme of finite type, and ¢ : X — Y an
immersion between Noetherian G-schemes. As we have seen in (6.6), We can
factorize ¢ as

0: X5HUSY,

where U is a G-stable open subscheme of Y, ¢ the inclusion, and p is a
G-stable closed immersion.

Let h : Y’ — Y be a G-morphism between Noetherian G-schemes. As-
sume that ¢ and h are tor-independent. Then p and (the base change of) h
are also tor-independent.

For the fiber square (12), we define {(o) to be the composite

h*QO! — h*pxi* £> (p/)xg*l-* i> (p/)X(Z-/>*h* — (30,>!h*7
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(15) x'tox

oo |

U -2y

y' oy

is a commutative diagram with o, and o, are cartesian, and ¢’ = i'p’. Using
Lemma 6.4, it is easy to see that the definition of ((o) depends only on o,
and is independent of the choice of factorization o and o».

7. Serre’s conditions and the canonical modules

(7.1) Let G be an S-group scheme. We say that a G-scheme X is G-
connected if X = X, [[ Xo with X; and X, are G-stable open subsets, then
either X; or X, is empty. In this paper, a G-connected G-scheme is re-
quired to be nonempty. A connected topological space is also required to be
nonempty. If the action of G on X is trivial, then G-connected and connected
are the same thing.

Lemma 7.2. Let G be an S-group scheme, and ¢ : X - W andu: W =Y
be S-morphisms. Assume that ¢ = up : X — Y is G-invariant, and is a
categorical quotient by G. If u is a monomorphism (e.g., an immersion),
then w is an isomorphism.

Proof. As u is a monomorphism, it is easy to see that 1 is also G-invariant.
By the definition of the categorical quotient, there exists some v : Y — W
such that ¢y = vp. Then lyp = ¢ = wyp = uvp. As ¢ is a categorical
quotient, 1y = uv by the uniqueness. As uly = u = lyu = uvu and u is a
monomorphism, 1y = vu. Hence u is an isomorphism. O

Lemma 7.3. Let G be an S-group scheme, and ¢ : X — Y a G-morphism.
1 If ¢ is dominating and X s G-connected, then Y s G-connected.
2 If p s G-invariant dominating and X is G-connected, then Y 1is con-

nected.
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3 Assume that ¢ is a categorical quotient or an algebraic quotient. Then
X is G-connected if and only if Y is connected.

Proof. 1. Assume the contrary, and let Y = Y7 [[ Y2 with Y; are nonempty
G-invariant open. Then letting X; = ¢~ !(Y;), we have that X = X, [[ X,
with X; nonempty G-invariant open, and this is a contradiction.

2 is obvious from 1.

3 We prove the ‘only if” part. First consider the case that ¢ is a categorical
quotient. Assume that Y = Y7 [[ Y2 with each Y; nonempty open. Then ¢
cannot factors through Y; or Y, by Lemma 7.2. Letting X; = o }(Y;) for
i = 1,2, we have that each X; is nonempty G-stable open and X = X; [[ Xa.
Next, assume that ¢ is an algebraic quotient. Then it is easy to see that ¢ is
dominating and G-invariant. By 2, if X is G-connected, then Y is connected.

We prove the ‘if” part. Assume that X = X; [[ X, with X are nonempty
G-stable open. First consider the case that ¢ is a categorical quotient. Then
themap h = hy [Jhe : X0 [[ Xo — ST[ S, where h; : X; — S is the structure
map, factors through Y. This shows that Y cannot be connected. Next,
consider the case that ¢ is an algebraic quotient. Let V' = Spec A be an
affine open subset of Y. Then U = ¢ (V) = Spec B is affine. We have
U = Ul]_[UQ with Uz = Xz NU. Set Bz = F(Ui,OUi), and Az = BZG Then
A = Ay x Ay, and we can write V =V [[ V4. This construction is compatible
with the localization A — A[a™!] for a € A. So for y € Y and two affine
open neighborhoods V' and W, y € V; if and only if y € W;. So letting
Y; = Uy Vi, we have Y = Vi [[Ys. As ¢ (Vi) = X;, both Y} and Y; are

nonempty, and Y is disconnected. O

(7.4) For a subset Z of X, we say that Z is a G-stable closed subset of X
if X\ Z is a G-stable open subset. We say that X is G-Noetherian if any
descending chain of G-stable closed subsets of X eventually stabilizes.

(7.5) Let X be a G-Noetherian G-scheme. A G-closed subset Z of X is
said to be G-irreducible if Z is nonempty and if Z = Z; U Z,, Z; and Z,
are G-closed subsets of X, then either Z = Z; or Z = Z5. Any G-closed
subset Z of X is of the form Z = |J;_, Z; for some r > 0 and G-irreducible
closed subsets Z;. Thus we can write X = J;_, X; with X; G-irreducible.
Let = be the equivalence relation on {1,2,...,r} generated by the relation
X; N X; # (. For any equivalence class v with respect to =, X, := Ui@ X;
is called a G-connected component of X. Obviously, X, is G-stable closed
open and G-connected, and X = Hwe{l 77777 r}/= X~ 1t is easy to see that a G-
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connected component of X is nothing but a maximal G-connected G-stable
closed subset of X.

(7.6) Let I be a small category, and X an I°P-diagram of Noetherian
schemes. Then a connected component (see for the definition, [Hasb, (28.1)])
U of X is a cartesian closed open subdiagram of schemes. Indeed, for any
1 € I, U; is the union of connected components of X;, and for any ¢ : i — j,
X(;l(UZ-) = U; by the definition of connected components. In particular, we
have

Lemma 7.7. Let G be an S-group scheme and X a Noetherian G-scheme.
Then a connected component of B$,(X) is of the form B$(X;) with X; a
G-connected component of X. Conversely, B$;(X;) with X; a G-connected
component of X is a connected component of B$;(X). O

(7.8) Let G be an S-group scheme flat of finite type. Let X be a Noetherian
G-scheme.

Lemma 7.9. If Ix is a G-dualizing complex on X, n € Z, and L a G-
linearized invertible sheaf on X, then Iy ®o, L[n] is a G-dualizing complex
on X. Iflx and Iy are two G-dualizing complex on X and X is G-connected,
then RHome, (Ix,Iy) = Lin] for some n and L, and we have I'y =[x Qe

L[n].
Proof. This is [Has5, (31.12)]. O

(7.10) Let G be an S-group scheme flat of finite type. Let X be a Noethe-
rian G-scheme. Let [y be a (G-dualizing complex on X. Letting s be the
smallest integer such that H'(Ix) # 0, we define wx to be H*(Ix). We call
wx the G-canonical module corresponding to Ix. If X =[] X; with each X;
G-connected, then we define W'y by wy|x, = wx,. We call W the componen-
twise G-canonical module (in [Hasb, (31.13)], we called w’ the G-canonical
module, but this is less useful in this paper, and we change the terminology).

A coherent (G, Ox)-module w (resp. w’) is called a G-canonical module
(resp. a componentwise G-canonical module) if there exists some G-dualizing
complex I on X such that w (resp. ') is isomorphic to the G-canonical
module (resp. a componentwise G-canonical module) corresponding to L.
Thus if w (resp. w’) is a G-canonical module (resp. a componentwise G-
canonical module) and £ is a G-linearized invertible sheaf, then w ®p, £
(resp. W' ®p, L) is a G-canonical module (resp. a componentwise G-canonical
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module). If " and w” are two componentwise G-canonical modules on X,
then there exists some G-linerized invertible sheaf £ on X such that w” =
W' ®o, L. If G is trivial, then a G-canonical module and a G-componentwise
canonical module (with respect to I) are called a canonical module and a
componentwise canonical module (with respect to I), respectively, where I is

a dualizing complex of X.

Lemma 7.11. Let h : G' — G be a homomorphism between S-group schemes
flat of finite type. Let X be a Noetherian G-scheme. Let Ix(G) be a G-
dualizing complex on X, and set Ix(G') := LresS, Ix(G) (see Lemma 4.17).
Let wx (G) be the G-canonical module corresponding to Ix (G). Thenwx(G') :=
resS, wy (G) is the G'-canonical module corresponding to the G'-dualizing
complez Ix (G").

Proof. Let s = inf{i € Z | H(Ix(G)) # 0}. By Lemma 4.3, wx(G') =
H:(Ix(G")) and H'(Ix(G")) = 0 for i < s. As res& : Qch(G,X) —
Qch(G’, X) is faithful by Lemma 4.2, wx(G’) # 0, and we are done. O

A similar compatibility with the change of groups does not hold for the
componentwise canonical module.

(7.12) Let X be a locally Noetherian scheme. A coherent O x-module w is
said to be semicanonical at x € X if wx, is either zero, or is the canonical
module [Aoy, (1.1)] of the local ring Ox .. We say that w is semicanonical if it
is so at each point. Being a semicanonical module is a local condition. That
is, if w is semicanonical and U C X is an open subset, then w|y is semicanon-
ical on U. If (U;) is an open covering of X and each w|y, is semicanonical,
then w is semicanonical.

Lemma 7.13. Let the notation be as in (7.10). Then the canonical module
wx and the componentunse canonical module corresponding to Ix are semi-
canonical Ox-modules.

Proof. Let « € X. Then Ix, is a dualizing complex in the usual sense for
the local ring Ox,. So if wx, # 0, then by the definition of the canonical
module for a local ring [Aoy, (1.1)] and the local duality [Hart, (6.3)], wx »
is the canonical module of Ox ,. Using this result componentwise, we get a
similar result for w. O
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(7.14) For a local ring (A, m) and an A-module M, we define depth, M =
inf{n € Z | H}(M) # 0}. For a commutative ring A, an ideal I, and an
A-module M, we define

depth (I, M) = depth(I, M) := Pér&fm depth,, Mp.

If A is Noetherian and M is finitely generated, then we have
depth, (I, M) = inf{n € Z | Exty(A/I, M) # 0},

which also equals the length of a maximal M-sequence in I (provided M #
IM), see [Hart2, (3.4), (3.6), (3.10)].

Lemma 7.15. Let A be a Noetherian ring, M o finite A-module, and I an
ideal of A. Then

depth (I, M) = inf{n € Z | H*(M) # 0}.

Proof. 1f depth (I, M) > n, then Ext),(A/I’, M) = 0 for i < n and any
j > 1 by [Mat, (16.6)], and hence Hi{(M) = ligExtiA(A/Ij,M) = 0 for
1 < n, and the right-hand side is > n.

We prove the converse. Let n > 0. We want to prove that for a finite
A-module M, Hi(M) = 0 for i < n implies that depth,(I, M) > n. We
prove this by induction on n. If n = 0, this is trivial. Assume that n > 0.
Then as Homa(A/I, M) C HY(M) = 0, we have that depth,(I, M) > 0.
So we can find a nonzerodivisor @ € I on M. Then we have a long exact
sequence

o= HY(M) S Hi(M) — Hi(M/aM) — HY (M) — -

of the local cohomology. By assumption, we have that H:(M/aM) = 0 for
i <n — 1. By induction, depth (I, M /aM) > n — 1. Hence depth,(I, M) >
n. O

(7.16) We define dimy M = dim M to be the dimension of the support
suppy M.

(7.17) Let X be a scheme, n > 0, and M a quasi-coherent Ox-module.
We say that M satisfies the (S]) (resp. (S,)) condition if for each z € X,
we have depth M, > min(n,dim Oy ) (resp. depth M, > min(n,dim M,)
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(here we define depth0 = oo > n)). Or equivalently, if depth M, < n, then
depth M, = dim Ox, (resp. depth M, = dim M,). If Ox, is Noetherian
and M, is a finite module, then M, is called mazimal Cohen—Macaulay (resp.
Cohen—Macaulay) if depth M, = dim Ox , (resp. depth M, = dim M,). We
say that X satisfies the (5,,) condition if Oy satisfies the (.S,) condition (or
equivalently, (S]) condition).

Lemma 7.18. Let B be a Noetherian local ring with the canonical module K .
Then the associated sheaf w := K is a semicanonical module on Z = Spec B.
In other words, if P is a prime ideal of B and Kp # 0, then Kp is the
canonical module of Bp.

Proof. This is [Aoy, (4.3)]. O

Lemma 7.19. Let Z be a locally Noetherian scheme with a semicanonical
module wz. Then wy satisfies the (S%) condition.

Proof. If depthwy, < 2, then wyz, # 0, and hence depthw;, = dimwy , by
[Aoy, (1.10)]. On the other hand, if ¢ is a minimal element of suppwy ., then
the dimension of the closure ¢ of ¢ in Spec O 7. agrees with dim Oy , by [Aoy,
(1.7)]. Hence dimwy, = dim Oy ,, and wy satisfies the (5%) condition. O

Corollary 7.20. Let G be a flat S-group scheme of finite type, and X a
Noetherian G-scheme with a G-dualizing complex. If X s locally equidimen-
sional (e.g., X is (S2), see [Ogo)), then for a componentwise G-canonical
module W'y, we have that suppwy = X.

Proof. We may assume that X is G-connected. Let I be a G-dualizing com-
plex of X, and let wy = H*(I) with H(I) = 0 for i < s. Let € suppw.
As W, satisfies the (S7)-condition by Lemma 7.19, any generalization of x
is in suppw’. This shows that suppw’ is G-stable closed open. As X is
G-connected and W’y # 0, suppw’y = X. H

(7.21) Let X be a scheme and x € X. Then the codimension of x is that
of {z}. Namely, codimy z = codimx{z} = dim Ox_,. We denote the set of
points of X of codimension n by X ™. As can be seen easily using [Stack,
(10.24.4)], any irreducible closed subset Z of X has a unique generic point
¢, and obviously we have codimy Z = codimy ¢. In particular, X(* is in
one-to-one correspondence with the set of irreducible components of X by
the correspondence & — &.
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For n € Z, a subset of U is said to be n-large if codimx (X \U) > n + 1.
This is equivalent to say that U D X U ... U X 0-large is also called
strongly dense, and 1-large is simply called [arge. Note that a strongly dense
subset is dense.

ItU cV Cc X and U is n-large in X, then V is n-large in X. If
UcCcV cCX,Visopenin X, U is n-large in V', and V is n-large in X, then
U is n-large in X.

(7.22) For a scheme X and n > 0, let P"(X) be the set of integral closed
subsets of codimension n. Note that X is in one-to-one correspondence
with P*(X). An element of P°(X) is nothing but an irreducible component
of X. A set A of subsets of X is said to be locally finite if for any affine
open subset U of X, UN F # () for only finitely many elements F' of A.
We say that a scheme X is an LFI-scheme if P°(X) is locally finite. This is
equivalent to say that {{¢} | & € X(O} is locally finite.

A locally Noetherian scheme is LFI. An open subset U of an LFI-scheme
X is dense in X if and only if it is strongly dense in X.

(7.23) Let Z be a locally Noetherian scheme. A coherent sheaf w on Z
is said to be n-canonical at z € Z if the Oy ,-module w, satisfies the (5,)-
condition, and for each generalization 2z’ € Z with codim 2z’ < n, w./ is either
zero, or is the canonical module of the local ring Oz ... We say that w is
n-canonical if it is n-canonical at each point. Being n-canonical is a local
condition.

Lemma 7.24. Let Z be a locally Noetherian scheme with a 1-canonical mod-
ule w. For M € Coh(Z), consider the following conditions.

1 M satisfies the (S7) condition, and supp M C supp w.
2 M satisfies the (S)) condition, and (supp M) C (suppw)(®.
3 The canonical map M — M"Y is monic, where (7)" = Hom,,_(?,w).

4 M is isomorphic to a submodule of a finite direct sum of copies of w.

Then we have 4=1&243. A coherent module of the form M = NV with
N € Coh(Z) satisfies 3. If Z = Spec B is affine, then 3=4 holds.

Proof. As the conditions 1, 2, 3 are local, and the conditions M = ANV and
4 localizes, we may assume that Z = Spec B is affine, and we are to prove
that the four conditions are equivalent, and NV satisfies 4 for N' € Coh(Z).

52



Set M =T(Z,M), K =T(Z,w), and (?)¥ = Homp(?, K).

1=2. As M satisfies the (S])-condition, it satisfies the (S7)-condition.
Let P be a minimal prime of M. As dim Mp = 0, we have that depth Mp = 0,
and hence dim Bp = 0 by the (S])-property. As Kp # 0, dim Kp = 0.

2=-3. First, assume that P € supp M and dim Mp = 0. Then by assump-
tion, P € supp K and dim Kp = 0. As Kp satisfies (57) and depth Kp = 0,
we have dim Bp = 0.

In particular, as M satisfies (57), it also satisfies (S7).

Let D : M — MYV be the canonical map, and set F := supp Ker D.
If ht P = 0, then we have that Kp = 0 or Kp is the canonical module of
Bp. If Mp # 0, then as the Bp-module Mp is maximal Cohen—Macaulay
and Kp # 0, Dp : Mp — MY is an isomorphism by [Aoy, (4.4)]. Hence
codimyz F' > 1. If Ker D # 0, then taking an associated prime @) of Ker D,
ht@ > 1 and @ is an associated prime of M. As depthMg = 0 and M
satisfies the (S7) condition, dim By = 0. This contradicts ht () > 1. Hence
Ker D = 0, as desired.

Now we prove that AV satisfies 4. Set N = I'(Z, ), and take a surjection
B™ — N. Taking the dual, we have an injection NV — K™.

We prove 3=4. Set N := M". Then there is an injection M — MYV =
NVY and an injection NV — K™. So there is an injection M — K™.

4=1. As M C K", we have that supp M C supp K. If depth Mp = 0,
then P is an associated prime of M, and hence P is an associated prime
of K, and depth Kp = 0. As K satisfies the (S5])-condition, ht P = 0, and
hence M satisfies the (.S])-condition. O

Lemma 7.25. Let B be a Noetherian local ring, N a finite B-module which
satisfies the (S,) condition. If there is a minimal prime P of N such that
dim B/P < n, then dim B/P = depth N = dim N. If, moreover, N satisfies
(S1), then dim B/P = dim B.

Proof. As Homg(B/P, N) # 0, we have depth N < n by [Mat, (17.1)]. Hence
depth N = dim N by the (S,,) property. Hence dim B/P = dim N by [Mat,
(17.3)]. Assume that N satisfies (S). Since depth N = dim B/P < n, we
have dim B/P = depth N = dim B. O

Corollary 7.26. Let B be a Noetherian local ring, and M a finite B-module
which satisfies (S,). Let N be a finite B-module which satisfies (S)). If a
minimal prime of M is a minimal prime of N, then M satisfies (S)).
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Proof. Let P € Spec B with depth Mp < n. Then by (S,,) property of M, we
have dim Mp = depth Mp. Let () be a minimal prime of M such that ) C P
and dim Bp/QBp = dim Mp. Then by assumption, @) is a minimal prime of
N. As dim Bp/QBp < n and @) Bp is a minimal prime of Np, we have that
depth Mp = dim Bp/QBp = dim Bp by Lemma 7.25 and (S),) property of
N. O

Corollary 7.27. Let B be a Noetherian local ring which satisfies (S,), and
M a finite B-module which satisfies (S,) and (S7). Then M satisfies (S),).

Proof. Apply Corollary 7.26 to the case that N = B. m

Lemma 7.28. Let Z be a locally Noetherian scheme with a 2-canonical mod-
ule w. For M € Coh(Z), consider the following conditions.

1 M satisfies the (S5) condition, and supp M C suppw.
2 M satisfies the (Ss) condition, and (supp M) C (suppw)(®.
3 The canonical map M — MY is isomorphic, where (7)” = Hom,,_(7,w).
4 There is an exact sequence of the form
0—M—K>—=K!
such that K is a finite direct sum of copies of w fori=0,1.

Then we have 4=1<243. A coherent module of the form M = NV with
N € Coh(Z) satisfies 3. If Z = Spec B is affine, then 3=-4 holds.

Proof. We may assume that Z = Spec B is affine, and we need to prove that
the four conditions are equivalent, and NV satisfies 4. Let M, K, and (7)Y
be as in the proof of Lemma 7.24.

1=2. As M satisfies (S}), it satisfies (S). (supp M) C (suppw)'? is
by Lemma 7.24, 1=2.

2=3. By Corollary 7.26, we have that M satisfies (S}). Note that
supp M C supp K by Lemma 7.24, 2=-1.

Also by Lemma 7.24, 2=3, we have that D : M — M"Y is monic.
Let C' := Coker D. Let P € SpecB and depthMp < 2. Then Mp is
maximal Cohen-Macaulay by the (S5) property of M. We have Kp # 0
by supp M C supp K. So Kp is the canonical module of Bp, since K is
2-canonical. Hence Cp = 0 by [Aoy, (4.4)].
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Now assume that C' # 0, and let @) be a minimal prime of C. Then
Cq # 0, and hence depth Mg > 2 by the argument above. Hence dim Bg > 2.
On the other hand,

0— Mg — My —Cq—0

is exact. As My" satisfies (59]) by Lemma 7.24, depth My* > 1. By the
choice of @, depthCq = 0. By the depth lemma, depth Mg = 1, and this
contradicts depth Mg > 2. Hence C = 0, as desired.
Now we prove that NV satisfies 4. Set N =T'(Z,N), and take a presen-
tation
Fi—>F,—N—=0

with Fy and Fj finite free. Dualizing, we get a desired exact sequence.

Now we prove 3=4. Set N := MY. Then M = M"Y = NY. As NV
satisfies 4, M satisfies 4, too.

4=1. Let P € Spec B and assume that depth Mp < 2. By the exact
sequence, we must have that depth Kp = depth Mp. As K satisfies the
(S%)-condition, dim Bp = depth Kp = depth Mp, and hence M satisfies the
(S%)-condition. supp M C suppw is trivial. ]

(7.29) Let Z be a locally Noetherian scheme. We denote the full subcate-
gory of Coh(Z) consisting of coherent sheaves satisfying the (S),) condition
by (S/)(Z). It is an additive subcategory of Coh(Z) closed under direct
summands, extensions, and epikernels.

Lemma 7.30. For M € Coh(Z), the following are equivalent.
1 Me(5)(2).

2 For any dense open subseti : U — Z of Z, the canonical map u : M —
140* M is a monomorphism.

Proof. As the question is local, we may assume that Z = Spec B is affine.
Set M = I'(Z, M).

1=2. Let I be an ideal of B such that U = Z \ V(I). Then we have
ht I > 1, and hence we have that depth M, > 1 for each z € V(I) by the (57)
property. Thus depthg(I, M) > 1, and hence H?(M) = 0 by Lemma 7.15.
Hence M — I'(U, M) is injective.

2=-1. Assume that P is an associated prime of M with ht P > 1. Then
letting U = D(P) = Z \ V(P), U is dense. However, as P is an associated
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prime of M, the local cohomology H%(M), which is the kernel of M —
['(Z,i.i* M), is nonzero, and this is a contradiction. Hence if P € Ass M,
then ht P = 0. Namely, M satisfies the (S7) condition. O

Lemma 7.31. Let Z be a locally Noetherian scheme. For M € Coh(Z), the
following are equivalent.

1 M e (S5)(Z).

2 M € (S))(Z), and for any large open subset i : U — Z of Z, the
canonical map u : M — i,i* M is an isomorphism.

Proof. As in the proof of Lemma 7.30, we may assume that Z = Spec B is
affine. Let M =1'(Z,O0p).

1=-2. Clearly, M satisfies the (S]) condition.

Let I be an ideal of B such that U = Z \ V(I). As we have ht [ > 2
depth(Z, M) > 2. So the local cohomology H%(M) vanishes for i = 0,1. By
the exact sequence

HY (M) — M — T(Z,ii* M) — H; (M),

we are done.

2=1. Let P € Spec B satisty depth Mp < 2. If depth Mp = 0, then
dim Bp = 0 by the (57) assumption. If not, then depth Mp = 1. We want
to prove that dim Bp = 1. Assume the contrary. Then dim Ap > 2. Then
letting U = Z \ V(P), we have that U is a large open subset of Z. As we
have an exact sequence

0— HY(M) = M S T(U,i* M) — H5(M) = 0

by [Hart2, (1.9)], we have that H%(M) = Hp(M) = 0 by assumption. Hence
H}p (Mp) = Hpp,(Mp) = 0. Hence depth Mp > 2, and this is a contradic-
tion.

Hence depth Mp < 2 implies that depth Mp = dim Ap. That is, M
satisfies the (S5) condition. O

(7.32) Let Z be a scheme with a quasi-coherent sheaf M. We say that M
is full if supp M = Z.

Lemma 7.33. If ¢ : X — Y is a flat morphism of schemes and M 1is a
quasi-coherent sheaf on'Y . If M is full, then p* M is also full. If p*M is a
full and ¢ s faithfully flat, then M is full.
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Proof. Easy. O

Lemma 7.34. Let Z be a locally Noetherian scheme with a full 2-canonical
module w, and U its large open subset. Let i : U — Z be the inclusion. If
M e (S)(U), then i.M € (S)(Z). Moreover, i, : (S5)(U) — (S5)(Z) and
i*: (95)(Z) = (55)(U) are quasi-inverse each other.

Proof. 1If i,M € (55)(Z) for M € (55)(U), then i, : (S5)(U) — (55)(Z) and
i* : (S5)(Z) — (55)(U) are well-defined functors. The counit map i*i, — Id
is obviously an isomorphism. On the other hand, Id — 7,:* is an isomorphism
by Lemma 7.31. So the last assertion follows.

So it suffices to show, If i, M € (S5)(Z) for M € (S5)(U). We can take
a coherent subsheaf Q of i,M such that i*Q = i*i,M = M by [Hart3,
Exercise I1.5.15]. Set N := Q¥Y. Then N € (S5)(Z) by Lemma 7.28. So by
Lemma 7.31, N' — i,s*N = i, (:*Q)VY = i, MYV = {, M is an isomorphisin,
and hence i,,M is coherent and is in (55)(Z2). O

Example 7.35. Let Z be a locally Noetherian scheme. In the following
cases, Z has a full 2-canonical module w.

1 Z is normal. Any rank-one reflexive module (e.g., Oyz) can be used as
w.

2 7 is locally equidimensional Noetherian with a dualizing complex. The
componentwise canonical module is the desired one.

3 Z = SpecB with B an equidimensional Noetherian local ring with
a canonical module in the local sense. The canonical module is the
desired one.

(7.36) A locally Noetherian scheme Z is said to be quasi-normal by w if
w is a full 2-canonical module of Z. It is simply called quasi-normal, if it is
quasi-normal by some w. We say that Z satisfies (T,) (resp. (R,)) if Oz, is
Gorenstein (resp. regular) for z € Z with codim z < n, or equivalently, the
Gorenstein (resp. regular) locus of Z is n-large.

Lemma 7.37. For a locally Noetherian scheme Z, the following are equiva-
lent.

1 Z satisfies (T1) + (S2).

2 7 is quasi-normal by Oy.
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In particular, if Z is normal (or equivalently, satisfies (Ry) + (S2)), then it
s quasi-normal by O.

Proof. Easy. m

Lemma 7.38. Let Z be a locally equidimensional connected Noetherian scheme
with a nonzero semicanonical module w. Then suppw = Z, and we have that
Z 1s unwwersally catenary and quasi-normal by w.

Proof. Let X1,..., X, be the irreducible components of Z that are contained
in suppw. Assume that suppw # Z. Let Yi,..., Y, be the irreducible com-
ponents of Z that are not contained in suppw. By assumption, » > 1 and
s > 1. As Z is connected, there exist some i and j such that X;NY; # (). Take
z € (X;N Yj)@, and consider the local ring B = Oy.. As z € suppw, B has
a canonical module K = w,. By assumption, B is equidimensional. By [Aoy,
(1.7)], supp K = Spec B. Hence Y; C suppw, and this is a contradiction.
Hence suppw = Z, as desired.

Let z € Z be any point, and set B = O .. As suppw, = Spec B, we have
that supp @, = Spec B, where B is the completion of B. As &, is a canonical
module of B, we have that B is equidimensional by [Aoy, (1.7)]. Hence B is
universally catenary by [Mat, (31.6)]. Hence Z is universally catenary. [

Corollary 7.39. Let Z be a Noetherian scheme with a dualizing complez. If
Z is locally equidimensional, then the componentwise canonical module w' is
a full semicanonical module, and Z is quasi-normal by w'.

Proof. The componentwise canonical module ' is full by Lemma 7.38. [

Lemma 7.40. Let o : X — Y be a flat morphism between locally Noetherian
schemes. Let M be a coherent sheaf on'Y, and n > 0. Then

1 If ¢ is faithfully flat, and ©* M satisfies the (S),) condition (resp. the
(Sn) condition), then so does M.

2 If the fibers of ¢ satisfy (S,) and M satisfies (S!) (resp. (S,)), then
so does ©* M.

Proof. For the property (S,), see [Gro2, (6.4.1)]. The assertions for (S)) is
also proved similarly. O

Lemma 7.41. Let p: X — Y be a flat morphism between locally Noetherian
schemes. Let w be a coherent sheaf on'Y .
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1 If ¢ is faithfully flat and @*w is semicanonical (resp. n-canonical), then
S0 1S W.

2 If X s quasi-normal by ¢*w, then Y is quasi-normal by w.

3 If w is semicanonical and each fiber of ¢ is Gorenstein, then p*w s
semicanonical.

4 Ifw is n-canonical and each fiber of ¢ satisfies (T,—1) + (Sy), then p*w
1S n-canonical.

5 IfY is quasi-normal by w and each fiber of ¢ satisfies (T1) + (Sz), then
X is quasi-normal by p*w.

Proof. 1. The assertion for the semicanonical property follows from [Aoy,
(4.2)]. As the (S,,) property also descends by Lemma 7.40, the assertion for
the n-canonical property follows easily.

2 follows immediately by 1.

3. Let A — B a flat Gorenstein local homomorphism between Noetherian
local rings, and K the canonical module of A. It suffices to prove B ®4 K is
the canonical module. Let Q) = mB(fl ®4 B), where mp is the maximal ideal
of B. Note that Q is a maximal ideal of A®4 B. Set C' := (A®4 B)g. Since
K = A®4 K is the lowest nonvanishing cohomology group of the dualizing
complex I of A, we have that C ®4 K is the lowest nonvanishing cohomology
group of C® ;1. As A = C is a flat Gorenstein local homomorphism, C® ;1
is a dualizing complex by [AvF, (5.1)]. Hence C®4 K is the canonical module
of C. By [Aoy, (4.2)], B®4 K is the canonical module of B.

4 and 5 are immediate consequences of 3. O

(7.42) Let f : G — H be a quasi-compact flat homomorphism between
flat S-group schemes of finite type with N = Ker f. Note that N is also flat
of finite type.

Lemma 7.43. Let g : Z/ — Z be a G-morphism separated of finite type.

Assume that Z is Noetherian. Then the flat base change map
C:rest g — g'res?

(see [Has5, Chapter 21]) is an isomorphism between the functors Dy (H, Z) —
Di (G, Z") (it would be better to write Lresl instead of resfi, but as in
[Hasb|, for a left or right derived functor of an exact functor, we omit L or

R).
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Proof. This is [Hasb, (21.8)]. O

(7.44) Let f: G — H,and N be as in (7.42). Let Y; be a fixed Noetherian
H-scheme with a fixed H-dualizing complex Iy, = Iy,(H). The restriction
res Ty, (H) is a G-dualizing complex by [Has5, (31.17)]. We denote it by Ty,
or Iy, (G).

Let F(G,Yp) be the category of (G, Yp)-schemes separated of finite type
over Yy. For (hy : Z — Yy) € F(G,Y)), the G-dualizing complex of Z (or
better, of hy) is hiyly,(G) by definition, and we denote it by I = I(G).

Lemma 7.45. Let hy : Z — Yy be an object of F(G,Yy). Assume that the
action of N on Z is trivial. Then Z € F(H,Yy). When we set 1z(H) =
hiyly, (H), then we have 17(G) = resZ1,(H). In particular, each cohomology
group of 17(G) belongs to Cohn(G, Z), the full subcategory of Qch(G,Z)
consisting of N-trivial coherent (G, Oz)-modules.

Proof. The first assertion is by [Hasl1, (6.5)]. We have
I2(G) = hi)ly, (G) = hiyrest Iy, (H) = resf )y, (H) = rest 1,(H)

by Lemma 7.43, and the second assertion holds. In particular, being re-
stricted from H, each cohomology group of I(G) is N-trivial. O

Example 7.46. Let S be Noetherian with a fixed dualizing complex Ig.
Then Ig(H) = (L_1lg)a,, is an H-dualizing complex of the H-scheme S by
[Has5, (31.17)], where L_; : Mod(S) — Mod(B¥(S)) is the left induction,
and (?)a,, : Mod(BM¥(S)) — Mod(H,S) = Mod(B}(S)) is the restriction.
See for the notation, [Has5|. Letting Yy = S, we are in the situation of (7.44).

(7.47) Let S, f: G — H and N be as in (7.42). Yy, Iy, and F(G,Y)) be
as in (7.44).

Let Z € F(G,Yy). The G-canonical module of Z, denoted by wy, is
defined to be the G-canonical module corresponding to the G-dualizing com-
plex I;. Note that the definition in [Hasb, (31.13)] is slightly different, and
used the componentwise G-canonical module, see (7.10).

Lemma 7.48. Let f : G — H, N, Yy, Iy,, and Z € F(G,Yy) be as in
(7.47). Let U be a G-stable open subset of Z. If wz|y # 0 (e.g., U is dense),
then wzly = wy as (G, Oy)-modules. If, moreover, U is large in Z, then
wz = i,wy, where i : U — Z s the inclusion.
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Proof. Assume that wy = H*(Iz). lfwyz|y = H*(Iyy) # 0, then as H (Iy;) = 0
for i < s, we have that wz|y = wy as (G, Oy)-modules.

Assume that U is large in Z. Then since wy satisfies (S5), we have that
Wz — 1 wy = 1wy is an isomorphism by Lemma 7.31. ]

(7.49) Let f: G — H be as in (7.42). Assume that N is smooth over
S. Let Z be the defining ideal of the unit element e in N. Then Z/Z? is
a locally free sheaf over S on which G acts via the conjugation. We set
Lie N := (Z/7?)*, and Oy := A" Lie N. The following is essentially due to
Knop [Knp, Lemma 5.

Proposition 7.50. Assume that N is smooth over S. If ¢ : X — Y s
a G-enriched principal N-bundle with Y locally Noetherian, then x/y is
isomorphic to h% ((Lie N)*), where hx : X — S is the structure map.

Proof. Consider the commutative diagram

(16) X%NxXLXxYXL\X
hx pl\
S—* >N X Y
\ N
S

of G-schemes, where G acts on N by conjugation action, and ¥(n,x) =
(nx,z). Then as ¥ is an isomorphism and (a) and (b) are fiber squares,

Qx/y = (6 X 1X)*\Ij*p>{Qx/y = (6 X 1X)*\IJ*QX><yX/X =
(6 X ]-X)*QNXX/X = (6 X ]-X)*pTQN/S = h}e*QN/X = h}((Lle N)*>,
as desired. O

So wX/y = /\mex/y = h}(@}ﬁv) = 67V,X7 where @N,X = h}@N We
prove a version of this fact which can be used also for the case where N may
not be smooth.

(7.51) We say that a morphism of schemes ¢ : X — Y is of relative
dimension d if dim, ¢ = d for each z € X, see [Gro3, (17.10.1)] for the
notation.

61



(7.52) Let f: A — B be a local homomorphism between Noetherian local
rings. Let f: A — B be its completion, and

(17) ENENy:
a Cohen factorization [AvFH] of it. That is, g is flat with C'/m4C regular,

and h is surjective. If so, we define the Avramov—Foxby—Herzog dimension
(AFH dimension for short) of f by

AFHdim f = AFHdimy B = dim C' — dim A — ht Ker h

and the depth of f by depth f = depth B — depth A, see [AvFH] and [AvF2].
If f is flat, then AFHdim f is nothing but the dimension of the closed fiber.
We define cmd f = AFHdim f — depth f, and call it the Cohen—Macaulay
defect of f. We say that f is Cohen—Macaulay at mp if flat.dim f < oo
and cmd f = 0. This is equivalent to say that Kerh is a perfect ideal. If
Kerh is a Gorenstein ideal (that is, Kerh is perfect and Exti(B,C) = B,
where ¢ = ht Ker h, we say that f is Gorenstein at mpg. These definitions are
independent of the choice of Cohen factorization (17) of f.

(7.53) A morphism ¢ : X — Y between locally Noetherian schemes is said
to be Cohen-Macaulay (resp. Gorenstein) if Oy, = Oy, is Cohen-Macaulay
(resp. Gorenstein) at m, for every »r € X. AFHdim, ¢ is AFHdime,, , Ox ..
If AFHdim, ¢ = d is independent of x € X, then we say that ¢ has AFH
dimension d.

Lemma 7.54. Let ¢ : X — Y be a Cohen—-Macaulay separated morphism
of finite type between Noetherian schemes. Then ¢ has a well-defined AFH
dimension on each connected component of X.

If ¢ is of AFH dimension d, then H'(©'(Oy)) = 0 for i # —d. If,
moreover, ¢ is Gorenstein, then wxy = H~%(¢'(Oy)) is an invertible sheaf.
If, moreover, G is a flat S-group scheme of finite type and o is a G-morphism,
then wxy 1s a G-linearized invertible sheaf. If, moreover, ¢ is smooth, then
wWx/y = /\dQX/Y~
Proof. By the flat base change [Lip, (4.4.3)], the question is local both on X
and Y, and we may assume that Y = Spec A and X = Spec B are both affine.
As B is finitely generated, we may write B = C'/I, where C = Alxy, ..., z,)
is a polynomial ring, and [ an ideal of C'. By assumption, [ is a perfect ideal
of codimension h :=n — d. We have

j*QO! = RI—IO_HRQZ (j*OX7 @D*(?))[Tl],

62



where ¢ : Z = SpecC' — Y is the canonical map, and j : X — Z is the
inclusion. As we have Extl (B, C) = 0 for i # h, the first assertion follows.
If, moreover, ¢ is Gorenstein, Eth(B,C) is rank-one projective as a B-
module, and the second assertion follows. The third assertion is trivial. The
last assertion follows from [Has5, (28.11)]. O

Definition 7.55. Let G be a flat S-group scheme of finite type, and ¢ : X —

Y be a G-morphism separated of finite type between Noetherian G-schemes.

We denote the lowest non-vanishing cohomology group H*('Oy) # 0 (H (¢'Oy) =
0 for i < s) of ¢'Oy by wyy or w, if X # 0 (if X = 0, we define wx,y = 0),

and call wx/y the relative canonical sheaf of ¢ (or of X/Y').

Lemma 7.56. Let G and ¢ : X — Y be as in Definition 7.55. Assume
that ¢ is flat Gorenstein of relative dimension d. Then for any morphism
h :Y'" =Y with Y' Noetherian, we have that wx: )y, = hiwx/y, where
X' =Y' xy X and hx : X' — X is the second projection.

Proof. Consider the diagram

(18) =
[ )

X 2o X xy X o x

Y

Then by the flat base change,
Ox = A'pyp*Oy 2 A'pip' Oy = A'pjux)y|d).

As A is a closed immersion, the description of A' in [Has5, Chapter 27] yields
that there is an isomorphism

Ox = A'pjwx)yld] = piwx)y © A'Ox ., x]d).

Thus A'Ox xy x = w}}y[—d]. Note that all the maps in (18) are tor-independent
to h and its base change.
The argument above applied to ¢’ : X' — Y’ yields (A/)!Ox'xy, =

w;(}/y, [—d]. So it suffices to show that the canonical map ¢ : LR A'Oxy x —

(A’ )!Lh_’§(XY « 1s an isomorphism. To verify this, we may forget the G-action,
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and we may assume that G is trivial. Then, as the question is local on X,
Y, and Y’ we may assume that X = Spec B, Y = Spec A, Y’ = Spec A’ are
all affine.

Then by definition, ¢ = ( is identified with the map

H : RHom¢ (B, C) @5 A' = RHome (B', C"),

where C' = B ®4 B, and B is viewed as a (C-algebra via the product map,
and B = A ®4Band ' = A ®4 C.

To compute the map H, let F be a C-free resolution of B whose terms
are finite free. Note that

wX//y/ (Z = d)

Hi(F* @4 A') = Hi(Home (A @4 F,C")) = o
0 (otherwise)

Letting .
FF0-G'— . =G5 et

and BY(F*) = Im 9", we have that H'(F* ® A/J) = 0 for any ideal J of A

and any i > d. This shows that Tor{' (B3, A/.J) = 0 for any .J, and hence

B3 is A-flat, and B3 @4 A" — BYT3(F* @4 A’) is an isomorphism. So it

is easy to see that Z¢ = Ker 9% is also A-flat and Z? @4 A" — Z4F* @4 A')

is an isomorphism. So considering the exact flat complex bounded above

0G5 .- =G =245 724/BY -0

is compatible with the base change. We have that the induced map wx/y ®a
A" — wx /vy is an isomorphism, as desired. ]

Lemma 7.57. Let G be a flat S-group scheme of finite type, and ¢ : X =Y
and ¢ Y — Z be flat Gorenstein G-morphisms separated of finite type
between Noetherian G-schemes with well-defined relative dimensions. Then

wx/z = Wy iz Qoy Wx/y -

Proof. Let d and d’' be the relative dimensions of ¢ and 1, respectively. We
have

wxyz = H " ((Y9) (02)) = H (' (wyyz[d])

= 7d(80*WY/Z ®éx 90!<OY)) = wy)z Qo Wx/y-

[]
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(7.58) Let f: G — H, N, Yy, Iy,, and Z € F(G,Yp) be as in (7.47).
Assume that N is separated and has a fixed relative dimension. We define
© = Onyz = e}‘vzw]*\,z/z, where N; = N xg Z, and ey, : Z — Ny is the
unit element. Letting hy : Z — Y| is the structure map, h;,Ony, = On 2 by
Lemma 7.56. If S is Noetherian, then letting Oy g = e}*\,w}"\,/s, we have that
Onz = B*Z@N,Sa where hy : Z — S is the structure map.

Note that © is a G-linearized invertible sheaf on Z. If N is smooth of
relative dimension d, then Oy, = hi(\®Lie N), where Lie N = /s and
hy : Z — S is the structure map.

Proposition 7.59. Let ¢ : X — Y be a morphism in F(G,Yy). Assume
that N s separated and has a relative dimension d. If ¢ is a G-enriched
principal N-bundle, then wx;y = O} x.

Proof. Let us consider the commutative diagram

exlx

XZENx X Yo X xy X 2o X

K lpz (a) lso
©

X Y

in 7(G,Yy).
Note that (a) is cartesian, and ¢ is flat Gorenstein of relative dimension
d. Now

wx/y[d] =2 ¢'Oy 2 Lie x 1x)*U*pip'Oy = L(e x 1x) ¥ php* Oy
= L(@ X lx)*p'QOX = L(e X 1X)*W(N><X)/X[d] = @}(V,X[d]’
and the result follows. O]

The following is due to Knop [Knp] when S = Speck with k an alge-
braically closed field of characteristic zero.

Corollary 7.60. Let f : G — H, N, Yy, andly, be as in (7.47). Let p : X —
Y be a G-enriched principal N-bundle which is a morphism in F(G,Yy). If
N is separated and has a fized relative dimension, then wx = p*wy ®oy Oy y
as (G, Ox)-modules, and wy = (pwx Qo, Ony)Y as (H, Oy)-modules.

Proof. The first assertion follows immediately from [Has5, (28.11)] and Propo-
sition 7.50. The second assertion follows from the first one and [Hasll,
(6.21)], using the equivariant projection formula [Hasb, (26.4)]. O
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Lemma 7.61. Let f: G — H, N, and Yy be as in (7.47). If N is finite and
Reynolds, then Oyy, = Oy,. In particular, for any object Y of F(G,Yy),
Ony = Oy.

Proof. Note that G acts on N by conjugation, and hence we can define the
semidirect product G := G x N. Letting G act on Y by the original action
and N act on Y, as a subgroup of G, G acts on Yy. The group G acts on
N by (g,n)n’ = gnn’g~'. The first projection p; : Ny, = N x Yy — Yj is a
G-enriched principal N-bundle. As (G, Oy, )-modules,

* o ~ % * N ~ N
ONy, = €Ny, Wy, /Yo = eNyopl(?) Why, /Yo = WNy, /Yo
~ N ~ N
= R(?7)" RHomp, (Ony,, Oy;) = Home, (Ony Oy,)

= I_]:O_mOYO <OZZ\\§YO ) OYO) = I_]:O_mOYO (OY()u OYo) = OYO .

Y

Hence Ony, = Oy,. The last assertion is trivial. O

8. Frobenius twists and Frobenius kernels

(8.1) In this section, S is an F,-scheme, where p is a prime number, and
IF, is the prime field of characteristic p, unless otherwise specified.

(8.2) Let us consider the ordered set Z as a category. For m,n € Z, there is
a unique morphism from m to n when m < n. Otherwise, Z(m,n) is empty.

Let F-Schg be the category defined as follows. An object of F-Schg
is a pair (hx : X — S,n) with hx : X — S an S-scheme, and n € Z.
The hom-set F-Schg((X,n), (Y, m)) is empty if n < m. If n > m, then
F-Schs((X,n), (Y, m)) is the set of morphisms ¢ : X — Y (not necessarily S-
morphisms) such that hy ¢ = F{™"hx, where F§g™™ : S — S is the (n—m)th
iteration of the (absolute) Frobenius morphism. Note that v : F-Schg — Z°P
given by v(X,n) = n is a functor which makes F-Schg a fibered category
over Z°?. An object F-Schg is called an (F),S)-scheme, and a morphism of
F-Schg is called an (F, S)-morphism.

(8.3) For (F,S)-morphisms ¢ : (X,n) — (Y,r) and h: (Y',m) — (Y,r),
the fiber product (X,n) Xy, (Y',m) in F-Schg does not exist in general.
However, if S = Speck with k a perfect field (of characteristic p), then it
does exist. If S is general and m = r, then it exists. It is (X Xy Y’ n) with

the structure map
XxyY' 5 X =S
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Similarly, if n = r, then the fiber product exists.

84) Ifwu:S — S is a morphism of [F,-schemes, then
( ) p P 9
(hx : X = S;n)— (uhx : X = 5" n)

is a functor from F-Schg to F-Schg. If v : S — S is a morphism of F-
schemes, then (X,n) — (5’ xg X,n) is a functor from F-Schg to F-Schg.

(8.5) A forgetful functor F-Schg — Sch/F,, is given by (X,n) — X. X is
called the underlying scheme of (X, n). Sheaves and modules over (X, n) are
those for its underlying scheme X.

(8.6) For n € Z, We denote the fiber v~!(n) by F-Schg,. Note that
i:Sch/S — F-Schgg given by X — (X,0) is an equivalence. We identify X
with i(X) = (X,0), and Sch/S with F-Schg, via i, and consider that Sch/S
is a full subcategory of F-Schg.

(8.7) Forr e Z,"(?) : F-Schg — F-Schg given by "(X,n) = (X,n + r)
and "¢ = ¢ is an autoequivalence of F-Schg. "(?) is also denoted by (7).
Thus we will write (X, r) by "X.

In what follows, when we consider Frobenius maps, we work over F'-Schg.
The advantage of doing so is, we may consider X for artitrary r € Z not
only for S = Speck with k a perfect field (as in [Jan, (9.2)]), but also for an
arbitrary F,-scheme S.

(8.8) A homomorphism h : A — B of Fj-algebras is said to be purely
inseparable if for each b € B, there exists some e > 0 such that " € h(A).
A morphism of F,-schemes ¢ : X — Y is purely inseparable if it is affine,
and for each affine open subset U of Y, T'(U,Y) — ['(¢~1(U), X) is purely
inseparable. A purely inseparable morphism is a radical morphism, and hence
is an integral morphism.

(8.9) Let Z be an S-scheme, r € Z and e > 0. Note that the absolute
Frobenius map F§ : "7 — "7 is an (F,S)-morphism.

An Oz-module M, viewed as an O z-module (note that "7 is Z, when it
is viewed as a scheme), is denoted by "M. The structure sheaf "Oy is also
denoted by Orx.

Let ¢ : Z' — Z be an S-morphism. The map ¢*"Z" — “t"Z x5 "7’ given
by 2+ (¥(2'), F¢(2')) is denoted by ®.(Z, Z’) or ®.(1) for e > 0. Note that
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o, (Z,Z") is purely inseparable. By abuse of notation, we sometimes denote
the map

Ne.(2,2') : Oe+rZ><,rZTZ/ — (IDe(Z, Z/)*Oe+rZ/
by ®.(Z,7') or ®.. ®.(S,7) is denoted by ®.(Z), and is called the eth
relative Frobenius map or the S-Frobenius map of Z.

®, is a natural transformation between the functors from the category of
morphisms in Sch/S to the category F-Schg, ., as can be seen easily.

Lemma 8.10. If G is an S-group scheme, then ®.(G) : °G — ¢S x5 G is a
homomorphism of ¢S-group schemes. Similarly, ®.(G) : G — S X gy G is
a homomorphism of S-group schemes.

Proof. The first assertion is the consequence of the commutativity of the
diagram

°G xeg “GET (08w @) xeg (8 x5 G)

lg lg

Q.

peg 6(G Xg G) €S Xg (G Xg G) HesxgG
leuG llX“G
Qe
‘G SxsG
The second assertion is also proved similarly. O]

(8.11) For a G-scheme Z, ¢Z is an “G-scheme. Also, ¢S xgZ is an ¢S x g G-
scheme, and hence it is also an G-scheme through ®.(G). It is easy to see
that ®.(Z) : ¢Z — ¢S xg Z is an *“G-morphism.

The kernel of ®.(G) : G — S X g G is denoted by G, and is called
the eth Frobenius kernel of G, see [Jan, (1.9.4)] (for the case that S = Speck
with k a perfect field). It is an S-subgroup scheme of G. The kernel of
O, (G) : °G — S x5 G is °“G.. We may also call G, the Frobenius kernel,
by abuse of terminologies.

Lemma 8.12. Let V and W be locally Noetherian IF,-schemes, and ¢ : V —
W a smooth morphism with relative dimension d. Then ®.(W, V), (Oey) is
a locally free sheaf of W xw V. of rank p.

Proof. The question is local both on V and W, and we may assume that
V = Spec B and W = Spec A are both affine, and that there is a factorization
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A — C = Alxy,...,xq] — B such that C is a polynomial ring on d variables
over A, and B is étale over C' (see [Mil, (1.3.24)]). It suffices to show that ¢B
is a projective ¢ A® 4 B-module of rank p?. By [Hasb, (33.5)], B = *C ®@¢ B,

and hence we may assume that B = C. In this case, “A® 4B = “Alzy, ..., x4,
and °B = “A[°7y,...,°z4]. So °B is a free A ®4 B-module with the basis
{ealt e |0 <idy, ..., iqg < p°}. O

Lemma 8.13. Let G be an S-group scheme and N 1its normal subgroup
scheme. Let ¢ : V. — W be a G-enriched principal N-bundle, and assume
that S and N are locally Noetherian, and N is reqular over S (that is, flat
with geometrically reqular fibers). Then O (W, V) : ¢V — ‘W xyw V is an
¢G-enriched principal € N,-bundle.

Proof. 1t is obvious that ®.(W, V) is an *G-morphism. So it suffices to prove
that ®.(W, V) is a principal ¢N.-bundle, assuming that G = N. Since N is
flat over S, ¢ is fpqc.

Let W’ be the S-scheme V' with the trivial N-action, and h : W/ — W
be 1. Then since 1 is a principal N-bundle, the base change ¢’ : V! — W’
of ¢ by h is a trivial N-bundle. As the base change
Lyys XD (W,V)

(I)e(W, V)/ o 1 Xw % w’ Xw <6W Xw V)

is identified with ®.(W’', V') = &.(¢’) (see [Has2, Lemma 4.1, 4)), it suffices
to prove that ®.(WW’, V') is a principal ¢ N.-bundle by [Hasll, (2.11)], since
h is fpqc.

As ¢ is a trivial bundle, ®.(¢) is identified with 1y x ®.(N). By
[Has1l, (2.11)] again, it suffices to prove that ®.(N) : N — ¢S xg N is
a principal ¢N-bundle. By the theorem of Radu and André [Rad], [And],
[Dum], ®.(W,V) = &.(N) is flat. Being a homeomorphism, it is fpgc. Note
that Ker ®.(N) = °N,. Being an fpqc homomorphism, ®. is a principal
¢N.-bundle (as in [Hasl1, (6.4)]), as required. O

9. Semireductive group schemes

Lemma 9.1. Let A C B be a finite extension of commutative rings. A is
Noetherian if and only if B is Noetherian. A is Noetherian F-finite if and
only if B is Noetherian F'-finite.
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Proof. If A is Noetherian, then B is Noetherian by Hilbert’s basis theorem.
The converse is known as Eakin-Nagata theorem [Mat, Thereom 3.7].

We prove the second assertion. If A is F-finite, then B is F-finite, since
B is F-finite over A [Has8, Lemma 2, Example 3]. We prove the converse.
We have AP C BP C B, and BP? is AP-finite and B is BP-finite, where AP =
{a? | a € A} = Fa(A) C A (F, is the Frobenius map). So B is AP-finite.
As AP is Noetherian and A is a submodule of the finite AP-module B, A is a
finite AP-module, and A is F-finite. O]

Lemma 9.2. Let k be a field of characteristic p > 0, and G a finite group.
Then there exists some e > 0 such that for any finite dimensional G-module
V and any v € VE\ {0}, there exists some h € Sym . V* such that h(v) = 1.

Proof. Let P be a Sylow p-subgroup of G of order p¢. Let o1,...,0, be a
complete set of representatives of G/P. Note that n is invertible in k. Let
¢ € V* be any element such that ¢(v) =1. Then h=n"'>"_ o [ep 9¥
is the desired element. O]

(9.3) Let k be a field of arbitrary characteristic, and G be an affine alge-
braic k-group scheme. We say that G is semireductive if G2, is (connected)
reductive, where k is the algebraic closure of k, and G = k®;, G. That is, the
radical of Geq is a torus. We say that G is a semitorus if G4 is a torus. Note
that a semireductive and linearly reductive are equivalent in characteristic
zero. A linearly reductive affine algebraic k-group scheme in characteristic
p > 0 is a semitorus, as can be seen easily from Nagata’s theorem [Nag,
Theorem 1]. See also [Swe2].

Lemma 9.4. Let k be a field of arbitrary characteristic, and G a semireduc-
tive affine algebraic k-group scheme. Let B be a G-algebra, and I a G-ideal.
Then for each b € (B/I)Y, there exists some r such that b" € BY/IS. More

precisely,
1 If the characteristic of k is zero, r can be taken to be 1.

2 If the characteristic of k is p > 0, then r can be taken to be a power of
.

3 In 2, if G is a semitorus, then there exists some eq which depends only
on G and independent of B or b, such that r can be taken to be p®.
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In case 2, (B/I)¢ is purely inseparable over BY/I%. In any case, the canon-
ical map Spec(B/I)¢ — Spec(BY/I%) is a universal homeomorphism.

Proof. We may assume that k is algebraically closed. If the characteristic of
k is zero, then G is linearly reductive, and B¢ — (B/I)% is surjective, and
the assertion 1 is obvious. So we may assume that the characteristic is p > 0.

Take ¢ € B such that ¢ modulo I equals b. Let e > 0 be the number
such that G/G, is reduced (hence is smooth and is isomorphic to GEZ)
Note that the connected reductive group Gy, over the algebraically closed
field & is defined over I, (see [Jan, (II.1)] and references therein), and hence

(G]Ez()i)o = (G2 )© = G°_, is reductive. It is easy to see that ¢®* € B%. Note
that we can take this e depending only on G. Replacing b by v, B by B%,
I by I% and G by G/G, = GEZ()D we may assume that G is smooth.

Then by Haboush’s theorem (the Mumford conjecture) [Jan, (I1.10.7)]
and [MuFK, (A.1.2)], we have that there exists some e such that " is in
(BE" /I*)G/G° . The choice of e may depend on b this time, but if 3 is
assumed, then G° is a torus, which is linearly reductive, and we can take
e = 0, which depends only on G.

Then replacing G by G/G°, we may assume that G is a finite group. This

case is proved by the same proof as in [MuFK, (A.1.2)], using Lemma 9.2. [

Lemma 9.5. Let k be a field of arbitrary characteristic and G a semireductive
k-group scheme, and ¢ : X — Y be an algebraic quotient by G. Then ¢ is
a unwversally submersive categorical quotient. If, moreover, ¢ is a geometric
quotient, then it is universally open.

Proof. We may assume that k is of characteristic p > 0 by [MuFK, Theo-
rem 1.1]. In the proof of [MuFK, Theorem A.1.1] in Appendix to Chapter 1,
C., it is proved that ¢ is a submersive categorical quotient. We prove the
first assertion. We only need to prove that ¢ is universally submersive. So
we may assume that Y = Spec A is affine. Then B = Spec B is also affine
and A = BY. It suffices to show that for any A-algebra A’, the base change
X' = Spec B’ — Spec A’ =Y’ is submersive.
There is a sequence of maps

A% A2y

such that « is flat and f is surjective. Indeed, for each a € A’, consider
a variable z,, and set A” = Alzr, | a € A’]. Then (B")Y = A", where
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B" = A" ®, B. So we know that ¢” = X" = Spec B” — Spec A” = Y" is
submersive. So replacing A by A”, we may assume that A — A" = A/I is
surjective.

We want to prove that the canonical map 7 : Z’ = Spec(B’)¢ — Spec A’
Y’ is a homeomorphism. As we know that ¢ is surjective, ¢’ : X' =
Spec B" — Spec A’ = Y’ is also surjective. As ¢’ factors through ~, we
have that 7 is surjective. On the other hand, by Lemma 9.4, A" — (B')% is
purely inseparable. Thus 7 is injective and closed, and hence is a homeomor-
phism. As § : X’ = Spec B’ — Spec(B’)¢ = Z’ is known to be submersive,
¢’ =9 is also submersive.

Now the last assertion follows from Lemma 1.11. O

Lemma 9.6. Let k be a field, and G an affine algebraic k-group scheme. Let
B be a Noetherian G-algebra. Set A := BY. Assume either

a k is of characteristic zero and G is semireductive;

b k is a field of characteristic p > 0, G is a semitorus, and B is F'-finite;
or

c k is a field of characteristic p > 0, G is semireductive, and there is a
Noetherian k-algebra R and a k-algebra map R — A such that B is of
finite type over R.

Then
1 For any B-finite (G, B)-module M, M€ is a finite A-module.
2 A is Noetherian.
3 If G is finite, then B is finite over A.
4 In the case of b, A is F-finite.
5 In the case of c, A is of finite type over R.

Proof. We prove the lemma by the Noetherian induction. The cases are
divided, and when we consider the case b (resp. c), the inductive hypothesis
5 (resp. 4) will never be used.

We may assume that for any nonzero G-ideal I of B and any (G, B/I)-
module M, M® is (B/I)®-finite, (B/I) is Noetherian, and if b is assumed,
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(B/I)¢ is F-finite. If ¢ is assumed, then we may assume that (B/I)¢ is of
finite type over R.

Consider the case that b is assumed. Note that there exists some ey such
that ((B/I)¢)° c BY/I¢ c (B/I)® by Lemma 9.4, 3. As (B/I)% is F-
finite, (B/I)¢ is a finite BY/I%module for any nonzero G-ideal I of B. If c
is assumed, then we have that (B/I)€ is integral over B¢ /I¢ by Lemma 9.4,
2. As we assume that (B/I)% is of finite type over R, (B/I)% is finite over
BY/I¢. 1f a is assumed, then BY/I% = (B/I)¢ by the linear reductivity,
and obviously (B/I)¢ is B¢ /I%-finite. Thus (B/I)% is finite over B¢ /I¢ in
either case.

In either case, we have that B¢/I¢ is a Noetherian ring by Lemma 9.1.
Also by the induction hypothesis, M¢ is a Noetherian A-module if M is a
B-finite (G, B)-module with ann M # 0.

We prove that for any B-finite (G, B)-module M, M¢ is a Noetherian
A-module. This proves 1 and 2.

If B is not a G-domain (see [HasM]) and /.J = 0 for some nonzero G-ideals
I and J, then

0— (IM)Y — MS — (M/IM)®

is exact and (IM)% and (M/IM)% are Noetherian A-modules (since .J and
I respectively annihilate IM and M/IM), M¢ is a Noetherian A-module.

So we may assume that B is a G-domain. We prove that M¢ is a Noethe-
rian A-module by the induction on the length of Mp, where P is any fixed
minimal prime ideal of B.

By a G-torsion submodule of M, we mean a (G, B)-submodule of M
whose annihilator is nonzero. We define the G-torsion part M, of M to be
the sum of all the G-torsion submodules of M. Note that M., is the largest
G-torsion submodule of M. As (M., is a Noetherian A-module and

0 = (My,)® = MY — (M/M)¢

is exact, replacing M by M /M., we may assume that M is G-torsion-free,
that is, M does not have a nonzero G-torsion submodule.

If MY =0, then M is a Noetherian module. If M = 0, then there is an
injective (G, B)-linear map B — M. As (M/B)% is Noetherian by induction,
it suffices to prove that A = B is a Noetherian A-module, that is, A is a
Noetherian ring.

Let J be an ideal of A. We want to show that .J is finitely generated.
If J =0, then J is finitely generated. So we may assume that J # 0. Let
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a € J\ {0}. Since aB is a nonzero G-ideal of B and B is a G-domain, we
have that 0 :p aB = 0. That is, a is a nonzero divisor in B. So B C Bla™1],
and hence A = B = BN Bla™1]% Soif c=ab€ aBNA, then b= ca™! €
BN Bla'% = A. So ¢ € aA, and we have that (aB)® = aB N A = aA.
Hence A/aA is a Noetherian ring, and J/aA is finitely generated. Hence J
is finitely generated, as desired.

Next, we prove 3. Let By be the k-algebra B with the trivial G-action.
Then the coaction wg : B — By ® k[G] is a G-algebra map. Thus By ® k[G]
is a B-finite (G, B)-module. Clearly, (By ® k[G])¢ = By ® k = By as A-
algebras, and B is isomorphic to B as A-algebras, as can be seen easily. On
the other hand, By = (By ® k[G])Y is A-finite by 1. Thus B is A-finite, and
3 has been proved.

So the case a has been completed, because 4 and 5 are trivial in this case.

If ¢ is assumed, then Spec B — Spec A is universally submersive by
Lemma 9.5. Now the assertion 5 follows from 2, which has already been
proved, by [Alp, (6.2.1)]. So the proof of c=1,2,3,5 has been completed (as
we have emphasized, we have not used the inductive hypothesis 4 for the
case c at all).

If GG is finite, then 4 follows from 3 and Lemma 9.1.

Thus the lemma has also been completely proved for the case that G is
finite.

We prove the lemma for the general case. It suffices to prove 1, 2, 3, 4
assuming b.

Replacing k by its finite purely inseparable extension, we may assume
that Gieq is k-smooth. Then for some e > 0, G/G, = k Qe GEZZI is k-
smooth, see for the notation on the Frobenius twist, see section 12. Note
that k @4 (G/G.) = k Qppe GEZZi = GEZ&. As the torus G2, is defined over
F,, we have that G/G, is a semitorus. As the lemma is already proved for
the finite group scheme G., replacing G by G/G,, we may assume that G is
smooth.

Next, replacing £ by some finite Galois extension, we may assume that
G° is a split torus. If the lemma is proved for the split torus G°, then as
the lemma is already proved for the finite group scheme G/G°, the proof of
the lemma completes. Thus we may assume that G is a split torus. Then
replacing k£ by F,, we may assume that k = F,, which is perfect. Then the
absolute Frobenius map F : G — G is a faithfully flat homomorphism of
k-group schemes by the theorem of Kunz [Kun2, Theorem 2.1], G acts on
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BW_ and (BW)E = (BM)EY = AW by Lemma 4.15.

Now we repeat the inductive argument above. Then as above, we reach
the situation that 1, 2, 3 are already proved, and we prove 4. Then 1, 2, 3
are also true for the action of G on B, Hence 1, 2, 3 are also true for
the action of G on B through the Frobenius map G — G,

As B is a BW-finite (G, BM)-module by F-finiteness, A = B¢ is a finite
AM-module by 1, which has already been proved. Now by induction, we have
proved 1, 2, 3, 4 for the case b. This finishes the proof of the lemma. [

Chapter 1. Main Results
10. Almost principal fiber bundles

(10.1) Let f: G — H be a qfpqc homomorphism of S-group schemes with
N = Ker f.

Definition 10.2. A diagram of GG-schemes

X<ty Lteycley

is said to be a G-enriched rational n-almost principal N-bundle if the follow-
ing six conditions hold.

1 N acts on Y trivially.

2 ¢ is an open immersion.

3 j is an open immersion.

4 i(U) is n-large in X.

5 j(V) is n-large in Y.

6 p is a G-enriched principal N-bundle.

A G-enriched rational n-almost principal G-bundle is simply called a rational
n-almost principal G-bundle. In these definitions, we may simply say ‘almost’
instead of saying ‘1-almost.’
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Definition 10.3. A G-morphism ¢ : X — Y is said to be a G-enriched
n-almost principal N -bundle with respect to U and V if U is a G-stable open
subset of X and V' is an H-stable open subset of Y, p(U) C V, and

X<ioy—reycd,y

is a G-enriched rational n-almost principal N-bundle, where p : U — V is
the restriction of ¢, and ¢ and j are inclusions. We simply say that ¢ is
a G-enriched n-almost principal N-bundle, if it is so with respect to some
U and V. We may omit the epithet ‘G-enriched’ if G = N. We may use
‘almost’ as a synonym of ‘1-almost.’

Lemma 10.4. Let S be a scheme, and h : M — N be a morphism of S-
schemes. Then the following conditions are equivalent.

1 h is qfpqc.

2 For any S-scheme W and an S-morphism o : W — N, there exists
some qfpgc morphism 5 : W' — W such that a5 € N(W') is in the
image of h(W') : M(W') — N(W').

Proof. 1=2. Replacing M if necessary, we may assume that h is fpqc. Let
W' = M xy W, and let § : W' — W be the second projection, and let
v € M(W’) be the first projection. Then hy = a3 is in the image of h(W’).

2=1. Let «a be the identity morphism of N. Then there exists some
qfpgc morphism v : W’ — M such that g = hy : W' — N is qfpqc. Thus h
is also qfpqc, as desired. O

Lemma 10.5. Let h : M — N be a qfpgc monomorphism of S-schemes.
Then h is an isomorphism.

Proof. Letting W = N in Lemma 10.4, 2, there is a qfpqc morphism £ :
W' — N which is in the image of h(W') : M(W') — N(W’). Replacing
B if necessary, we may assume that § is fpqc. There is v € M(W’) such
that hy = (. Let p; : W/ xy W' — W’ be the ith projection. Then
hypy = Bp1 = Bp2 = hypa. As h is a monomorphism, yp; = ype. By [Vis,
(2.55)], there is g : N — M such that g8 = v. Then hg = hy = 3. By
[Has11, (2.9)] (or by [Vis, (2.55)] again), hg = 1n. So hgh = 1yh = hly,.
As h is a monomorphism, gh = 1,;. So ¢ = h™!, and h is an isomorphism,
as desired. [
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(10.6) Let E be an S-group scheme, and G its subgroup scheme. Let
f: G — H be a qfpqc homomorphism between S-group schemes, and N :=
Ker f. Assume that G and N are normal in E. As GG is normal in F, E acts
on G by the conjugation. That is, the action is given by (a, g) — aga™! for
a € Fand g €G.

Lemma 10.7. Let the notation be as in (10.6). There ezists a unique action
of E on H such that f is an E-morphism. The action is by group automor-
phisms.

Proof. Consider the following diagram.

1pxp1

=y 1
ExGxyG ExGXELpxH
].E><p2
\LGG aH

G H

We want to find a unique arrow ay such that the diagram is commutative.
As the representable functor H = Homgen/s(7, H) is a sheaf with respect to
the fpqc topology [Vis, (2.55)], H(E x H) is the difference kernel of

*

(1exp1)

H(E x G) H(E xGxgGQG).

—_—
(1pxp2)*

So ay which makes the diagram commutative is unique.
To show the existence, it suffices to show that fac(1g X p1) = fag(lg X
p2). Let b€ E, and (g1, ¢92) € G Xy G. Then

(fac(lp x p1)(b, g1, 92))(fac(lg X p2)(b, g1, 92)) " =
(fac(b, g1))(fac(b,g2)) " = f(bgib™") f(bgab™")~" = f(bgrgy 'b71).

As g1g5' € N and N is normal in E, f(bgig, 'b™!) is trivial, and we have
fac(1e x p1) = fac(lg X pa).

We show that the action apy is by group automorphisms. We want to
show that the two maps ay,ay : E X H X H — H given by ay(b, hy, hy) =
b (hihe) and as(b, hy, he) = (b- hi)(b- hy) agree. As the qfpqc morphism
lpx fxf:ExGxG— Ex Hx H is an epimorphism, it suffices to prove
that ay(1g X f X f) = aa(1g x f x f). This is left to the reader. O
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Lemma 10.8. Let E, G, f : G — H, and N be as in (10.6). Let X, Y, and
Z be E-schemes. Let ¢ : X — Y be a G-morphism which is N-invariant. Let
VY — Z be an H-invariant morphism. Consider the following conditions.

a ¢ is an E-enriched principal N-bundle.
b ¢ is an E-enriched principal H-bundle.
c Y 1s an E-enriched principal G-bundle.
Then we have
1 a and b together imply c.
2 a and c together imply b.
3 If v is an E-morphism, then b and c together imply a.

Proof. 1. First, we prove that Vg : G x X — X xz X given by Ug(g,z) =
(gz, z) is a monomorphism. That is, Ug(W) : GIW)x X(W) = X(W)X zw)
X (W) is injective for any S-scheme W. Let (g,x), (g1, 21) € G(W) x X (W)
such that Ug(W)(g,z) = Ya(W)(g1,21). Then x = zy, and gxr = ¢iz.
Letting g;'g = u, ur = x. As f(u)p(z) = o(z) and hence ¥y(e, p(z)) =
Uy (f(u),o(x)), we have that f(u) = e by b. That is, u € N.

As Un(e,z) = Uy (u,z), we have u = e by a, and hence Vg is injective.

Next, we prove that for any (2',2) € X(W) xzuw) X(W), there exists
some gfpqc morphism a : W' — W such that (2'a,za) € X(W') Xz
X (W) is in the image of W (W),

Note that (pz',px) € Y(W) xzmw) Y (W) is in the image of Wy (W).
That is, there exists some h € H(W) such that hpx = pa’. As f: G — H
is qfpqc, there exists some qfpqc morphism 5 : W' — W and g € G(W')
such that f(g) = h8. Then we have ¢(g(z3)) = p(2'B). As (g(zp),2'5) €
X (W) xywnX (W) is in the image of U (W), there exists some n € N(W’)
such that ng(xf) = 2/F. This shows that ¥g(ng, z5) = (2’5, 23), and hence
the image of (2/, z) in (X x 7z X)(W’) is in the image of W(W’). Hence Ug is
qfpgc by Lemma 10.4. Being a gfpqc monomorphism, ¥ is an isomorphism
by Lemma 10.5. As ¢ and v are qfpqc E-morphisms, ¢y is a qfpqc E-
morphism by [Hasl1, (2.3)]. By [Vis, (4.43)], ¥¢ is an E-enriched principal
G-bundle.

2. Let W be any S-scheme, y € Y(W), h € H(W) such that hy = y.
Then there is a qfpqc morphism g : W' — W, z € X(W'), g € G(W') such
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that p(z) = yB and f(g) = hB. Thus f(g)(p(z)) = ¢(z). This implies
(gz,z) € X(W') Xy X(W’). So there exists some n € N(W’) such that
(nx,z) = (gz,z). As Vg is a monomorphism, g = n € N(W’). Hence
h = f(g) = e = eS. As [ is an epimorphism, h = e, and hence ¥y is a
monomorphism.

Next, let (v, y) € Y (W) X zw) Y (W). Take an fpqc morphism 3 : W' —
W, o € X(W'), v € X(W’) such that p(2') = ¢/ and ¢(z) = yB. As
V(W) is bijective, there exists some g € G(W’) such that gz = 2’. Then
Uy(fg,y8) = (vB,yB). By Lemma 10.5, ¥y is an isomorphism. As 1 is
qfpqe, ¥ is qfpge. As 1 is an E-morphism and ¢ is a qfpqc E-morphism,
it is easy to see that 1) is an E-morphism. Thus v is an F-enriched principal
H-bundle.

3. Consider the diagram

aGg,x

GxX X
leX (a) \LSO
Hx XMCyxy ™y

i@ (b) lg@>lw
X—*% .y v . 7

where p5 and p) are the second projections. It is easy to check that the
diagram is commutative. As v is a principal H-bundle, the square (c)
is cartesian. Similarly, as ¢ is a principal G-bundle, the whole square
((a)+(b)+(c)) is also cartesian. (b) is also cartesian, and hence it is easy
to see that (a) is cartesian. On the other hand, letting NV act on H x X
trivially and on G x X by n(g,z) = (ng, z), (a) is a commutative diagram of
N-schemes.

As f x 1x is a principal N-bundle and it is a base change of ¢ by ¥,
which is qfpqe, we have that ¢ is also a principal N-bundle by [Has11, (2.11)].
As we assume that ¢ is an F-morphism, we have that ¢ is an E-enriched
principal N-bundle. [

(10.9) In Lemma 10.8, 3, the assumption that ¢ is an E-morphism is
indispensable. Let S = Speck = Z with k afield, Y = H =N = Ey =7Z/27
(the constant group), X =G = H x N, ¢ = f : G — H the first projection,
and £ = Ey x G. Let E act on X by (eg,h,n)(h',n') = (ephh’,nn’) for
ep € Ey and (h,n), (h',n') € G. Let E act on Y by (e, h,n)y = hy, and on
Z trivially. Then b and c are satisfied, but ¢ is not an E-morhphism.
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Lemma 10.10. Let v : Z' — Z be a flat morphism of schemes, and W C Z
be an open subset. Set W' := = H(W).

1 If W is n-large in Z, then W' is n-large in Z'.

2 Assume that ¢ is qfpge, and that Z' is locally Krull. If W' is large in
Z', then W is large in Z.

3 Assume that 1 is qfpqc, and that Z' is locally Noetherian. If W' is
n-large in Z', then W is n-large in Z.

Proof. 1. Let 2" € Z'\W'. Then z := ¢ (2') € Z\W, and hence dim Oz, > n.
As the going-down theorem holds between O, and Oy . by flatness, we
have dim Oy , > dim Oz, > n, and hence W' is n-large in Z’.

2, 3. The question is local on Z, and we may assume that Z = Spec A is
affine. Replacing Z’, we may assume that Z’ = Spec A’ is also affine. Note
that A’ is faithfully flat over A.

We prove 2. A’ is locally Krull. As A’ is a finite direct product of Krull
domains, so is A by [Has9, (5.8)]. So we may further assume A is a domain.
Then the result follows from [Has9, (5.13)].

We prove 3. A’ is Noetherian. Then A is also Noetherian. Let P € Spec A
with ht P < n. If P’ is a minimal prime of the ideal PB, then ht P’ < n by
[Mat, Theorem 15.1]. So the assertion follows. O

Remark 10.11. Let A be the DVR k[y](,), B the DVR k(y)[z](), and A" :=
A+ xB. Note that A’ is the composite of B and A [Mat, section 10]. Set
Z" = Spec A, and Z := SpecA. Let W = Z\{(y)} = D(y) C Z. Let
v Z' — Z be the morphism associated with the inclusion A < A’. Then
although A is a DVR and A’ is a valuation ring faithfully flat over A, the
conclusion of 2 or 3 in (10.10) does not hold. So the Noetherian or Krull
hypothesis on A’ is indispensable.

Lemma 10.12. Let f : G — H be a qfpgc homomorphism between S-group
schemes with N = Ker f, and ¢ : X — Y a G-morphism which is N-
invariant. Let U C X and V CY be open subsets. Let h:Y' —Y be a flat
G-morphism such that Y’ is N-trivial. Let ¢' : X' :=Y' xy X — Y’ be the
base change, and set U' =Y' xy U, and V' =Y’ xy V. Then

a If v 1s a G-enriched n-almost principal N -bundle with respect to U and
V', then ¢ is a G-enriched n-almost principal N -bundle with respect to
U and V'.
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b Assume that h is fpgc, and that both X' and Y' are locally Krull (resp.
locally Noetherian). If ¢ is a G-enriched almost (resp. n-almost) prin-
cipal N -bundle with respect to U’ and V', then ¢ is a G-enriched almost
(resp. n-almost) principal N-bundle with respect to U and V.

Proof. Clearly, ¢’ is also a G-morphism which is N-invariant.

a Let p: U — V be the restriction of ¢, and p' : U — V' be its base
change. Each of the six conditions in Definition 10.2 for X', p' : U" — V'
and U’ is proved using the corresponding condition for X, p: U — V and U.
This is trivial for the conditions 1, 2, and 3. The conditions 4 and 5 follow
from Lemma 10.10, 1. The conditions 6 follows from [Hasll, (2.7)].

b The image of the composite

GxU —>GxX 45X - X
is contained in U by assumption. This map agrees with

GxU 2N o U S ax XS X,

As 1 X hly: is faithfully flat and hence is surjective, U is G-stable. Similarly,
V is H-stable.

Now we check the six conditions in Definition 10.2 for X, p: U — V and
U. The conditions 1, 2, 3 are assumed.

4 and 5 are the consequences of Lemma 10.10, 2 (resp. 3). 6 follows from
[Has11, (2.11)]. O

Theorem 10.13. Let G be a quasi-compact quasi-separated flat S-group
scheme, and ¢ : X — Y a quasi-compact quasi-separated almost principal
G-bundle. Assume that X is locally Krull. Then the following are equivalent.
)G

1 The canonical map 7 : Oy — (p.Ox)C is an isomorphism.

2 Y s a locally Krull scheme.

Proof. By Lemma 2.21, 2, the question is local on Y, and hence we may
assume that Y is affine. So X is quasi-compact quasi-separated, and 1=2
follows from [Has9, (6.3)].

We prove 2=1. Let ¢ be an almost principal G-bundle with respect to
1:U—=Xand j:V —Y. Let p: U — V be the restriction of ¢, which is

81



a principal G-bundle. Then applying Lemma 2.21, 3 to the cartesian square

e (V) ——=X |
ool
vV— .y

the result follows if 77 : Oy — (¢.Op-111)¢ is an isomorphism, where ¢’ :
o (V) — V is the restriction of ¢, and i’ : ¢=1(V) — X is the inclusion. So
we may assume that V =Y (and hence p='(V) = X). Asn: Ox — .0y is

an isomorphism by [Has9, (5.28)], it suffices to show that the composite

Oy 5 (0.0x)¢ 5 (0.0.00)¢ = (p.Ov)C,

which equals 7 for p, is an isomorphism. As p is a principal G-bundle, this
is [Has11, (5.31)]. O

Example 10.14. Theorem 10.13 can be used to check that a candidate of
the invariant subring is certainly the one.

Let S = SpecC, X = A}, Y = A} and G = G, = SpecC|7]. Let G act
on X by t(x1, za, x3,14) = (11 + tTo, To, T3 + txy, x4). Let o : X — Y be the
map given by (1, e, T3, x4) = (T2, 4, x124 — x223). Let B =T(X,0x) =
Cl&1,&2,&5,&4], and A = T'(Y, Oy ) = Cl&s, &4, w], where & (21, 29, 23, 14) = x4,
and w = &4 — £&3. Then it is easy to verify that ¢ is G-invariant. Let
V = D(€,€0) = Y \ V(&,&), and U = ¢~ (V) = X \ V(&,£&). Obviously,
V' is a large open subset of Y, and U is a large G-stable open subset of X.
Let p : U — V be the restriction of ¢. Since B[& '] = A[&][—&; €] and
tH(—&16) = =& +t, Spec B[¢;'] — Spec A[¢;1] is a trivial G-bundle.
Similarly, Spec B[&;'] — Spec A[¢; '] is also a trivial G-bundle, and hence
p: U — V is a principal G-bundle.

Hence ¢ : X — Y is an almost principal G-bundle with respect to U and
V. By Theorem 10.13, we have that A = B®. So ¢ is an algebraic quotient.

Note that ¢ is not surjective. Indeed, (0,0,1) is not in the image of
. This also shows that ¢ is not a categorical quotient. Indeed, if ¢ is a
categorical quotient, then letting W =Y \ {(0,0,1)}, ¥ : X — W the same
as ¢, and u : W < Y the inclusion, we have that ¢ = ug’. By Lemma 7.2,
u must be an isomorphism, and this is absurd.
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11. The behavior of the class groups and the canonical modules
with respect to rational almost principal bundles

(11.1) Let f : G — H be an fpqc homomorphism between flat S-group
schemes with N = Ker f.

Theorem 11.2. Let

X<ioy—foycd,y

be a G-enriched rational almost principal N-bundle. Assume that both X and
Y are locally Krull. Then i.p*j* : Ref(H,Y) — Ref(G, X) is an equivalence,
and (J.p«1*?)N is its quasi-inverse. This equivalence induces an equivalence
Ref,,(H,Y) = Ref,, (G, X) for each n > 0, where Ref,, denotes the category
of reflexive modules of rank n. It also induces an isomorphism Cl(H,Y") =

Cl(G, X).
Proof. This follows immediately from [Hasl1, (7.4)] and [Has9, (5.31)]. O

Lemma 11.3. Let ¢ : X — Y be a G-enriched almost principal N-bundle
with respect to the open subsets U and V. Leti:U — X and j:V — Y
be the inclusion, and p : U — V the restriction of p. Assume that X andY

are locally Krull. Then the equivalence i.p*j* agrees with (7)*¢* as functors

from Ref(H,Y') to Ref(G, X), and is independent of the choice of U or V.
Its quasi-inverse (4.p.i*?)N agrees with (.?)N as functors from Ref(G, X)
to Ref(H,Y"), and is also independent of U or V.

Proof. As functors from Ref(H,Y) to Ref(G, X),
(20" &2 4,07 ()" 2 i, (2) it & i (2) p  du gt
by [Has9, (5.28), (5.20), (5.9)]. As functors from Ref(G, X) to Ref(H,Y),
(DY ou = ()N puiad™ 2= ()N jupai®,
[

Corollary 11.4. If p: X — Y s a G-enriched almost principal N-bundle,
and X and Y are locally Krull, then (7)Y o ¢, : Ref(G, X) — Ref(H,Y) is
an equivalence, and (7)™ o p* : Ref(H,Y) — Ref(G, X) is its quasi-inverse.
In particular, (9.Ox)¢ = Oy in Ref(H,Y). This equivalence also induces
an isomorphism CI(H,Y) = Cl(G, X). O
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In the next theorem, consider that G = N and f : G - H =e = S is
the trivial homomorphism.

Theorem 11.5. Let G be a flat S-group scheme, and let

X<y Loy dey

be a rational almost principal G-bundle. Assume that both X and Y are
locally Krull, X is quasi-compact quasi-separated, and Y 1is quasi-compact.
Assume that p is quasi-compact (e.g., G — S is quasi-compact) and univer-
sally open (e.g., G — S or p is locally of finite presentation). Then there is
an exact sequence

0 — H,(G,0%) = CLIY) = CI(X)“ — H

alg

(G, 0%),

where C1(X) is the subgroup of C1(X) consisting of [M] with M € Ref,(X)¢,
where Ref,(X)Y is the full subcategory of Qch(X) consisting of rank-one re-
flezive sheaves M such that a* M = ps M in Ref1(Gx X), wherea : Gx X —
X is the action, and py : G x X — X is the second projection.

Proof. Let C be the set of quasi-compact large open subsets of V. Let D,
be the set of quasi-compact large open subsets of U. Let D be the set of
G-stable open subsets Z of U such that Z € D;.

First, for Z; € D;, we have that p(Z;) € C. Indeed, as p is universally
open, p(Z) is an open subset of V. As Z; is quasi-compact, so is p(Z1). As
Zy is large in U and p~'(p(Z1)) D Zi, we have that p~!(p(Z;)) is also large
in U. As U is locally Krull and p is fpqe, we have that p(Z;) is large in V
by Lemma 10.10, 2. Thus p(Z;) € C.

Next, for W € C, we have that p~'(W) € D. As p is a G-invariant
morphism, p~! (W) is a G-stable open subset of U. As p is quasi-compact,
p~ (W) is quasi-compact. By Lemma 10.10, 1, we have that p=1(W) is large
in U, and hence p~1(W) € D.

As p is a principal G-bundle, ¥ : G x U — U xy U is a U-isomorphism,
where U Xy U is a U-scheme via the second projection. As p is quasi-
compact, U xy U is quasi-compact over U, and hence so is G x U. Thus for
each Z; € Dy, G x Z; is quasi-compact.

For Z, € Dy, Z := p~'(p(Z1)) lies in D by the argument above. Let
aj : G X Z1 — Z be the action. As U : G x U — U xy U is surjective (since
p is a principal G-bundle), a; is surjective. As a; is flat surjective, G x Z; is
quasi-compact, and Z is quasi-separated, we have that a; is fpqc.
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Note that Z +— p(Z) and W s p~}(W) gives an order-preserving bijec-
tion between D and C. Indeed, as p is surjective, p(p~'(W)) = W. On the
other hand, for Z € D, as G x Z — p~1(p(Z)) is surjective and Z is G-stable,
we have that p~1(p(Z2)) = Z.

Note that
(19) lim Pic(p(Z)) = lim Pic(W) = CI(Y)

ZeD wec
by [Has9, (5.33)].

Let Z € D. Then ¢* : CI(X) — Cl(Z) induces an isomorphism between
CI(X)Y and CI(2)%, where i : Z < X is the inclusion. Indeed, if M €
Ref;(X)Y, then

ayi*tM = (1g x i)*a*M = (1g x i) psM = (p3)*i* M,

and 7* maps C1(X)“ to C1(Z)¢. Let N' € Ref,(2)%. As i is quasi-compact
quasi-separated and a and p, are flat,

a* i, N = (1 x i).ayN =2 (1 x4),(pZ )N = pyiN,
and i, € Ref;(X)¢. So (i*)~! = i, maps CI(Z)¢ to CI(X)C.

On the other hand, for any M € Ref;(X)Y, there exists some Z € D such
that M| is an invertible sheaf. Indeed, first take a large open subset Z; of
U such that M|z, is an invertible sheaf. This is possible as in the proof of
[Has9, (5.33)]. By [Has9, (5.29)], replacing Z; if necessary, we may assume
that Z; is quasi-compact, and Z; € D;. Let Z = p~*(p(Z1)) € D. As M|z
is an invertible sheaf,

Pr(M|z,) = (PoM)laxz, = (a"M)laxz, = aj(M]z)
is also an invertible sheaf. So M| is also an invertible sheaf, since a; is fpqc
as we have seen.
Combining these, we have that
(20) ling Pic(2)“ = CI(X)“.

ZeD

Next, we have that H,(G,0x) — Hi,(G,O%) is an isomorphism for

Z € D. In order to prove this, it suffices to prove the canonical chain map

0—=T(X,0%) 2% (G x X,09)" "% 1 (G x G x X,07%) —=
0——=TD(Z,0%) 2% (G x 2,07)"“2L2D(G x G x Z,0%) —
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is a chain isomorphism. To verify this, it suffices to prove that the canonical
restriction I'(G*x X, Ox) — ['(G'x Z, O) is an isomorphism. Leti: Z — X
be the inclusion. Then as Z is large in X, Ox — 1,0y is an isomorphism.
As G% is flat over S and i is quasi-compact quasi-separated,

Ogixx = p3Ox = 51,0z = (1 x0),p507 = (1 X 1), Ogixz-

Taking the global section, we get the desired isomorphism.

Thus we have proved that the canonical map H},, (G, Ox) — H}, (G, O%)
is an isomorphism. In particular, we have that
(21) H;lg(Ga O;(() = th;lg<Ga O;)
Z

By [Has9, (3.14)], there is an exact sequence
0— H,

alg

(G,0%) — Pic(G, Z) — Pic(Z)¢ — H?

alg

(G,03).

The proof of [Has9, (3.14)] shows that the sequence is functorial on Z. On
the other hand, there is a natural isomorphism Pic(G, Z) = Pic(p(Z)). This
is obvious by [Has7, (3.13)]. Taking the inductive limit lim . and using
the isomorphisms (19), (20), and (21),

0— H!

alg

(G,0%) = CI(Y) = CI(X)® — H?

alg

(G,0%)
is exact, as desired. O

(11.6) Let f : G — H be an fpqc homomorphism between flat S-group
schemes with N = Ker f.

Let X be a locally Noetherian G-scheme. We denote the full subcategory
of Coh(G, X)) consisting of M € Coh(G, X) which satisty the (S],) condition
as an Ox-modules by (5!)(G, X).

Lemma 11.7. Let X be as above, and U a large open subset of X. If X has a
full 2-canonical module, then i, : (S5)(G,U) — (S5)(G, X) is an equivalence
whose quasi-inverse is i* : (S5)(G, X) — (S5)(G,U).

Proof. Follows easily from Lemma 7.34. [

Proposition 11.8. Let f : G — H be an fpqc homomorphism between flat
S-group schemes, and

X<ioy-Leyeley
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be a G-enriched rational almost principal N-bundle. Assume that X and 'Y
are locally Noetherian, and have full 2-canonical modules (e.g., they are nor-
mal; or Noetherian locally equidimensional and have dualizing complezes).
If p has (Ss) fibers (e.g., N is of finite type or X is (S3)), then i.p*j* :
(SH(H,Y) — (SH)(G, X) is an equivalence, and (J.p.i*?)N is its quasi-
muverse.

Proof. By Lemma 11.7, i, : (S5)(G,U) — (5%)(G, X) is an equivalence with
the quasi-inverse i*. Similarly, j. : (S5)(H,V) — (S5)(H,Y) is an equivalence
with the quasi-inverse j*. In view of [Hasll, (6.21)], it suffices to show that
for M € Coh(V), p*M satisfies (55) if and only if M does. This is proved
easily using (7.40). O

Lemma 11.9. Let h : A — B be a ring homomorphism, and assume that B
s rank-one free as an A-module. Then h is an isomorphism.

Proof. Note that Kerh = ann B = ann A = 0, and h is injective. So it
suffices to show that h is surjective. So we may assume that (A, m) is local.

By Nakayama’s lemma, we may assume that A is a field. Then A = B, since
dimy A =dimy B = 1. O

Lemma 11.10. Let ¢ : X — Y be a G-enriched almost principal N-bundle
with respect to the open subsets U and V. Leti:U — X and j:V — Y be
the inclusion, and p : U — V the restriction of . Assume that X andY are
locally Noetherian.

1 The functor (j.p.i*?)™ : (S5)(G, X) — Qch(H,Y) agrees with (p,7)V.

2 If Mx is a coherent (G, Ox )-module which is a full 2-canonical module
as an Ox-module, then the functor i.p*5* : (S5)(H,Y) — (55)(G, X)
agrees with (7)Y ¢*, where (7)" = Hom,, (7, Mx).

3 Assume that both X and Y are quasi-normal. If N is of finite type or
X is (Sa), then ()N : (SH(G, X) — (S)(H,Y) is an equivalence
whose quasi-inverse is (7)VY p*.

4 In 3, if X andY satisfy (Ss), then 77 : Oy — (0.0x)Y is an isomor-
phism.

5 If either X and Y satisfy (Ty) + (S2); or N is of finite type and X
and 'Y are Noetherian (Sz) with dualizing complezes, then 7 in 4 is an
isomorphism.
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Proof. 1 and 2 are proved similarly to Lemma 11.3, and is left to the reader.
3 is immediate by 1 and Proposition 11.8.

4. As X satisfies (53), we have that Ox = i,i* Ox = .0y = i,p*j*Oy.
As Oy € (S})(H,Y), we have that (p,Ox)" = Oy as (H, Oy)-modules by
3. By Lemma 11.9, 77 is an isomorphism.

5 is immediate by 3 and 4, in view of Corollary 7.39. O

(11.11) An S-group scheme G is said to be locally finite free (LFF for
short), if the structure map hg : G — S is finite and (hg).O¢ is locally
free. Using the results of [Stack, (10.129)], it is not so difficult to show that
G is LFF if and only if it is flat finite of finite presentation (hence is finite
syntomic by [Hasb, (31.14)]).

Lemma 11.12. Let G be an LFF S-group scheme, and ¢ : X — Y be an
algebraic quotient by the action of G. Then v is a surjective integral univer-
sally open morphism which is a universally submersive geometric quotient.
If the action of G on X 1s free, it is a principal G-bundle.

Proof. Replacing Y by its affine open subset, we may assume that Y is affine.
Then X is affine, since v is assumed to be affine. Now ) is integral and the
map ¥ : G x X — X Xy X is surjective by [DemG, (II1.§2,1°4)]. By the
same theorem, ¢ is a principal G-bundle if the action is free.

Being an algebraic quotient, it is dominating. Being integral, it is univer-
sally closed. Being dominating and closed, it is surjective. Being surjective
and universally closed, it is universally submersive. By Lemma 1.11, it is
universally open. Now it is clear that ¢ is a geometric quotient. O]

(11.13) The following generalizes [Hasb, (32.4), 3].

Proposition 11.14. Let f : G — H be as in (7.42). Assume that N is finite
and Reynolds. Let Yy, Ly, and F(G,Yy) be as in (7.44). Let ¢ : X — Y be
a morphism in F(G,Yy). Assume that it is also an algebraic quotient by the
action of N. Then ¢ is finite, and (p.wx )Y = wy as (G, Oy)-modules.

Proof. As N is finite flat and Y{ is Noetherian, the Yy-group scheme N x g Yy
is LFF. So ¢ is integral by Lemma 11.12. Being a morphism in F(G, Yp), ¢
is of finite type. So ¢ is finite.

Let s :=inf{i | H'(Iy) # 0}. We may assume that Iy = Iy (G) consists
of injective Opar (y)-modules, and I, =0 for i < s.
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Then by definition, wy = H*(Iy). Let Ix = p'(Iy) be the G-equivariant
dualizing complex of X. We may assume that Iy is bounded below and
consists of injective Opur(x)-modules. Then using G-Grothendieck’s duality
[Hasb, (29.5)],

(puIx)N = (Rp,RHom,, (Ox, ¢'Ty))N = (RHom,, (Re.Ox,Iy))"
=~ Hom,, (¢.0x,Iy)" = Homy ((9.O0x)" @ Un(¢.0x),Iy)"
By Lemma 5.12, 4 and Corollary 11.4, this is
Hom,, ((¢.0x)",1y) = Hom, (Oy,Iy) = Iy.

If + < s, then ' ‘
e H'(Lx) = Exto, (0.0x,Iy) = 0.

As ¢, : Qch(X) — Qch(Y) is faithful and p.wy is nonzero, we must have
wyx = H*(Iy), and (p.wx)Y = wy. O

(11.15) A Noetherian local ring A is said to be quasi-Gorenstein if A is
the canonical module of A. A locally Noetherian scheme is said to be quasi-
Gorenstein if all of its local rings are quasi-Gorenstein.

Lemma 11.16. Let Z be a locally Noetherian scheme. Then the following
are equivalent.

1 7 is quasi-Gorenstein.
2 Oy is a semicanonical module of Z.

3 There exists some invertible sheaf on Z which is also a semicanonical
module of Z.

4 A coherent sheaf on Z is an invertible sheaf if and only if it is a full
semicanonical module.

Proof. Trivial. m

Lemma 11.17. A quasi-Gorenstein locally Noetherian scheme is quasi-normal
by Oz.

Proof. Follows immediately by Lemma 11.16 and Lemma 7.19. O
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Theorem 11.18. Let f : G — H and N be as in (7.42). Yy, Ly,, and
F(G,Yy) be as in (7.44). Let

X<ioy—rfoyci,y

be a G-enriched rational almost principal N-bundle which is also a diagram
in F(G,Yy). Assume that N is separated and has a fized relative dimension.
Then there ezist isomorphisms of (G, Ox)-modules

(22) wx Fiwp j wy ®oyx O x F i j (wy ®o, Oy y)
and isomorphisms of (H, Oy )-modules

(23)  wy = (Jupi*(wx ®oy Onx))Y = ((Jupsiwx) ®oy, Ony)Y.

Proof. We prove the first isomorphism of (22). By Lemma 7.48, j*wy = wy,
and hence we may assume that V =Y. Asi,p"wy ®o, O x = i.(p wy Qo
Oy ) by the equivariant projection formula [Has5, (26.4)] and i.wy = wy
by Lemma 7.48, we may assume that U = X. Now the assertion follows from
Corollary 7.60. The second isomorphism follows easily using the equivariant
projection formula. We prove the first isomorphism of (23). As (?)V o j, &
g« o (DY by [HasO, (7.3)] and j.wy = wy, we may assume that Y = V. As
i*(wx ®oy Onx) = wy Re, Oy, we may assume that X = U. Now the
assertion follows from Corollary 7.60. The second isomorphism follows easily
from the equivariant projection formula. O]

Corollary 11.19 (Watanabe type theorem). Let the assumptions be as in
Theorem 11.18. Then for an H-linerized invertible sheaf L on'Y, the follow-
ing conditions are equivalent.

a wx =i L Roy Oy x = 0" (L Roy Ony) (resp. wx = ip*j*L)
in Qch(G, X), and Y satisfies the (S2) condition.

b wy = L in Qch(H,Y).

If, moreover, O N x s trivial, then the following are equivalent.
c wy 2 0x and Y is (Sz)
d wy = Oy and X is (52).
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If these conditions are satisfied, then both X and Y are quasi-Gorenstein.

Proof. a=b. We easily have that wy = j.7°L by Theorem 11.18 and the
assumption. As Y is (9;), £ & 5,.j*L, and wy = L.

b=-a. As the semicanonical module wy is an invertible sheaf, Y is quasi-
Gorenstein. In particular, Y is (S2). The isomorphisms follow from Theo-
rem 11.18 and the assumption.

Now assume that Oy x is trivial.

c=d. As the semicanonical module wy is invertible, we have that X is
quasi-Gorenstein and (S3). So Ox = ,i*Ox = 1,0y ¥ i,p"j*Oy. By a=b
above, we have that wy = Oy.

d=-c. Then Y is quasi-Gorenstein, and so Y is (S3). By b=-a above, we
have that wx = Z*p*]*Oy = Z*Z*OX = OX. ]

Corollary 11.20. Let the assumptions be as in Theorem 11.18. Then the
following are equivalent.

a wy = i,p"j*L for some H-linearized invertible sheaf L on'Y, and Y
satisfies the (Sy) condition.

b wy is an invertible sheaf.
These conditions imply
c Y is quasi-Gorenstein.
If, moreover, Y 1is connected, then a, b, ¢ are equivalent.
Proof. a=b. We have
wx Zip J L =i (L ®oy Ony) ®ox On x,

and hence wy = L ®o, Oy is an invertible sheaf by Corollary 11.19.

b=a,c. Letting £ = wy ®o, O}y, we have that L is an H-linearized
invertible sheaf on Y. We have wx = 1,p*j*L by Corollary 11.19. As wy is
an invertible sheaf, Y is quasi-Gorenstein, and hence is (S2).

Now assume that Y is connected and c is satisfied. Then Y is (S2) and
has a dualizing complex. Hence it is locally equidimensional by Ogoma’s
theorem [Ogo|. By Lemma 7.38, the semicanonical module wy is full. AsY
is quasi-Gorenstein, wy is an invertible sheaf and so c=-b holds. O]
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Remark 11.21. Let the assumptions be as in Theorem 11.18. In view of
Corollary 11.19, it is important to know when Oy, = Oy, holds.

1

If N is étale, then Oyny, = Oy,, since Opyy, = qffo(/\oQ}‘V/S), where
qy, : Yo — S is the structure map.

If N is finite and Reynolds, then Oy, = Oy,, see Lemma 7.61.

If G = N and N is split reductive, then Oy y, = Oy,. To verify this, as
G is defined over Z, we may assume that S = Yy = Z. As the positive
and the negative roots cancel out in AP LieG, © is a rank-one free

representation whose weight is zero. Similarly, if S = Speck with k£ a
field, G = N, and N is reductive, then Oy g = Og.

If S = Spec k with k a field and N is contained in the center of GG, then
the action of G on N is trivial, and hence wy/g is G-trivial. Hence ©
is a G-trivial one-dimensional representation, that is, © = k.

Even if S =Y, = Speck, G = N, and the identity component N° of
N is reductive, © may not be trivial. For example, if the characteristic
of k is not two and N = O(2), the orthogornal group, then © is not
trivial, see [Knp, Bemerkung 4 after Korollar 2].

Corollary 11.22. Let f : G — H and N be as in (7.42). Yy, Ly,, and
F(G,Yy) be as in (7.44). Let ¢ : X — Y be a G-enriched almost principal
N-bundle which is also a morphism in F(G,Yy). Assume that N is separated
with a fived relative dimension. Then we have the following.

1

2

There exist isomorphisms of (H, Oy )-modules

(24) wy 2 (0.(wy ®oy Onx))Y = (puwx oy Ony)Y

If, moreover, X has a coherent (G, Ox)-module Mx which is a full
2-canonical module, then there exist isomorphisms of (G, Ox)-modules

(25) wx = (P*wy)" Qox Ov.x = (¢ (wy ®oy @jv,y))vva
where (7)Y = Hom,, (7, Mx).

(Watanabe type theorem) Let £ be an H-linearized invertible sheaf on
Y. Then the following are equivalent.
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a wx = ' Lo, O x = ¢ (L Ro, Oy) (resp. wx = ¢*L), and
Y satisfies (Sq).

b wy = L, and X satisfies (Sz).
3 The following are equivalent.

a wy = "L for some H-linearized invertible sheaf L on'Y, and Y
satisfies the (S2) condition.

b wy is an invertible sheaf on'Y, and X satisfies the (S2) condition.

These conditions imply that both X and Y are quasi-Gorenstein, and
hence we have

c Y is quasi-Gorenstein and X satisfies the (Sy) condition.
If, moreover, Y 1is connected, then a, b, ¢ are equivalent.

Proof. Let ¢ : X — Y be a G-enriched almost principal bundle with respect
toU and V. Let ¢ : U — X and j : V — V be the inclusion, and p: U = V
be the restriction of .

1. As wx ®o, Oy x satisfies the (5%)-condition by Lemma 7.19, the
first isomorphism of (24) is immediate from (23) in Theorem 11.18, 1 and
Lemma 11.10, 1. The second isomorphism is by the equivariant projection
formula [Hasb, (26.4)].

The first isomorphism of (25) follows from (22) in Theorem 11.18, 1 and
Lemma 11.10, 2. The second isomorphism follows easily by the equivariant
projection formula.

2. If a is assumed, then the semicanonical module wy is an invertible
sheaf, and hence X is quasi-Gorenstein. In particular, X satisfies (S3). If b
is assumed, X is (S3) by assumption. So in either case, we have

O L=, L= p L.

By Corollary 11.19, the assertion follows.
3 follows easily from 2. O
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12. Frobenius pushforwards

Lemma 12.1. Let A — B be a homomorphism between Noetherian rings
whose fibers are zero-dimensional (e.qg., an integral homomorphism), and M
a (possibly infinite) B-module. Then for a prime ideal p of A,

depth, M, = P%gf:p depthg, Mp.
If, moreover, the going-down theorem holds between A and B, and M satisfies
the (S]) condition as a B-module, then M satisfies the (S!) condition as an

n n

A-module.
Proof. We have

) _ ) _ 7
i, M, =Hip My= €D Hpp, Mp,
PNA=p

and the first assertion follows.

We prove the second assertion. Let p be a prime ideal of A such that
depth, M, < n. Then there exists some P € Spec B such that PN A = p
and depthg, Mp = depth, M, < n. So depthp, Mp = dim Bp by the
(S7) property as a B-module. As the fibers are zero dimensional, dim A, >
dim Bp. By the going-down, dim A, < dim Bp. Hence dim A, = dim Bp =
depthp, Mp = depth, M,, and M satisfies the (S) condition as an A-
module. O

Lemma 12.2. . Let G be a flat S-group scheme which is quasi-compact over
S, and X be a locally Noetherian S-scheme on which G acts trivially. Let M
be a quasi-coherent (G, Ox)-module which satisfies the (S%) condition. Then
M satisfies the (S}) condition.

Proof. This is proved in the same line as [Has9, (5.34)]. O

(12.3) Until the end of this section, S is an F,-scheme, where p is a prime
number, and [F,, is the prime field of characteristic p, unless otherwise speci-
fied.

Lemma 12.4. Let
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be a diagram of S-schemes. Assume that i and j are open immersions whose
images are large in X and Y, respectively. Assume that'Y is locally Noethe-
rian and (Ss), and ¢S xg 'Y is locally Noetherian with a full 2-canonical
module for some e > 1. Let X be locally Noetherian, and assume that p
is faithfully flat and reduced (that is, flat with geometrically reduced fibers).
Assume that ¢S xg X is locally Noetherian for some € > 1. If X is F-finite
over S (that is, ®1(X) is a finite morphism, see [Has8|), then Y is F-finite
over S.

Proof. As the open immersion i : U — X is F-finite, U is also F-finite over
S. As p: U — V is faithfully flat and reduced, it is easy to see that V is
also F-finite over S by [Has8, Theorem 21]. So for each e > 0, ®.(V).(Oey)
is coherent. As Y satisfies the (53) condition, °V satisfies the (S3) condition.
Hence ®.(V),(Oey ) satisfies the (S5%) condition by Lemma 12.1.

Now take e > 1 so that ¢S xg Y is locally Noetherian with a full 2-
canonical module. As V is large in Y and ¢S xg V is large in ¢S xg Y,

Bo(Y)e(Oey) = B(Y).55e(Ocy) = (Leg X )8, (V)o(Oc)

is coherent. As ®.(Y') is affine, it is finite. By [Has8, Lemma 2|, Y is F-finite
over S. O

Lemma 12.5. Let A — B be an F-finite reduced homomorphism between
Noetherian rings of characteristic p. Then ¢A ® 4 B is Noetherian for any
e>1.

Proof. By Dumitrescu’s theorem [Dum2], the relative Frobenius map ®.(A, B) :
CA®Rs B — ¢B is “A-pure. In particular, it is injective. It is also finite by
assumption. By Eakin-Nagata theorem [Mat, Theorem 3.7], the assertion
follows. O

Theorem 12.6. Let f: G — H be a qfpgc homomorphism between S-group
schemes with N = Ker f. Let S be an F,-scheme, and assume that S is
locally Noetherian and quasi-normal by a full 2-canonical module Mg. Let

X<ty Leycdey

be a G-enriched rational almost principal N-bundle. Assume that X and Y
are locally Noetherian and flat with (Ry) + (11) + (S2)-fibers over S, and that
X is F'-finite over S. Then

95



1 ¢S xg X s locally Noetherian and quasi-normal by p3°Msg for each
e >0, where px : ¢S xg X — €S 1is the first projection.

2 If N s reduced over S, then'Y s F'-finite over S.

3 If Y is F-finite over S, then ¢S xg Y 1is locally Noetherian and quasi-
normal by py*Mg for e > 0, where py : ¢S xgY — €S is the first
projection.

4 For each e > 0,

. ) »
€S xg X <00eg w7 g V69 Y

is an ©H X g G-enriched rational almost principal ¢S x g N-bundle (where
the base scheme is ¢S, and not S).

5 Assume further that G is flat over S, and f is regular (that is, flat
with geometrically regular fibers). If, moreover, either N is of finite
type; or °S xg X and ¢S xgY satisfy (11) + (S2), then (S5)(°H X g
G,°SxsX) and (S5)(°H,¢S xsY') are equivalent under the equivalence
in Proposition 11.8.

6 Let the assumptions be as in 5. Let M € (S5)(G, X), and let N be the
corresponding sheaf (j.pi*M)N € (S4)(H,Y) (by the correspondence
in Proposition 11.8). Then for each e > 0, N, is S-flat and the sheaf

(Leg % 1)u(leg x p)*(Leg % 1) @e(Y)o(N) € (SH)(H x5 G, %S x5 X),

which corresponds to the Frobenius pushforward ®.(Y).(°N') by the
equivalence in Proposition 11.8, is isomorphic to ($(X).(¢M)) Ne.

Proof. 1 Local Noetherian property follows from Lemma 12.5. Quasi-Normality
follows from Lemma 7.41, 5, applied to the map ¢S xg X — ©S.

2 follows from 1 and Lemma 12.4.

3 is proved similarly to 1.

4 and 5 are trivial.

6 As N is flat, f is fpqc. Since G is S-flat, H is also S-flat. As f is
regular, N is regular over S. Note that

1—>€Ne—>eN&>eS><SN—>1
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is exact (that is, ®. is qfpqc and °N, = Ker ®.) by Lemma 8.13. By the
theorem of Radu and André [Rad], [And], [Dum]|, ®. is flat. Hence °N, is
flat. Note that

1—°N, —>6GLG)>€H><HG—>1

is exact (that is, ®.(H, @) is qfpqc and *N, = Ker ®.(H, G)) by Lemma 8.13.
As ¢N, is flat, ®.(H, G) is flat. Being flat and qfpqc, it is fpqc. In particular,
¢H x g G is flat over ©S.

Note that ®.(X).(°M) satisfies the (S5}) condition. So

Do (X)) (CM) N 22 (1% 0)u(1 X 0)* P (X)u(M)) e
2 (1 % i), (e (U) 0 M) Ne 2 (1 % 0),(Pe(U) £ ((i*M))) e

So we may assume that X = U.
On the other hand,

(1% ) @ (Y).(CN) = @ (V). (GN) = 0 (V). (“(5"N)),

as can be seen easily. So we may assume that Y =V, and hence ¢ : X — Y
is a G-enriched principal N-bundle.

As *M € (55)(°G,°X) and @, is a finite homeomorphism, we have that
D (X).((M) € (S)(°G, S x5 X) by Lemma 12.1. So (®.(X).(*M))Ne be-
longs to (S5)(°H xp G, ¢S xsX) by Lemma 12.2. So in view of Theorem 11.2,
it remains to prove that

(1 X @)u(@e(X)u (M) o) SN 2 D (V) (N).
This is clear, since
(1% @)x(Pe(X) (M) M) TN 22 (1 % )@ (X) (M) e )27
2 (0 (Y)“pu(M)) N Z @ (Y). (0 M) = (V) (N).
O]

(12.7) Let S = Speck with k a perfect field, H and N be S-group schemes.
Assume that H and N are locally Noetherian and regular. Let H act on N
by the group automorphisms, and let G be the semidirect product H x N.
Let X be a locally Noetherian F-finite G-scheme. We say that X is of finite
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(H, N)-F-representation type by My, ..., M, € Coh(*H x N, X) if for any
e > 1, we can write (F¢Oecx) ™M 2 N} @ -+ &N, by some Ni,..., N, €
Coh(°H x N, X) such that for each j = 1,..., u, there exists some [(j) such
that NV; =2 My, as (N, Ox)-modules (not as (‘“H x N, Ox)-modules). If
X is finite (H,e)-F-representation type, then we say that X is finite H-F-
representation type, where e = Spec k denotes the trivial group. If, moreover,
H is also trivial, then we say that X is finite F-representation type. If
H = G, the split s-torus, and G = H x N, the direct product, then finite
(H, N)-F-representation type is called graded finite F-representation type
modulo N. If, moreover, N is trivial, we say that X is graded finite F-
representation type.
From Theorem 12.6, we immediately have the following.

Corollary 12.8. Let the assumptions be as in Theorem 12.6, 5, 6. Assume
further that S = Spec k with k a perfect field, and G = H x N 1is a semidirect
product. Then Y is of finite H-F-representation type by Ny, ..., N, if and
only if X is of finite (H, N)-F-representation type by My, ..., M., where
M =i, p "N, forl=1,... u. N

13. Global F-regularity

(13.1) Let X be a scheme and h : M — N an Ox-linear map between
Ox-modules. We say that h is generically monic if he : Mg — N is injective
for each ¢ € X9,

(13.2) Let S be an Fj-scheme, G an S-group scheme, and ¢ : X — Y a

G-morphism. For e > 0, the scheme Y Xy X is simply denoted by X§f ),

As X}(f) =Y Xy 0 Xée), it is a G-scheme in a natural way, and the relative
S

Frobenius map ®.(Y, X) : X — Xi(/e) is a G-morphism.

Definition 13.3. Let S be an F,-scheme, G an S-group scheme, and X a
G-scheme. Assume that S = Speck with k£ a perfect field.

1 We say that X is G-globally F-regular if for any G-linearized invertible
sheaf £ on X and any G-invariant generically monic section s : Ox —
L, there exists some e > 1 such that the composite

(26) sF°: Oy =5 FOx S F°L

splits as a (G, O )-linear map.
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2 We say that X is G-F-split if for any (or equivalently, some) e > 1,
Fe . OX(e) — FfOX
splits as a (G, Oy )-linear map.

If G is trivial, then we simply say that X is globally F-regular or F-split.
(13.4) A G-globally F-regular scheme is G-F-split.

(13.5) Let £ be an ample invertible sheaf on a Noetherian [F,-scheme X.
Assume that for any r > 0 and a monic section s : Ox — L%", there ex-
ists some e > 1 such that sF¢ : Oy« — FLP splits as an Oy (o-linear
map. Then X is globally F-regular. This is proved similarly to [Has3, The-
orem 2.6].

Lemma 13.6. Let S be an F,-scheme, and Z a smooth S-scheme. Then the
relative Frobenius map ®. : Z — Zée) is affine and (®.).(O @) is locally
free. In particular, ®. is faithfully flat. If, moreover, Z is étale over S, then
®, is an isomorphism.

Proof. We prove that (®.).(O,«) is locally free. As the question is local
S

both on S and Z, we may assume that S = Spec R and Z = Spec A are
affine. Then by [Stack, (10.131.14)], there exists some finitely generated F,-
subalgebra Ry of R and a smooth R, algebra A, such that A = R ®p, Ao.
As Ry — Ay is a regular homomorphism between Noetherian [F,-algebras, we

have that Ag is (Ao)g = A(()e) ® o) Ry-flat by Radu—André theorem [Rad],

[And], [Dum]. As A, is F-finite, Ay is a finite projective (Ao)g—module (see
Lemma 8.12). Taking the base change ? ®g, R, we get the desired result.
If, moreover, Z is étale, then we can take Ay to be étale over Ry. Then
by [Hasb, (33.5)], (Ag)gg — Ap is an isomorphism. By the base change, we
have that &, is an isomorphism. O

Lemma 13.7. Let S = Speck with k a field of characteristicp >0, f : G —
H be an fpgc homomorphism between S-group schemes, and N = Ker f.
Assume that N is smooth over S. Let ¢ : X — Y be a G-morphism which is
N-invariant. Assume that (X)) C YO, Assume that i : Oy — (0.O0x)N
is an isomorphism. If X is G-globally F-reqular (resp. G-F-split), then Y is
H-globally F-regular (resp. H-F-split).
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Proof. We prove the assertion for the global F-regularity. The case of F-
splitting is similar.

Let £ be an H-linearized invertible sheaf on Y, and s : Oy — L an
H-invariant generically monic section. As ¢(X(?) C Y it is easy to see
that s : Ox — ¢*L is a G-invariant generically monic section. So there
exists some e > 1 and a G-invariant splitting m : Ff(p*L) — Oy of
sF¢: Oxe — FE(¢*L).

Obviously,

_ ) @
7: Opr = (990N

is an isomorphism. On the other hand, as IV is S-smooth, the Frobenius map
F¢: N — N© is faithfully flat, and hence the restriction ()N agrees with
(7)Y by Lemma 4.15.
So
7: Oye) = (905N
is an isomorphism.

On the other hand,
P (FR) (0 L)Y = (Fy) (00" L)Y = (FY).L.

So applying (gpff)(?))N to the sequence

ske e/ % ™
OX(E) — F* ((p E) — OX(&),

we get
Oy L5 FEL T Oy
whose composite is the identity. Hence Y is H-globally F-regular. O

Corollary 13.8 (cf. [HaraWY, Proposition 1.2, (2)]). Let ¢ : X — Y be
a morphism between integral F,-schemes such that n : Oy — ¢.Ox is an
isomorphism. If X is globally F-reqular (resp. F-split), then so is Y.

Proof. Consider S = SpeclF, = Z and the trivial G, H, and N. Then apply
Lemma 13.7. As 7 is an isomorphism, ¢ is dominating and o(X(?) c Y©,
The results follow from Lemma 13.7 easily. [

Proposition 13.9. Let S = Speck with k a perfect field of characteristic
p>0. Let H and N be S-group schemes. Let H act on N by group auto-
morphisms, and G := N x H. Assume that N is a linearly reductive affine
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algebraic k-group scheme. Let X be an F-finite Noetherian H-globally F'-
reqular (resp. H-F-split) G-scheme. Then X is G-globally F-regular (resp.
G-F-split).

Proof. We prove the assertion for the global F-regularity. The assertion for
the F-splitting is similar.

Let £ be a G-linearized invertible sheaf on X, and s : Ox — L a gener-
ically monic section. Then there exists some e > 1 and an (H, Ox( )-linear
map 7 : FPL — Oy such that 7sF*° = id.

As F¢ : X — X© is finite, Hy = mo)((e) (Ox©, FeL) and Hy =
Homy, . (FEL,Ox() are coherent (G, O )-modules.

Let h: X(® — S = Speck be the structure map, which is quasi-compact
quasi-separated by assumption (if ¢ : X — S is the structure map, then A is

the composite

(e) —e
56055 9)

So we have a direct sum decomposition of quasi-coherent (G, Og)-modules
hH1 = (hH1)N @ Un(h.Hy) by Proposition 5.25. Applying I'(S,?) o (?)X,
we get the direct sum decomposition of abelian groups

x (@)

(27) HomH7OX<8) (F*e‘Ca OX(G))
=Homg o, (FIL,Ox) & (S, Uy(hs Homy (FIL, Oxo))").

By the product

h*Hl ®OS h*HO — h*<H1 ®0X(e) HO) — h*(_HomOX(e) (OX(9)7OX(6)))7

Un(h.H1) ®0g (hHo)N is mapped to UN(h*(mOX(e)(OX(e),(’)X(e)))) by
Lemma 5.12, 3. Hence when we decompose m = my + 7 according to the
decomposition (27),

mo(sF¢) € Homg o, (Ox©,Ox)

and
771(5F6> < F(S, UN(h*(HO_mOX(e>(OX(e>7 OX(6>)>>H)'

As we can decompose the identity of Oy in two ways as

id = mo(sF°) + m(sF°) =id + 0,

101



we must have m(sF¢) = id and 71 (sF°) = 0 by the uniqueness of the decom-
position. Hence 7y : F€L — Oy is the desired (G, Oy )-linear splitting of
sF*°, and the proof of the proposition has been completed. O

Corollary 13.10. Let S = Speck, H, N, and G be as in Proposition 13.9.
Assume that N is smooth. Let ¢ : X — Y be a G-morphism which is N -
invariant. Assume that 77 : Oy — (0.Ox)Y is an isomorphism. Assume that
X is Noetherian normal and F-finite. If X is H-globally F-regular (resp.
H-F-split), then Y is also H-globally F-regular (resp. H-F-split).

Proof. By [Has9, (6.3)], p(X?) c Y. The assertion follows easily from
Proposition 13.9 and Lemma 13.7. O

Lemma 13.11. Let ¢ : X — Y be a globally F-reqular F-finite Noetherian
[F,-scheme with an ample invertible sheaf A. Then any open subscheme U is
also globally F'-regular. In particular, X is F-reqular in the sense that each
local ring of X 1is strongly F-reqular. In particular, X is Cohen—Macaulay
normal.

Proof. Let r > 0 and s € T'(U, A®") a generically monic section. Take
7 > 0 and a section u € I'(X, A®"") which is generically monic such that
X, C U. Then by [Stack, (27.24.6)], there exists some n > 0 such that
u's € I'(X, A®0+7)) " Then there exists some e > 1 such that u"sF° :
Ox) — FCA®U+) has a splitting. Restricting to U, u"sF® also has a
splitting over U. Hence sF*° also has a splitting over U. Thus U is globally
F-regular.

In particular, any affine open U = Spec A is globally F-regular, and the
F-finite Noetherian ring A is strongly F-regular [HocH]. So any local ring
of X is also strongly F-regular. As an F-finite Noetherian ring is excellent
[Kun2] and a strongly F-regular ring is weakly F-regular [HocH, (3.1)], X is
Cohen—Macaulay normal by [Hun, (4.2)]. O

Lemma 13.12. Let S be an F,-scheme, G an S-group scheme, and X be
an G-F-split scheme. If h : U — X 1is an étale G-morphism, then U s a
G-F-split G-scheme.

Proof. There exists some e > 1 and a (G, Ox ) )-linear splitting 7 : F*Ox —
Oy of F¢. Applying (h(®)*, we have that

M = (W) F : Oyt = (M) FiOx 2 (p2).piOx = (p2): 00

102



has a (G, Oy )-linear splitting, where p; : U)(f) — X is the first projection,
and ps : U)(f) — U'® is the second projection. As h is étale, ®.(X,U) is an
isomorphism by Lemma 13.6. As the composite

D (X,U)

U UuY 2 ue©

is Ff;, F @ Opey = FE(Op) has a (G, Oy )-linear splitting, as desired. [

Lemma 13.13. Let X be a Noetherian quasi-normal Fy-scheme, and U its
large open subset. Then X is F'-finite if and only if U is F'-finite.

Proof. Assume that X is F-finite. Then Fy : X — X is finite. Taking the
base change by U — X, Fyy : U =2 X X yo) UM — UW s finite.

Assume that U is F-finite. Then F,Op is a coherent (S%) Op-module.
So letting i : U < X be the inclusion, (i"),F.Op = F.i,Op = F,Ox is a
coherent sheaf. O

Theorem 13.14. Let S = Speck with k a perfect field of characteristic
p > 0. Let G be a smooth linearly reductive affine algebraic k-group scheme.
Let the diagram

X<ioy-Leyeloy

be a rational almost principal G-bundle. Assume that X and Y are Noethe-
rian normal schemes. Then we have the following.

1 X is F-finite if and only if Y is F-finite.

2 Assume that X and Y have ample invertible sheaves and are F-finite.
Then X is globally F-regular (resp. F-split) if and only if Y is globally
F-regular (resp. F-split).

Proof. 1 In view of Lemma 13.13, we may assume that X = U and Y = V.
If Y is F-finite, then X is F-finite, since p: X — Y is of finite type. If X is
F-finite, then Y is F'-finite, since p is an algebraic quotient by N and N is
linearly reductive, see Lemma 9.6.

2 We only prove the assertion for the global F-regularity. Let L be
an invertible sheaf on Y, and s € I'(Y, £) a generically monic section. Then
assuming that V' is globally F-regular, there exists some e > 1 such that there
is a splitting 7 of sF*° on V. Note that 7 € I'(V, Ho_mogf)(Fny, Oy@©)). As

Y is F-finite Noetherian normal, Homo@ (FfOy, Oy (o) is a reflexive sheaf,
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and hence 7 is defined over Y. This shows that Y is globally F-regular. On
the other hand, if Y is globally F-regular, then by Lemma 13.11, V' is globlly
F-regular. Similarly, X is globally F-regular if and only if U is so. Hence we
may assume that X =U and Y = V.

If X is globally F-regular, then by Corollary 13.10, Y is globally F-
regular.

Let Y be globally F-regular. Let £ be an ample invertible sheaf on Y.
We can take some r > 1 and a generically monic section a € T'(Y, L®")
such that Y, is regular and affine. Replacing £ by £%" if necessary, we may
assume that » = 1. As Y is globally F-regular, there exists some eq > 1 and
7o : FOL — Oy(eq) such that myaF'° = id.

As N is smooth, p is smooth, and hence X, = p~!(Y,) is regular. By
Lemma 10.10, 1, X, is dense in X. That is, a € I'(X, p*L) is generically
monic. By [Stack, (28.38.7)], p*L is an ample invertible sheaf on X.

Let n > 0 and s € T'(X,p*L®") be a generically monic section. As
X, is affine regular F-finite, it is globally F-regular, and hence there exists
some e; > 1 and a splitting 7y : F&p* L%, — (’)Xéel) of sF*° : OXéel) —
Fep* L% x.. As HO—mOX<e1> (Eep* L2 O y(ep)) is coherent, there exists some

*

ez > 0 such that m = (a?”)®)m; lies in Hom, e, (F7 p* L%, (LBP2)(en),
X
Then mysFe = (a?)(e1),
AsY is F-split, there exists some 73 : F©2Oy — Oy(ey) such that m3F? =
id. Then
(28) 7_[_(()el—&-ez)ﬂéel)71_25Fu=:0—&-el—1—32 _ 7T(()61+e2)ﬂ-§61)(ap62)(el)Feo+e2

_ 7T(()61+62)7T:(361)Feza(61+€2)FeO _ 7T(()61+e2)a(61+62)F60 _ ld,

and sFeoteite2 hag a splitting. This shows that X is globally F-regular. [

Chapter 2. Examples and Applications
14. Finite group schemes

(14.1) Let G be an S-group scheme acting on X. If there is a G-stable
open subset U of X such that the action of G on U is free and U is n-large
in X then we say that the action of G on X is n-small. 0-small is also called
generically free. 1-small is also called small.
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Lemma 14.2. Let G be an S-group scheme, and o : Z' — Z a flat G-
morphism. If the action of G on Z is n-small, then the action of G on Z' is
also n-small.

Proof. Obvious from Lemma 1.8 and Lemma 10.10. [

(14.3) Letting G act on G x X by g(g1,7) = (99197, gz) and on X x X
diagonally, ¥ : G x X — X x X and the diagonal map A : X — X x X
are G-morphisms. So the structure map ¢ : Sy — X is also a G-morphism,
where Sx is the stabilizer of the action of G on X.

If there is a separated G-invariant morphism ¢ : X — Y (e.g., X is
S-separated or ¢ is affine), then Sy — G x X is a closed immersion. If,
moreover, (G is finite, then ¢ is finite.

(14.4) Assume that ¢ is finite. Then the cokernel of the split monomor-
phism 7 : Ox — ¢.Os, is a quasi-coherent (G, Ox)-module which is finite-
type as an Ox-module. The complement Uy of the support of Coker 7 is the
largest G-stable open subset of X on which G acts freely. We call Ux the
free locus of the action.

Example 14.5. Let G be a finite (constant) group, and X be Noetherian
and irreducible. Assume that there is a separated G-invariant morphism
¢ : X — Y. Then ¢ is finite, and the free locus exists. More precisely, for
g € G, set X, :={r € X | gr =x}. Note that X, is a closed subscheme of
X. It is easy to see that Ux = X\ U#e Xg. So the action is generically free
if and only if the action is faithful (that is, the action of g on X is not the
identity if g # e). If codimyx X, = 1, then we say that g is a pseudorefilection.
The action is small if and only if there is no pseudoreflection. However, see
Remark 17.15 below.

(14.6) Let G be a finite group scheme over a field k of characteristic p > 0.
Then the smallest nonnegative integer e > 0 such that G, = G° is called the
exponent of G. If I is the nilradical of k[G], then the exponent e of G is the
smallest nonnegative integer such that 1”1 = 0, where 1"l = I9k[G]. The
exponent is not changed by the extension of the base field.

Proposition 14.7. Let k be a field, G a finite k-group scheme acting on
a reduced artinian k-algebra L, and set K = LY. Let ¢ : X = Spec L —
Spec L =Y be the canonical map. Assume that X is G-connected. Then
we have that K is a field, and dimy L < dimy, k[G] in general. In particular,
dimg L s finite. Moreover, the following are equivalent.
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1 ¢ is a principal G-bundle.

2 The action of G on X 1is free.

3 The action of G on X 1is generically free.
4 dimg L = dimy k[G].

Proof. 1=2 As VU is an isomorphism, its base change ¢ : Sy — X is an
isomorphism.

2=1 is Lemma 11.12.

243 is obvious, since X is an artinian scheme.

1=4. Compare the L-dimension of the two isomorphic spaces L ®g L
and k[G] ®y, L.

By [Hasb, (32.6)], K is a finite direct product of normal domains. As X
is G-connected, Y is connected by Lemma 7.3. Hence K is a domain. As L
is an integral extension of K by Lemma 11.12 and L is of Krull dimension
zero, K is also zero dimensional. Being a zero dimensional domain, K is a
field.

It remains to prove the assertions (i) dimg L < dimy k[G]; and (ii) 4= (1,
2, or 3).

Replacing k by K, G by K ®; GG, and not changing L, we may assume
that k = K.

We claim that if V is a closed normal subgroup scheme and the proposi-
tion is true for N and G/N, then (i) and (ii), hence the proposition is also
true for G. Indeed, M = LY = M, x --- x M, is a finite direct product
of fields. Applying the proposition for the action of N on L; = M; ®) L,
dimyy, L; < dimy k[N]. On the other hand, dimg M < dimy k[G/N]. So

(29) dimg L= dimg L; =Y dimy M; dimy, L;
< dimy k[N] )~ dimg M; = dimy, k[N] dimg M
< dimy, k[N] dimy k[G/N] = dimy, k[G].
The equality dimg L = dimy k[G] holds if and only if the equality holds
everywhere in (29). If so, dimg M = dimy, k[G/N] and dimyy, L; = dimy k[N]
for each i. As the proposition is assumed to be true for N and G/N, we have

that Spec M — Spec K = Y is a principal G/N-bundle, and Spec L; —
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Spec M; is a principal N-bundle for each ¢. In particular, X = SpecL —
Spec M is a G-enriched principal N-bundle. By Lemma 10.8, ¢ : X — Y is
a principal G-bundle, and the claim has been proved.

Assume that G is infinitesimal of exponent one. That is, G equals its first
Frobenius kernel G;. As G is geometrically connected, X is also connected,
and hence L is a field in this case.

Let g := Lie G be the Lie algebra of G. It is a restricted Lie algebra over
k. There is a canonical map

0:L®g— End, L

given by ((a ® D))(B) = aD(B) for D € g and «,3 € L. Obviously,
the image D := Im#6 is contained in Derg(L, L), the space of k-derivations.
Moreover, we have

[0(a® D),0(8 @ D))
— 0(af @ [D, Di] + a(D(B)) ® Dy — B(Di(a)) @ D) € D

and
(0(a® D)) = 0(a” © D" + ((aD)"~*(a)) ® D) € D

by [Mat, Exercise 25.1] and [Mat, (25.5)]. This shows that D is a restricted
L-Lie subalgebra of Derg(L, L) in the sense of Jacobson [Jac, (IV.8)].

Note that g generates k[G]* as a k-algebra. To verify this, we may assume
that k is algebraically closed, and this case is shown in [Jan, (1.9.6)]. Let A
be the k-subalgebra of Endy, L generated by D. By [Jac, (IV.8), Theorem 19],
(L : k] is finite, and dimy, Endy L = [L : k] = dim A. After all, A = Endy, L.
It is easy to see that 6 : L ® k[G]* — A induced by 0 is surjective, and hence
we have dimy L < dimy, k[G]. Moreover, if the equality holds (i.e., 4 holds),
then 6§ : L ® k[G]* — Endy L = Hom (L ® L, L) is an isomorphism. Then
its L-dual L ® L — L ® k[G] given by a ® B+ >~ 5 aBo) @ Bu) is also an
isomorphism, where we are using the Sweedler’s notation [Swe, (1.2)]. This
is equivalent to say that ¥ : G x X — X Xy X is an isomorphism, and hence
4=-1 has been proved. So the proposition has been proved for the case that
G is infinitesimal of exponent one.

Next, consider the case that G is infinitesimal. We prove the proposition
for this case by the induction on the exponent e of G. The case that e < 1
is already done by above. Let e > 2. Then there is an exact sequence

1-G -G5S G/Gy— 1.
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Note that 7 1(G/G1); = ®; (k Q) GIY), where ®; : G — k ®y) G is the
realtive Frobenius map. The right-hand side is the whole G for i = e—1, and
hence the exponent of G/G; is at mose e — 1. By induction, the proposition
is true for G; and G/G1, and hence the proposition is true for G.

Now we consider the general case. By the exact sequence

1-G° -G —G/G° =1,

replacing G by G/G°, we may assume that G is étale, since the proposition
for G° is already proved by the infinitesimal case. Replacing K = k by its
suitable finite Galois extension k&' and L by L' = k' ®, L, we may assume
that GG is a constant finite group.

Let eq,...,e,. be the set of primitive idempotents of L. As X is G-
connected, GG acts transitively on this set. Let H be the stabilizer of e;. Then
|G : H| =r. Let 0q,...,0, be the complete set of representatives of G/H in
G, where we choose the index so that o;(e;) = e;. Set L; = Le; = o;(Lq).
The image of K — L — L; (o — eja) is contained in L. On the other
hand, Y, 0; maps LY to K, and e; : K — L{ has an inverse ), 0;. By the
Galois theory, [L; : K] < #H (note that H need not act on L, effectively, so
the equality need not hold). So [L: K] =r[Ly : K] < [G: H| - #H = #G =
dimy, k[G], and in particular, L is K-finite.

It remains to prove that if dimyx L = #G, then the action of G on X is
free. In order to check this, taking the base change by the separable closure
ksep Of k, we may assume that k is separably closed. Let ey, ... €., H, L; be
as above. As L is a purely inseparable extension of k, we have that L; = LZ
this time. So dimy L; = 1 for each 4, and hence r = #G by assumption. As
|G : H| = r = #G, we have that H is trivial. Then G acts on eq,..., e,
freely, and hence G acts on X freely, and 4=2 has been proved. O]

Proposition 14.8. Let G be an LFF S-group scheme, and ¢ : X — Y an
algebraic quotient. Let U be the free locus, and V := @(U). Then

1 p(X™) =Y ™ forn > 0.
2 p:U — V is a principal G-bundle, where p is the restriction of .
3 The following are equivalent.

a The action of G on X is n-small.

a’ U is n-large.
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b V is n-large.
c v is an n-almost principal G-bundle with respect to U and V.

d ¢ is an n-almost principal G-bundle.

Proof. 1 As ¢ is surjective, it suffices to show that ¢(X ™) C Y™ for n > 0.
To verify this, we may assume that both X = Spec B and Y = Spec A are
affine. Let x € X and y = (). Then as ¢ is open, the going-down theorem
holds for the map A — B [Stack, (10.38.2)], and hence codimz > codimy.
As ¢ is integral, codim z < codimy. So the assertion follows.

2 By Lemma 1.11, V is an open subset of Y, and p: U = o }(V) = V
is an algebraic quotient. As the action of G on U is free, p is a principal
G-bundle by Lemma 11.12.

3 Follows easily from 1 and 2. O]

Proposition 14.9. Let G be an LFF S-group scheme with the well defined
rank r, and @ : X — Y an algebraic quotient by the action of G. Assume
that X is reduced and LFI. Then for each n € Y,

(30) dime,,, (9«Ox)y <7

Moreover, the action of G on X is generically free if and only if the equality
holds in (30) for each point n € Y0,

Proof. We may assume that Y = Spec A is affine. Then X = Spec B is
affine and A = BY. Then for each minimal prime P of A, Bp is reduced and
zero-dimensional (since k(P) = Ap — Bp is an integral extension). As B
has finitely many minimal primes, Bp has finitely many minimal primes, and
Spec Bp is finite. Then it is easy to see that Bp is a finite direct product of
fields. To prove that (30) holds, replacing ¢ by ¢, : X;, = n, S by n and G
by G,, we may assume that S =Y = Speck is the spectrum of a field (note
that ¢, is an algebraic quotient, since A is reduced and hence x(n) is merely
a localization of A). By Proposition 14.7, the inequality follows.

By Proposition 14.7, n € Y9 lies in V if and only if the equality in (30)
holds. The assertion follows immediately by Proposition 14.8 for the case
that n = 1. O

Example 14.10. Let V be a finite dimensional k-vector space, and let GG
be an étale finite subgroup scheme of GL(V'). Then the action of G on V is
generically free. In order to check this, we may assume that k is algebraically
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closed, and hence G is a constant subgroup. As G is a subgroup of GL(V),
we have that ¢ is a non-identity for g # e, and hence the action is generically
free (see Example 14.5).

If G is not étale, this is not true any more. Let k be an algebraically
closed field of characteristic p > 0. Let V = k?, and consider G = GL(V);,
the first Frobenius kernel of GL(V). Let B = k[V] = SymV* = k[z,y],
A=BY K =Q(A), and L = Q(B). Then A = k[z?,4?]. So dimg L =2 <
dimy, k[G] = 4. Hence the action is not generically free by Proposition 14.9.

Lemma 14.11. Let S = Spec R be affine. Let G = Specl' be an LFF S-
group scheme. Then the coordinate ring I' of G is a projective object as a

G-module.

Proof. 1t is easy to see that there exists some finitely generated Z-subalgebra
Ry of R and an LFF Ry-group scheme Gy such that R ®p, Go = G. Hence
we may assume that R is Noetherian. By [Has, (I11.4.1.3)], we may assume
that R is a field.

Note that a G-module is nothing but a (right) I'-comodule, which is the
same as a (left) I'"*-module. By [SkY, (VI.3.6)], I =2 I'* as a ['*-module, and
we are done. ]

Lemma 14.12. Let G be an LFF S-group scheme acting on an S-scheme
X = Spec B which is an affine scheme. Let A= BY. If o : X = Spec B —
Spec A =Y is a principal G-bundle, then B is A-finite and (G, A)-projective.
If A is a Noetherian Henselian local ring, then B = A[G 4] as (G, A)-modules.

Proof. We may assume that S =Y = Spec A. As G is flat, ¢ is fpqc. Let
[' = A[G 4] = A[G] be the coordinate ring of G. Let B’ be the A-algebra B
with a trivial G-action. Then B®4 B’ = I"®4 B’. By the descent argument,
B is a finite projective A-module. We prove that B is a projective G-module,
or a I"™-module. There is a surjective I'*-linear map « : (I')" — B, as B is
A-finite. We want to prove that this map splits. This is equivalent to the
surjectivity of

(31) a, : Homp« (B, (I'")") — Homr- (B, B).
This is checked after tensoring B’ over A. But

Homyp-(B,?) ®4 B' = Homu (B, 7)Y ®4 B' = (Homyu(B,?) @4 B)¢
= HOIHB/(B XA B/, ? XA B,)G = HOIH(G7B/)(F XA B,, ? Xa B/)
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This is an exact functor by Lemma 14.11. So (31) is surjective.

Now assume that A is Noetherian Henselian local. Since B’ is finite
projective as an A-module and A is a local ring, B’ = A" for some n. Hence
B" 2 By B 21T ®4 B = I'™ as [™-modules. Since A is Henselian,
any finite ['*-module has a semiperfect endomorphism ring, and the Krull-
Schmidt theorem holds in the category of finite I'*-modules (the fact that
a mofule-finite algebra over a Noetherian Henselian local ring is semiperfect
follows easily from [Mil, (I1.4.2)]). So B = I" as G-modules, as desired. O

Example 14.13. Let k be a field, and G a finite k-group scheme acting on a
k-algebra B. Even if B is a DVR (discrete valuation ring) and the action of
G on X = Spec B is generically free, the action may not be free (so it is not
a small action either). We give an example of a finite group in characteristic
zero and an infinitesimal group scheme in characteristic p.

1Ifk =C, G = Zy = (0) (the cyclic group of order two with the
generator o), B = k[[z]] with o(z) = —x, then the stabilizer at the
vertex Speck = Spec B/(x) is G, and is nontrivial. So the action
is not free. The action is generically free by Proposition 14.9, since

[@(B) : Q(BY)] = [k((x)) : k((z*))] = 2 = #G.

2 Let k be a field of characteristic p, and B = k[z](), the localization
of the polynomial ring k[z] at the prime ideal (z). Let D be the k-

d
derivation $pd— of B. Note that D? = 0. So G = a,, := (G,)1, the first

x
Frobenius kernel of the additive group G,, acts on X = Spec B. The
algebra map B — k|G| ® B associated with the action G x X — X is
the map k(] — k[t]/(t?) @ k[z] @) = k[t, x|/ (tP) given by

p—1

f e exp(D(=t))(f) = D> D'(f)(=t)/il.
i=0
So BY = BP ={f € B| Df =0} = k[aP]u). As [Q(B) : Q(BY)] =
p = k[G], the action is generically free. It is easy to see that the
stabilizer at Spec k = Spec B/(z) is G, and the action is not free.

(14.14) Let f : G — H be an fppf finite homomorphism between flat S-
group schemes, and N = Ker f. Note that N is fppf finite over S, that is,
LFF.
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Lemma 14.15. Let the notation be as above. Let ¢ : X — Y be a G-
morphism which is an algebraic quotient by the action of N. Then the free
locus U of the action of N on X 1is G-stable in X. In particular, p : U —
V = p(U) is a G-enriched principal N-bundle. If, moreover, the action of
N on X is n-small, then ¢ is a G-enriched n-almost principal N-bundle.

Proof. In view of Proposition 14.8, it suffices to show that U is G-stable.
Let G act on X xy X diagonally and on N x X by g(n,z) = (gng™', gx).
Then ¥ : G x X — X Xy X defined by ¥(g,z) = (gx,x) and the diagonal
map Ay : X — X Xy X are G-morhpisms. So ¢ : Sx — X is also a
G-morphism, and hence U is G-stable. m

(14.16) Let G be a flat S-group scheme. For a G-scheme X, we define the
G-radical of X by
radg(X) = ( ﬂ m)*,

MeMax(G,X)

the sum of all the quasi-coherent G-ideals of Ox contained in mSﬁeMax(G, X) I,
where Max (G, X) is the set of G-maximal G-ideals of Ox. We define the
G-nilradical of X to be §/0, the G-radical of the zero ideal, see [HasM,
(4.25)]. Note that /0 C v/0 [HasM, (4.30)]. If X is quasi-compact, then by
[HasM, (4.27)], we have that radg(X) D V0. Note that even if S = Speck
and both G and X are k-varieties, rad(X) may not contain radg(X). For
example, when we consider the action of G = G,, on B = k[z] with the

grading deg z = 1, then the ideal (z) is the unique G-maximal ideal, and so
radg(B) = (x) ¢ rad(B) = (0).

Lemma 14.17 (G-Nakayama’s lemma). Let G be a flat S-group scheme and
X a quasi-compact G-scheme. Let M be a quasi-coherent (G, Ox)-module
of finite type. If radg(X)M = M, then M = 0.

Proof. Assume the contrary. Let Z = 0 :p, M be the annihilator of M. Note
that Z is a quasi-coherent G-ideal (the proof is the same as that of [HasM,
(4.2)]). As Z # Ox by assumption, there exists some M € Max(G, X)
containing Z by [HasM, (4.28)]. Let m be a maximal quasi-coherent ideal of
Ox containing 91, and x the closed point of X corresponding to m. Since
m contains Z and M is of finite type, M, # 0. By Nakayama’s lemma,
M, ®oy, k(z) # 0. Similarly, (Ox/radg(X)). ®oy, £(x) # 0, since m D
radg(X). Taking the tensor product, (M/radg(X)M), ®o,, k(x) # 0.
Hence M # radg(X)M. This is a contradiction. O
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Lemma 14.18. Let f : G — H be an fppf finite homomorphism between
flat S-group schemes, and N = Ker f. Let o : X — Y be a G-morphism
which is an algebraic quotient by the action of N. Let T be a quasi-coherent
G-ideal of Ox contained in radg(X), and Z = V() the corresponding closed
G-subscheme of X. If the action of N on Z 1is free, then the action of N on
X is also free, and hence ¢ s a principal G-bundle.

Proof. Let Cx be the cokernel of Ox — ¢.0Os, . This is a finite-type quasi-
coherent (G, Ox)-module. It suffices to prove that Cx = 0. By Lemma 14.17,
it suffices to show that j*Cx = 0, where j : Z < X is the inclusion. As N
acts on Z freely, C; = 0, and hence it suffices to show that S; = Sy xx
Z in a natural way. This follows from Lemma 1.8, as 7 : Z — X is a
monomorphism. O

Lemma 14.19. Let G be a smooth S-group scheme.

1 If X is a G-scheme, then the reduction X,eq has a unique G-scheme
structure such that the inclusion red : X,eqa — X 18 a G-morphism.
Hence V0 = $/0. If, moreover, X is an LFI-scheme, then the normal-
ization X" [Stack, (28.48.12)] has a unique G-scheme structure such
that the morphism v : XV — X is a G-morphism.

Let o : X =Y be a G-morphism.

2 If ¢ is a G-morphism (resp. a principal G-bundle), then Yreq @ Xred —
Yied 15 a G-morphism (resp. a principal G-bundle). If, moreover, ¢
is a morphism between LFI-schemes such that (X)) c YO then
¢’ XY = YV is a G-morphism (resp. a principal G-bundle).

3 Ifp: X — Y is an algebraic quotient and Yreq @ Xred — Yied 1S @
principal G-bundle, then ¢ is a principal G-bundle.

Proof. 1 As G x X,eq is reduced by [Stack, (10.149.6)], the composite

O X Xooq 970 G X & X

uniquely factors through red : Xeq — X. As X,eq is G-stable in X, V0 =
VO = §/0 by [HasM, (4.30)]. The latter part is proved similarly, using
[Stack, (10.149.7)] and [Stack, (28.48.15)].
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2 Consider the diagram

1aXpred lgxredy
GXXeq— G XYeqg——=G XY .

la (a) \La (b) \La

Pred red Y
X red }/red Y

As the square (b) and the whole rectangle (a)4(b) commutes and redy is a
monomorphism, (a) commutes and ¢,eq is a G-morphism. If ¢ is a principal
G-bundle, then ¢ is smooth, and hence X Xy Y,oq is reduced. As 1x X redy :
X Xy Yiea =& X XyY = X is a surjective closed immersion, X Xy Yieq = Xied,
and preq @ Xired — Yied 18 @ base change of ¢. Hence it is a principal G-bundle.

The case of normalization is similar and left to the reader. Note that
if o : X — Y is a principal G-bundle (which is a morphism between LFI-
schemes such that (X)) ¢ V), then X xyY” is normal, and (1x X 4y )req
X Xy Y” — X is integral and birational (for the definition of birational
morphisms, see [Stack, (28.9.1)]).

3. We may assume that Y is affine. Then X is also affine, and hence
V0 = V0 is contained in the G-radical radg(X) of X by 1 and [HasM,
(4.27)]. By assumption, the action of G on X,eq is free, and hence the action
of G on X is also free by Lemma 14.18. So ¢ is a principal G-bundle by
Lemma 11.12. [

Lemma 14.20. Let G be an LFF S-group scheme, and ¢ : X — Y be an
algebraic quotient. Let U be the free locus, and V = p(U). Fory € Y, the
following are equivalent.

1yeV.
2 X, = ¢ y) = y is a principal G-bundle.
3 The action of G on X, is free.

Proof. 1=2. We have that p: U — V is a principal G-bundle, and its base
change X, — y is also a principal G-bundle.

2=-3. This is trivial.

3=1. We may assume that Y = Spec A is affine, and then X = Spec B
is affine and A = B®. Let M be the coordinate ring of Sx, and let C' be
the cokernel of B — M. Let P be the prime ideal corresponding to y. Since
Ap — Bp is integral, PBp is contained in the radical of Bp. As X, — X is
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a monomorphism, we have that C ®p (Bp/PBp) = 0 by the assumption that
the action of G' on X, is free and Lemma 1.8. As Cp is a finite Bp-module,
PBp C rad(Bp), and PCp = Cp, we have that Cp = 0 by Nakayama’s
lemma. So no point of X, supports C. That is, X, C U. Hencey € V. [

Proposition 14.21. Let G be an étale finite S-group scheme (in particular,
LFF). Let ¢ : X — Y be an algebraic quotient by G. Assume that X and
Y are locally Noetherian and ¢ is finite (for example, let S = Speck with
k a field, X be locally Noetherian, and if the characteristic of k is positive,
assume further that X is F-finite, see Lemma 9.6). Let U be the free locus
of the action of G, and assume that the action is generically free. Then U
agrees with the étale locus of .

Proof. We may assume that Y = Spec A is affine and connected. So X =
Spec B is affine G-connected and A = B¢,

Set V= ¢(U). Let p: U — V be the restriction of . Then p: U — V
is a principal G-bundle. As G is étale, p is étale, and hence U is contained
in the étale locus.

We prove the opposite incidence. Let U’ be the étale locus of ¢. Then
it is a G-stable open subset. We have shown that U C U’. So to prove that
U’ = U, replacing X by U’, we may assume that ¢ is étale, and we need to
prove that U = X. Again, we may assume that X = Spec B and Y = Spec A
are affine with A = B%, and Y is connected. We may assume that S =Y.
Note that B is a finite projective A-module. As Y is connected, it has a
well-defined rank, say r. On the other hand, the coordinate ring I' of A has
a finite projective module. Let r’ be its rank. As the action of G on X is
generically free, we have r = r’ by Proposition 14.9. Let y € Y. Consider
the base change of the map

U:GxX—>XxX ((g,z) — (gz,x))
byy—Y =5.Itis
v, Gy x, Xy = X, x, X,.

This map is surjective, since ¥ is. The map V¥, is a map between affine
schemes corresponding to the x(y)-algebra map between étale k(y)-algebras

I': B(y) ®u(y) Bly) = L'(y) @) By),
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where ?(y) means ? ®4 k(y). This map [ is injective, since the algebras are
reduced and the corresponding map W, is surjective. On the other hand, the
source and the target of I are both of dimension r* over k(y). So I must
be an isomorphism. This shows that X, — y is a principal G-bundle. By
Lemma 14.20, y € V. As y is an arbitrary point of Y, we have that V =Y,
and hence U = X. O

Corollary 14.22. Under the assuptions of Proposition 14.21, assume further
that X is reqular and the action of G is small. Then the singular locus of Y

isY \ o(U).

Proof. Set V.= p(U). Let V' be the regular locus of Y. We want to prove
that V =V".
As U is regular and U — V is faithfully flat, V' is regular. So V' C V".
Let y € V', A = Oy,, and B = (¢,Ox),. Then by the smallness as-
sumption, the branch locus of B over A has codimension at least two. By
the purity of branch locus [Gro4, (X.3.1)], B is étale over A. That is, y € V,
and V O V' O

Lemma 14.23. Let G be an LFF S-group scheme, and ¢ : X — Y an
algebraic quotient by G. Assume that X and Y are locally Noetherian.

1 If M is a quasi-coherent Ox-module which satisfies (S!), then p.M
satisfies (S),).

2 If a quasi-coherent (G, Ox)-module M on X satisfies the (S5) condi-
tion, then (0.M) satisfies the (S4) condition.

Proof. 1 follows from Lemma 12.1 and Lemma 11.12. 2 follows from 1 and
Lemma 12.2. O

From the results we obtained so far, we can state the following.

Theorem 14.24. Let S be a scheme, and [ : G — H an fppf finite homo-
morphism between flat S-group schemes, and N = Ker f. Let ¢ : X — Y
be a G-morphism which is an algebraic quotient by the action of N. Assume
that the action of N on X is small. Let U be the free locus of the action of
N on X, and V := o(U). Then we have the following.

0 ¢ is a G-enriched almost principal N-bundle with respect to U and V.
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1 (¢f. [HasN, Theorem 2.4]) Assume that X is locally Krull. Then'Y is
also locally Krull, and (¢*7)** : Ref(H,Y) — Ref(G, X) and (p.?)" :
Ref(G, X) — Ref(H,Y) are quasi-inverse each other. In particular,
for LM € Ref(G, X), L = M if and only if (p.L)Y = (0. M)N in
Ref(H,Y). M is indecomposable in Ref(G, X) if and only if (0. M)V
is so in Ref(H,Y). This equivalence induces an isomorphism between

ClI(H,Y) and Cl(G, X).

2 Assume that X is quasi-compact quasi-separated and locally Krull. Then
there is an exact sequence

0— H'Y(N,0%) = Cl(Y) = CI(X)N — H*(N,0%).

3 Assume that G is of finite type. Let Yy be a fized Noetherian H-scheme
with a fived H-dualizing complex Ly,, and assume that ¢ is a morphism
in F(G,Yy). Then ¢ is finite, and we have

wy = (px(wx Ry @N,X))N = (puwx ®oy @N,Y)N

as (H, Oy)-modules. If, moreover, X has a coherent (G, Ox)-module
Mx which is a full 2-canonical module, then we have

wx = (P*wy)" oy Onx = (¢ (wy ®oy, Oxy))"”

as (G, Ox)-modules.

4 In 3, If Ony, = Oy, (e.g., N is étale, N is Reynolds, or S = Speck
with k a field and G centralizes N) , then wy = (p.wx)Y as (H, Oy)-
modules. If, moreover, X has a coherent (G,Ox)-module Mx which
is a full 2-canonical module, then we have wx = (p*wy )" as (H,Ox)-
modules.

5 In 3, assume that Ony, = Oy,. Let L be an H-linearized invertible
sheaf on'Y. Then wx = ¢*L as (G, Ox)-modules if and only if wy = L
as (H, Oy)-modules and X satisfies the (S3) condition. If so, both X
and Y are quasi-Gorenstein.

6 Let the assumptions be as in 3. Then wx = p*L for some H-linearized
invertible sheaf on'Y if and only if wy is an invertible sheaf and X satis-
fies the (S2) condition. If so, then both X andY are quasi-Gorenstein.
If, moreover, Y is connected, then these conditions are equivalent to
say that Y is quasi-Gorenstein and X satisfies (Ss).
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Proof. 0 See Lemma 14.15.

1 Note that Y is also locally Krull by [Has9, (6.3)]. Now the result follows
from Corollary 11.4.

2 follows from Theorem 11.5.

Considering the fact that X is (Ss) implies Y is (Ss) (by Lemma 14.23),
3, 4, 5, 6 are immediate from Corollary 11.22. For the conditions for Oy,
to be trivial, see Remark 11.21. O

(14.25) Let k be a field, and B = @,,., By, be a finitely generated pos-
itively graded k-algebra (that is, B, = 0 for n < 0 and By = k). Let wp
denote the canonical module of B. The base scheme S is Spec k, the group G
is the torus G,,, and the G-dualizing complex of S is fixed to k (concentrated
in degree zero). Then wp is a finitely generated Z-graded nonzero B-module.
So

a=a(B)=—min{n € Z | wp, # 0}

is well-defined. The integer a is called the a-invariant of Goto—Watanabe

[GW, (3.1.4)].

(14.26) If B is a quasi-Gorenstein Noetherian Z"-graded k-algebra such
that there exists some homomorphism A : Z" — Z such that B is positively
graded with respect to the induced Z-grading. Then there exists some unique
a € Z" such that wp = B(a) as Z"-graded B-modules. We also call a the
a-invariant of B. This definition is consistent with the one in (14.25) when
n =1 and B is positively graded.

Example 14.27. Let k£ be a field, and N a finite k-group scheme. Let
G =N xG,, and H =G,,.

Let B be a G-algebra, and ¢ : X = SpecB — SpecA = Y be the
algebraic quotient, where A = BY. Assume that the action of N on X is
small. Note that B is a Z-graded N-algebra. Assume that B is positively
graded (that is, B = @,,~, Bn with By = k). Let k(a) be the one-dimensional
G-module which is the one-dimensional G,,-module concentrated in degree
—a and is trivial as an N-module, and set B(a) = B ® k(a).

If N is either étale; linearly reductive; or abelian, then wi = wy. By
Theorem 14.24, 5, wp = B(a) as (G, B)-modules if and only if B is (S2) and
wa = A(a) as graded A-modules, that is, B is (S2) and A is quasi-Gorenstein
with the a-invariant a.
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Even if G is a general finite k-group scheme, wp = B as (N, B)-modules
if and only if A is quasi-Gorenstein and B is (S3), by Theorem 14.24, 6. The
author does not know if the a-invariants of A and B agree in general.

Example 14.28. Let B be the polynomial ring k[z, ..., z4] with degz; =1
in Example 14.27 above. As above, assume that G acts on B (that is, NV acts
on B linearly). As in Example 14.27, assume that the action of N on X is
small. Set A = BY. Then by Theorem 14.24,

1 Cl(A) & HY(N, B*), since CI(B) = 0. If, moreover, N is étale, then
Cl(A) = X(N) by [Has9, (4.13)].

2 ws2(B® /\d31 ® Oy )Y as graded A-modules, and

(B®Rawa)™ = By (/\dB1 QK Onk)
as graded (N, B)-modules.
3 The following are equivalent.
a \‘B, = O, as N-modules.
b \‘B; = O ® k(—d) as G-modules.
¢ A is quasi-Gorenstein.

d A is quasi-Gorenstein of the a-invariant —d.

4 (cf. [Bro], [Bra], [FIW]) Assume that NV is either étale; linearly reduc-
tive; or abelian. Then Oy is trivial, and the following are equivalent.
b A is quasi-Gorenstein.

c A is quasi-Gorenstein with the a-invariant —d.

Proof. We only prove 3. a=-b=d=>c is easy. If A is quasi-Gorentein, then
wa = A(a) for some a € Z as (H, A)-modules. So B(a) = B ®;, (\"B; @4
Ony). Tensoring B/B,, where B, is the irrelevant ideal of B, we get k =
/\dBl ®k Onk as N-modules, and c=-a follows. O
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15. Multisection rings

(15.1) Let X be a locally Krull scheme. We define a divisor on X and the
Ox-module Ox (D) for a divisor on X.

Recall that P'(X) denotes the set of integral closed subschemes of codi-
mension one (7.22). Set F = [[cpix)Z-W. An element of F is called a
formal divisor. W € PY(X) as an element of F is called a prime divisor. For
D = (apwW)wex € F, the support supp D of D is {W € PY(X) | apw #
0}. For D = (apwW) and D" = (ap W) in F, we say that D > D" if
apw > apy for any W. We say that D is effective if D > 0. If supp D
is locally finite (see (7.22)) in X, we say that D is a divisor on X. The
set of divisors Div(X) on X forms a subgroup of F. If X is quasi-compact,
Div(X) = @wepi(xyZ - W. For D € Div(X) and an open subset U of X,
we define the restriction D|y of D to to be (ap ywW)wepi ), where W is the
closure of W in X.

(15.2) Let X be integral. Then for f € K* and W € P!(X), we define
asw to be the order of f in the DVR Ox w C K = (&), where £ is the generic
point of X, and K is the function field. We define div f := (aywW) € F.
It is easy to see that div f is a divisor. Note that div : K* — Div(X) is a
homomorphism. Its image div(K ™) is denoted by Prin(X). An element of
Prin(X) is called a principal divisor.

(15.3) Let X be integral. Let & be its generic point, and j : £ — X
the inclusion. The quasi-coherent sheaf j,j*Ox is denoted by K. It is the
constant sheaf of K = k(£). Let D = (apwW) € Div(X).

We define an Ox-submodule Ox (D) of K by

[(U,0x(D)) = {0} U{f € K | (div f + D)|y = 0}.
Note that Ox (D) is a rank-one reflexive quasi-coherent sheaf.

(15.4) In general, a locally Krull scheme X = [], X; is the disjoint union
of its irreducible components. We define

Prin(X) := HPrin(Xi) C HDiv(Xi) = Div(X).

We define the (geometric) class group C1'(X) to be Div(X)/Prin(X). Thus
Cl'(X) =TJ, Cr'(X;).
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For D € Div(X), Ox (D) is also defined componentwise. It is easy to see
that Ox : D — Ox(D) gives a homomorphism from Div(X) to CI(X).

Lemma 15.5. Oy induces an isomorphism Oy : Cl'(X) — CI(X).

Proof. We may assume that X is integral. First, we prove that Oy is surjec-
tive. Let M be a rank-one reflexive sheaf on X. Let £ be the generic point
of ¢, and j : £ — X the inclusion. Note that I = j,j*Ox. As M is rank-one
reflexive, there is a monomorphism

M S M, 0x 2K,

and we can identify M with a subsheaf of K. Then it is easy to see that there
exists some D € Div(X) such that M = Ox (D). That is, Ox : Div(X) —
C1(X) is surjective.

Assume that f : Ox = Ox(D). Then f € Homp,(Ox,0x(D)) =
I'(X,0x(D)) C K. As f is an isomorphism, f € K* and divf + D = 0,
and hence D is principal. It is obvious that Ox(div f) = f1Ox = Ox. So
D € Ker(Ox : Div(X) — CI(X)) if and only if D € Prin(X).

Thus the isomorphism Ox : Cl'(X) — CI(X) is induced. O

With this isomorphism, we identify Cl'(X) and C1(X).

(15.6) Let S be a scheme, A a finitely generated Z-module, and G =
Spec ZA Xgpecz S, where ZA is the group algebra @, ., Zt* with each t*
group-like. Let ¢ : X — Y be an affine G-invariant morphism. So X =
Spec,, A with A = P, Ay a graded quasi-coherent Oy-algebra.

Lemma 15.7. The following are equivalent.
1 ¢ s a principal G-bundle.

2 Oy — Ag is an isomorphism, each Ay is an invertible sheaf, and the
product Ay ®o, A, — Axiy is an isomorphism.

2’ Oy — Ay is an isomorphism, and the product Ay @, A, — Axy, is
surjective for any A, u € A.

3 For each y € Y, there exists some affine open neighborhood y € U =
Spec R and a faithfully flat R-algebra R' such that A" = @, A} with
A\ = R'®@rl'(U, A,) is isomorphic to the group algebra R'A = @, R't*.
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If, moreover, A is torsion-free, then ¢ is a principal G-bundle in the Zariski
topology. That is, we can take R' = R in 3.

Proof. 1=2 is obvious from the descent argument.
2=-2’ is trivial. 2’=3. Take any affine open neighborhood U = Spec R
of y. Then A = T'(¢1(U), Ox) is a graded algebra with A4y = R. We may
assume that
A=2Z/(m) & ZL[(m2) & --- S L[ (ms)

with m; > 0, m; # 1. Let \; be a generator of Z/(m;). So A1, ..., As together
generate A.

For each i, there exists some expression 1 = Zﬁl w; v with u;; € Ay,
and v;; € A_),. Then contracting U if necessary, we may assume that for
each 7, there exists some [; such that w;;v;;, is invertible in Ay. So each

t; = w;y, are units of A. If A is torsion-free, then m; = 0 for each 4, and
A= R[tF, ... tF]. So the last assertion has been proved.

We consider the case that A may have a torsion. We may assume that
mi,...,m, > 2 and m; = 0 for i > r. Set

R =R[Ty,...,T,]/(T™ — ™, ... T™ — ™),

where Ti, ..., T, are new variables of degree zero. As R’ is a nonzero free
R-module, R’ is faithfully flat over R. Letting ¢, := #;7, ', we have that

A= R@pA=RI[t,, ... tt, /()™ =1,...,(t)™ —1) 2 R'A,

as desired.
3=-1 is trivial. O

(15.8) Let ¢ : X — Y be a morphism between locally Krull schemes
such that (X)) C Y@ and p(X) ¢ YO U Y™, We define the pull-
back ¢* : Div(Y) — Div(X) by ¢ by ¢*(avV)vepry) = (bwW)weri(x),
where by = amlengthox’w(Oxyw/mw(w)(’)xw) for the generic point w of
W e PY(X) if w € YV (my(, is the maximal ideal of the DVR Oy ),
and by = 0 if w € Y9, It is easy to see that ¢* is a homomorphism, and
©*(div(f)) = div(p*f) if both X and Y are integral and f € K*, where K
is the function field of Y. So ¢* : CI'(Y)) — CI'(X) is induced.
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Lemma 15.9. Let ¢ be as in (15.8). Then [M] — [(¢*M)*] gives a homo-
morphism ¢* : CI(Y) — CI(X). Moreover, the diagram

al'(Y) -2 Q1Y)

*

" ¥

Cl'(X) 25 Cl(X)

15 commutative.

Proof. To prove the commutativity of the diagram, we may assume that
both X and Y are integral. It suffices to prove that (¢*Oy (D))™ C ¢*K = L
agrees with Ox (¢* D), where KC and L are the constant sheaves of the rational
function fields of Y and X, respectively. As (¢*Oy (D))*™ is reflexive, it suf-
fices to prove that (¢*Oy (D)) = (¢*Oy (D)), C L agrees with Ox(¢*D),
for each x € X, where L is the function field of X. Let y = ¢(z). First
consider the case that codimy = 1. If the coefficient of ¢ in D is a and the
ramification index lengthy  (Ox./myOx ;) is b, then the coefficient of Z in
©*D is the product ab by definition. So Ox(¢*D), = m_ . On the other
hand,

(¢" Oy (D))s = Oy (D),Ox o = m, " Ox o = m;* = Ox (9" D).

Next, consider the case that codimy = 0. Then the coefficient of z in ¢*D
is zero by definition. So Ox(¢*D), = Ox,. On the other hand,

(SO*OY(D))x = OY(D)yOX,x = KOX,x = OX,Q: = OX(SO*D):u

where K is the rational function field of Y. Hence (¢*Oy (D))** = Ox(¢*D)
as subsheaves of £. In particular, ¢*[Oy(D)] = [Ox(¢*D)] in Cl(X), and
the diagram in problem is commutative.

In the diagram, Oy and Ox are group isomorphisms, and the left ¢* is a
homomorphism. So the right ¢* is also a homomorphism. O

(15.10) Let X be a locally Krull scheme, and 3 a subset of P'(X). For
D = (awW), D" = (ay, W) € Div(X), we say that D >y D' if ay > aj, for
W e PYX)\ X. We define Oy (D) by

F(U, OX,Z(D)) = {0} U {f e K* | (divf + D) ZEU{WePl(X)\WmU:(Z)} O}
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Note that Oxy» = Ox »(0) is a quasi-coherent Ox-algebra. We define Xy, =
Spec Ox 5. As a subintersection of a Krull domain is again a Krull domain
[Fos, (1.5)], it is easy to see that Xy is locally Krull.

As in (15.8), the canonical map jy : Xy — X induces a surjective map
J% : Div(X) — Div(Xy). As jy is birational, j§& maps Prin(X) surjectively
onto Prin(Xy). By the snake lemma, we get the following easily.

Lemma 15.11 (Nagata’s theorem [Fos, (7.1)]). Let X be a locally Noetherian
scheme, and ¥ a subset of P1(X). Then j& : CI'(X) — CI'(Xy) is a surjective
map whose kernel is generated by the divisors supported in 3. O

Lemma 15.12. Let G = GJ, be a split s-torus. Let ¢ : X — Y be a principal
G-bundle. If X is locally Krull, then the flat pullback ©* : CI'(Y) — CI'(X)
(see (15.8)) is surjective.

Proof. We may assume that Y is integral. Let W € P(Y). As G is geomet-
rically integral, we have that ¢~'(W) is integral. Applying [Has9, (5.13)]
to the map of local rings Oyw — Ox,-1w), we have that ¢~ (W) €
PY(X). By Lemma 15.11, Cl'(X) — Coker ¢* factors through the surjection
Cl'(X) — CI'(Xx), where X is the set of prime divisors of the form ¢~(WW)
with W € PY(Y). It is easy to see that X5z = ¢~ '(n) = Specx(n)[ti, ..., tF']
by Lemma 15.7, where 7 is the generic point of Y. As CI'(Xy) = 0, we are
done. ]

(15.13) Let s > 0. A Z°-graded ring R = @, R is called a homoge-
neous DVR if R is a Krull domain with a unique graded maximal ideal (that
is, a maximal element in the set of graded ideals which are not equal to R)
P such that ht P = 1. We say that (R, P) is a homogeneous DVR. When we
set G to be the split torus G2, = Spec Z[t{, ..., '], then (R, P) is G-local.

Lemma 15.14. Let (R, P) be a Z*-graded homogeneous DVR. Then P is a
principal ideal.

Proof. As P is generated by homogeneous elements, we can take a homoge-
neous element o € P\ P® where P® is the second symbolic power of P.
Then a minimal prime of a must be height-one homogeneous, and hence «
generates P. 0

(15.15) Let (R, P) be a Z*-graded homogeneous DVR. Set @) to be the
localization of R by all the nonzero homogeneous elements. It is the G-total
ring of quotients of R [Has7, (3.1)], as can be seen easily.
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Lemma 15.16. Q = R[a™!] and R=Q N Rp.

Proof. As R[a™!] does not have a nonzero homogeneous prime ideal, any ho-
mogeneous element of R[a!] is a unit, and we cannot localize homogeneously
any more, and so @ = R[a™!] holds.

Obviously, R C Q N Rp. Let 5 € Q@ N Rp. We can write § = b/a™ for
some n > 0 and b € R. Take n as small as possible, and assume that n > 0.
Then b= fa™ € RN PRp = P, and b is divisible by «. This is absurd. [J

(15.17) Let B be a Z*-graded Krull domain with the field of fractions
K. We say that A is a defining family of homogeneous DVR’s of B if each
element R € A is a homogeneous DVR which is a graded subring of Qg (B),
and B = [z R, where Q¢(B) is the localization of B by all the nonzero
homogeneous elements of B.

Lemma 15.18. Let B be a Z°-graded Krull domain with the field of frac-
tions K. Set Ay = {Bpy | P is homogeneous and of height one}, where B p
denotes the localization of B by the set of homogeneous elemets of B\ P.
Then A1 is a defining family of homogeneous DVR’s of B. If A is a defining
family of homogeneous DVR’s of B, then A D Ay, and thus Ay is the smallest
defining family of homogeneous DVR’s of B.

Proof. 1t is easy to see that (B(p), PBp)) is a homogeneous DVR and is a
graded subring of Q¢ (B) = Bg) for a homogeneous height one prime P of
B. We prove that B = ey, B = (p Bp). B C [p B(p) is trivial. Let
a/b € (\p Bp), where a € B and b is a nonzero homogeneous element of
B. As a minimal prime of Bb is homogeneous, a/b € B for any height one
inhomogeneous prime ideal @). On the other hand, obviously, a/b € Bp for
any P. Thus a/b € (Np Bp) N (g Be) = B, since B is a Krull domain.

Next, let A be a defining family of homogeneous DVR’s of B. For R € A,
let mg be the graded maximal ideal of R. Then

B=()R=Qc(B)N()Ru,

ReA

by Lemma 15.16.

Let P be a homogeneous height-one prime ideal of B, and assume that
Bp D Qg(B). Set B = PBpNQg(B). Then PN B = PBpN B = P, and
hence B = PQ¢(B) contains 1, and this is a contradiction. So Bp does not
contain Q¢(B). When we express Qa(B) = [\gep I, where A’ is a set of
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DVR’s whose field of quotients are K, then Bp € A U{Ry,, | R € A} by
[Mat, (12.3)]. As we know that Bp ¢ A', Bp = Ry, for some R € A, and
hence Bpy = Qa(B) N Bp = Q¢(B) N Ry, = R € A. Hence Ay C A. O

(15.19) Let Y be a locally Krull integral S-scheme which is quasi-compact
and separated over S. Assume that Y has an hy-ample Cartier divisor D
(that is, D is a Weil divisor on Y such that Oy (D) is an hy-ample invert-
ible sheaf), where hy : Y — S is the structure map. Set A = R(Y; D) :=
(hy)«(D,,50 Oy (nD)T™), where T is a variable. By assumption, the canoni-
cal morphism v : Y — YV = Proj A is an open immersion [Stack, (27.24.14)].

We identify Y with the image u(Y’) of u, and regard Y as an open subset of
Y.

Lemma 15.20. Y is large in Y.

Proof. The question is local on S, and hence we may assume that S is affine.
The question is also local on Y, so it suffices to show that for any n >
0and 0 # s € A, = I'(Y,0(nD)), Y; is large in D (sT™), where Y, =
Y \ Supp(Coker(s : O — O(nD))). Note that D, (sT") is affine with the

coordinate ring
{0}u{f e K*|div f+r(divs+nD) > 0 for some r} =I'(Y, Oy),

and the inclusion Yy — D, (sT™) is the obvious map. Set R = I'(Y;, Oy).
As R = T'(Y;,Oy) and Y is locally Krull integral, we have that R =
Nweprv,) Ovw and R is a Krull domain, where P'(?) dentoes the set
of prime divisors. Then as R is a Krull domain and is the coordinate
ring of D (sT"), R = (wepi(p, (s7n)) Ov.w- By [Mat, (12.3)], each W in
PY(D,(st™)) must intersect Y;. Namely, Y is large in D (sT™). O

(15.21) Let Y and D be as above. Let s > 1. Set G to be the split
torus of relative dimension s. That is, G = Spec Z[tlﬂ, o 155] Xspeez S-
Let Dq,---, D, be Weil divisors on Y, and assume that we can write D =
> Dy for some p= (g, ..., ps) € Z°.

Set D = @,z O(DAE, where for A = (\,...,\,) € Z°, Dy =
So AD;, and t = 1. t)s. Note that D is a quasi-coherent subalge-

bra of the constant sheaf of algebra K[t{',... tF°] over Y, where K is the
rational function field of Y.
The (relative) multisection ring of Dy, --- , D is defined to be

B=R(Y;Ds,...,Ds):= (hy)«D).
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(15.22) Weset X = Spec, B, and Z = Spec,, D. Note that D is Z*-graded,
and hence the canonical map 7 : Z — Y is a G-invariant morphism. There
is a canonical map v : Z — X, since B = (hy).(D). It is a G-morphism.

Lemma 15.23. There is a large open subset V' of Y such that D;|y is Cartier
(that is, Oy (D;|yv) is invertible) fori=1,...,s.

Proof. Let Y = e Yj be an affine open covering with Y; connected. Then
by the proof of [Has9, (5.33)], for each j, we can take a large open subset V; C
Y; such that D;|y, is Cartier for i = 1,...,s. Now define V := Ujej V. O

We fix such a V.

Proposition 15.24. v : Z — X above is an open immersion. We identify Z
by v(Z) and regard Z as an open subscheme of X. Then U := 71 Y (V) C Z
18 large in X.

Proof. The question is local on S, and we may assume that S = Spec R
is affine and hence B = B = @, B) is a graded R-algebra. Let n > 0,
and s € T'(Y,Oy(nD)). Then the degree A\ component B[(st™)~!]y of the
localization B[(st™)™1] is

UJ(st™) 7 Brsrny = (JT(Y, Oy (D + r(div s + nD))))t* = T(Y;, Oy (Dy)).

r>0

So if, moreover, Y, is also affine, then v maps 7~(Y;) isomorphically onto
the open subset Xgnu = Spec B[(st™)™1].

We can take a sufficiently divisible n and sy, ..., s, € I'(Y, Oy (nD)) such
that each Yj, is affine and |, Y, =Y. Hence v is an open immersion whose
image is X \ V(J), where

(32) J = (sit"™, .. spt™) C B.

To prove that U is large, since V' is large in Y, replacing Y by V' (this
does not changes X), we may assume that V =Y (and U = Z). It suffices
to prove that J has height at least two.

Before we finish the proof, we need some constructions.
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(15.25) Let the notation be as above (S is affine). For each W € PY(Y),
define Py = @, 5 I'(Y,Oy(Dy — W))t*. This is a graded prime ideal of
B. For n > 0 and s € T'(Y, Oy(nD)), the localization B[(st"™)™!] ®p Py is
@, L (Ys, Oy (Dy—W))t. As affine Y, with Y,NW # () forms a fundamental
set of open neighborhoods of the generic point w of W, we have

(33) Bs = @UO}ULS € K* | div(F) + Dy 2 piivy vy OF) -
A
= OY,W[(oz_cltl)il, (a7t ) EY

and

(34) (Pw)s = R0y U{f € K* | div(f) + Dy >pypqwy 0}) - t* = aBs,
A

where S is the homogeneous multiplicatively closed subset of B given by
S={st"™|n>0, se(Y,0x(nD)), Ys is affine, Y,NW # 0} U {1},

« is the generator of the maximal ideal of Oy, and ¢; is the coefficient of
W in the divisor D;. So Bgs is a homogeneous DVR with the graded maximal
ideal (Pw)s. In particular, Py is a homogeneous height one prime of B, and
Bs is the homogeneous localization Bpy,).

Lemma 15.26. The map W — Py gives a bijection between P'(Y) and
the set HPY(B) of homogeneous height one prime ideals of B. We have
B = Nwepiy) Bpw)- B is a Krull domain.

Proof. By the first equality of (33), it is easy to see that B = (e p1(y) B(pw)-
As each B(p,, is a homogeneous DVR, B is (graded) Krull. We know that
Py € HPYB) for P1(Y). As Y is a separated scheme, the description
of (34) shows that W ~— Py is injective. By Lemma 15.18 and the fact

B = ﬂWEPl(Y) B(Pw) (With Q(B) = Q(B(Pw)) = K(tfl, e 7tsi1))> W — Py
is surjective. O

The following lemma finishes the proof of Proposition 15.24.

Lemma 15.27. Let J be the ideal of B defined in (32). Then the height of
J is at least two.
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Proof. Assume the contrary. As J is graded, J is contained in some Py .
Since Y = |, Y;,, there is some i such that Y, intersects W. Then s;t™ € J
cannot be an element of Py, by the definition of Py,. A contradiction. m

Now Proposition 15.24 has been proved. O

We have a diagram of S-schemes

(35) X<iopLoycly,

where X = %S B, V is a large open subset of Y such that D]y is Cartier
forl =1,....s, 7 : Z — Y and v : Z — X are the canonical maps,
U=aV),p:U=nYV)—V the restrictionof 7: Z -V, i: U — X
the composite U < Z = X, and j : V — Y the inclusion.

Theorem 15.28. Let S be a scheme, hy : Y — S an integral locally Krull
S-scheme with an ample Cartier divisor D. Let G be the s-torus

Spec Z[t, .. 1] Xspeez S

over S. Let s > 1, and Dy,..., D, divisors on Y such that D € ) . 7ZD,;.
Let the diagram (35) be constructed as above. Then it is a rational almost
principal G-bundle. X is a locally Krull scheme.

Proof. By construction, 7 : Z — Y is G-invariant, and v : 7 — X is a
G-morphism. V is large in Y by construction. As U < Z is the base change
of V.— Y U is a G-stable open subset of Z. So the diagram is a diagram
of G-schemes, and G acts on Y and V trivially.
i is an open immersion and i(U) in X is large by Proposition 15.24.
The fact that p is a principal G-bundle follows from Lemma 15.7 easily.
To prove the last assertion, we may assume that S is affine, and this case
is done in Lemma 15.26. O

Corollary 15.29. Let the notation be as above. Then~y = i,.p*j* : Ref(Y) —
Ref(G, X) is an equivalence. The quasi-inverse is given by § = (?)%j.p.i* :
Ref(G, X) — Ref(Y). For a divisor E on'Y, Oy (E) corresponds to

(hy).(ED Oy (D + E)tY).

In particular, Oy (D,) corresponds to Ox(v), where ?(v) denotes the shift of
degree. v is equivalent to v,(?)*m*, and & is equivalent to (?)“m,v*, where

(7)** denotes the double dual.
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Proof. Follows easily from Theorem 15.28 and Theorem 11.2. O

Lemma 15.30. Let the notation be as above, and let N € Ref(Y') corre-
sponds to M € Ref(G, X). Namely, set

M = @) (hy). (N (D)1

ANEZS

Then the G-local cohomology ﬁ}\Z(M) is zero fori=0,1, and

Hi\ ,(M) = @ (R hy) (N (D))t

ez
for i > 2, where N'(D,) denotes the reflexive sheaf (N ®¢, Oy (Dy))**.
Proof. From [HasO, (4.10)], the sequence
0= Hx\z(M) = M = 00" M — Hi\ z(M) =0

is exact, and R, (v*M) = H'y\ ;(M) for i > 2. As M is reflexive and Z
is large in X, u : M — v,v*M is an isomorphism. The result follows. n

(15.31) Let R be a commutative ring, M a finitely generated abelian group,
and G := Spec RM, where RM = @, ., Rt™ is a group algebra of M over
R. Letting each t"™ group-like, G is an R-group scheme. A G-module is
nothing but an RM-comodule. If V' is a G-module, then V = P Vi as
a G-module, where

(36) V={veV|w(v)=vat"}.

Conversely, if V' = @,,c); Vi as a graded R-module, then letting (36) the
definition, V' is a G-module, and a G-module and an RM-comodule and an
M-graded R-module are the same thing.

So a G-algebra is an M-graded R-algebra B = @, B,,, where wp(b) =
b t™ for b € B,,. We follow the convention that if G acts on an affine
R-scheme X = Spec B, then B is a G-module by (gb)(z) = b(g~'z). That is,
a(b) =t ®b for b € B, (since the antipode of RM sends t™ to t~™), where
a: B — RM ®pg B is the map corresponding to the action G x X — X.

For a (G, B)-module N, the G-linearization

¢Z (RM KRR B)a ®BN—> (RM@R B)g ®BN

maps (1®1)®@n to (t""®1)®@n for n € N,,, where 3 is given by 8(b) = 1®b,
and corresponds to the second projection py : G x X — X.

meM
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Proposition 15.32 (cf. [EKW, (1.1), (3)]). In Theorem 15.28, assume that
S is quasi-compact quasi-separated. Then we have an exact sequence

0— X(G,X)S x(G) 5 cy) L ax) — o,
B

)
where X(G) = 7%, X(G,X) = {\ € X( ) | B* N By # 0} (where B =
['(X,Ox)), «a is the inclusion, 5(g;) = Oy(D;) (e, = (0,...,0,1,0,...,0)
with 1 at the ith place), and v = (i*)"p*j*.

Proof. The map j* : CI(Y) — CI(V) is an isomorphism. The map p*
Cl(V) — CI(U) is surjective by Lemma 15.12. As the map i* : CI(X) —
CI(U) is an isomorphism, we have that v = (:*)"!p*j* : CI(Y) — CI(X) is
surjective.

Note that v(Oy(D,)) = Ox () in CI(G, X) by Corollary 15.29. In par-
ticular, it is zero in Cl(X).

Note that the map v : CI(Y) — CI(G, X) is an isomorphism by Theo-
rem 11.2, and v(Oy (D;)) = t; ' Ox = Ox(g;) in CI(G, X).

The kernel of the forgetful map r : CI(G, X)) — Cl(X) is the algebraic first
G-cohomology group H,,, (G, O%), see [Dol, Theorem 7.1] and Theorem 11.5.
It is explained as follows. An element of Kerr is the isomorphism class of a
rank-one free module Ox equipped with a G-linearization ® : a*Ox — piOx.
However, both a*Ox and p;Ox are identified with Ogx«x, and @ is nothing
but a unit element of the ring C' = I'(G x X, Oaxx) = Z[tF, ..., t5| @z B
(by the projection formula [Lip, (3.9.4)]). As B is a domain, we can write
® =t ®b with b € B* and A\ € Z°. From the cocycle condition on ®,
we have that ® = t* ® 1. Conversely, t* ® 1 satisfies the cocycle condition,
and the group of 1-cocycles Z), (G, O0%) is the character group X (G). By
definition,

alg( ) {(b(gl’)/(b( ) ’ (b S BX} C alg(G OX)
As ¢ is a homogeneous element, it has a degree, say A\. Then ¢(gz)/p(x) =
t* ® 1, and thus B}, (G,0%) = X(G, X).
Then as in (15.31), the linearization of ¢;'B corresponds to t; ® 1 €

Zns(G,0%), and the exact sequence has been proved. O

Proposition 15.33 (cf. [HasK, (1.2), (1.3)]). Let the notation be as in Theo-
rem 15.28. Let S be Noetherian with a fixed dualizing complex Ig, and assume
that Y and X are of finite type over S. Then

wx = @(hY)*WY(D)\)t/\

AEZS
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wy = Oy(D,) as Oy-modules if and only if wx = Ox(\) as (G,O0x)-
modules.

Proof. As Gz = SpecZ[tE!, ... tF'] is a Z-smooth abelian group, Lie(Gyz) is
trivial, and hence ©g = h¥§(/\’ Lie(Gz)) is trivial, where hg : S — SpecZ is
the structure map. Now the result follows from Theorem 11.18 immediately.

O

(15.34) Let A be the abelian group Z*, and T its subgroup. Let H be the
torus Spec ZI' Xgpecz S. The inclusion of group rings ZI" < ZA induces an
fppf homomorphism of S-group schemes f : G — H. We set N = Ker f =
Spec Z(A/T') Xspecz S.

Let Y be an S-scheme on which G acts trivially, and M = @, ., M,
a (G,Oy)-module. Then MY = @, M, is nothing but the Veronese
submodule of M.

(15.35) Let the assumptions be as in Theorem 15.28. Let M, I, f : G —
H, and N be as above. Set

X" = Spec, BY = Specs(hy)*(@ O(Dy)t).

el

If \1,..., Ay is a Z-basis of I' and when we set D) := D, , then we have

BN — R(Y, Dll, e D;) = (hy>*( @ O(alDll + -+ @S/D;/>tziai/\i).

aeZs’

The schemes and morphisms constructed from the divisors Dj,..., D) in-
stead of Dy, ..., Dy are denoted by 7' : Z' — Y and p/ : U’ = (¢/)"}(V) = V.
Thus Z" = Spec,, DV. Let 7 : Z — Z' be the map induced by the map of
Oy-algebras DV < D. It is an algebraic quotient by N. Note that 7' = 7
and 771(U’') = U. Let v : U — U’ be the restriction of 7. Let 6 : X — X’
be the map corresponding to the map of Og-algebras BY <« B. Thus we get

the commutative diagram

X<toy Loyclsy

AR

X Loy Ly lsy

whose first and second rows are rational almost principal G- and H-bundles,
respectively.
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Lemma 15.36. Let the notation be as above. Then 0 : X — X' is a G-
enriched almost principal N-bundle with respect to U and U’.

Proof. 1t suffices to show that v : U — U’ is a principal N-bundle. Let
p: A — A/T be the canonical projection. Let us write p,Op = @, Ax.
Then the N-action on p.Op is given by the grading p.Ou = @jscpr As
where A5 = @, ¢,-15) Ar. Then p,Oy = (p.Op)N — Ay is an isomorphism,
and A; ®4, Az — As,; is surjective for A\, i € A/I'. By Lemma 15.7, we
have that v is a principal N-bundle. O

Lemma 15.37. Let the notation be as above. Then there is an exact sequence
0 X(N,X) %S x(NV) 5 cixt) & cix) — o,

where X(N) = A/T, X(N,X) ={X € X(N) | B*NB; # 0}, & the inclusion,
B(A) = ¥(Oy(Dy)) (where p(A) = A, and this definition is independent of
the choice of X € p~t(N\)), and ¥(M) = (6*M)**, where B =T'(X, Ox).

Proof. Using Lemma 15.36, we may repeat the proof of Proposition 15.32.
Here we give a proof which use the result of Proposition 15.32. As B is
a domain, a unit of B is homogeneous. It is easy to see that X'(H, X') =

X(H,X). As
0—X(H)— X(G) = X(N)—=0

and
0— XH,X)— XGX)—= XN, X)—0

are exact, we have that the sequence
0—X(H)/XHX)— XG)/X(G X)— X(N)/X(N,X)—0

is exact. Now the result follows from the commutative diagram

T 4 7]

0— X(G)/X(G,X)—2~Cl(Y) —= Cl(X)—=0
0—— X(H)/X(H,X) 2~ Cl(Y) > Cl(X) —

0

and the snake lemma. O
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Lemma 15.38. Let the notation be as above. Let S be Noetherian with a
fizxed dualizing complex lg, and assume thatY and X are of finite type. Then
we have

wxr = (8*WX)N

as (H, Ox:)-modules.

Proof. Let T C A be the subgroup such that I' C I”, I'/T' is a torsion
module, and A/T” is torsion-free. Then comparing X and X” = Spec B
and then X” and X', we may assume either that N is a torus or finite. If N
is a torus, we may use Corollary 11.22, 1 (note that ©y ¢ is trivial in both
cases). O

16. The Cox rings of toric varieties

We give an example of toric varieties.

Let M = 7Z" be the free Z-module of rank n. Let k be a field, and
Y a toric variety determined by a fan A in M* = Homg(M,Z) [Ful]. Let
H be the torus Spec kM, where kM is the group algebra of M (with each
element of M group-like). Let A(1) be the set of one-dimensional faces of
A. Note that A(1) is in one-to-one correspondence with the set of H-stable
prime divisors. For each o € A(1l), m} denotes the generator of o N M*.
Let W = @,ca() ZDs be the Z-free module with the basis A(1) so that
W is the group of H-stable divisors, where D, is the G-stable prime divisor
corresponding to o. An element of M is a rational function on Y, and
divin = > _(m,m})D, € W. We assume that the map div : M — W
is injective, and Cl(Y) = W/M is torsion-free. This is equivalent to say
that {m’ | 0 € A(1)} generates M*. We set G = SpeckW. The inclusion
div : M — W induces a surjective map f : G — H with N := Ker f =
Speck C1(Y). Let B = k[z, | 0 € A(1)] be the Cox ring of Y [Cox|, where
x, are variables, and B is a polynomial ring. Letting each x, of degree o,
B is W-graded, and hence is a G-algebra. We set X = Spec B. We choose
O1,...,05 € A(l) so that [Dq],...,[D,] forms a Z-basis of Cl(Y), where
D; = D,,. This gives a splitting Cl(Y') — W (given by [D;] — D;) and the
direct docompositions W = M @ CI(Y) and G = N x H. Then by [Cox,
(1.1)], B is identified with

R(Y;Dy,...,D,) = @ T(Y,0v (D).

AEZS
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Note that mt* € R(Y;Dy,...,D,)y corresponds to z4V™+tOx for m € M
and A € Z*, and thus this identification B = R(Y; Dy, ..., D;) respects the
W-grading.

We set V' = Y. This particular choice is consistent with our main
discussion in section 15. That is, V is a large open subset of Y such that
D;|y is Cartier for each i. Not only that, V' is an H-open subset. Obviously,
m: Z — V is a G-morphism which is N-invariant. So we have

Proposition 16.1. Let the notation be as above. Assume that Y is quasi-
projective. Then (35) is a G-enriched rational almost principal N-bundle.

Proof. We have already seen that the diagram is that of G-schemes. As Y
is quasi-projective, it has an ample Cartier divisor D. D lies in ), ZD;,
because this group is the whole Cl(Y). By Theorem 15.28, the assertion
follows. O

Corollary 16.2 (cf. [Ful, (4.3), Proposition], [Stan, (I.13.1)]). Let M =
7", and H = SpeckM. LetY be a toric variety over a field k defined by
a fan A in M*. Then the H-canonical module wy of Y is isomorphic to

OY(_ ZG’EA(l) DO’) .

Proof. Assume that A is not complete. Then extending A outside, Y is
an H-open subscheme of a complete toric variety Y determined by A. If
wy = Oy (3 ,ea01) Do), then restricting to Y, we get

wy 2 O0p(= Y Dy)ly =0y((—= > Do)ly)=0Oy(= Y D).

oeA(1) oeA(1) g€A(1)

Hence we may assume that Y is complete.

Next, subdividing A if necessary, there is an H-equivariant birational
map between complete toric varieties g : Y/ — Y such that the class group
is torsion-free and Y is projective [Oda, (2.17)]. Let W be the H-stable
open subvariety of Y obtained by removing the union of all the H-stable
closed subvarieties of codimension grater than or equal to two (W is the
toric variety corresponding to the one skelton of A). It is easy to see that
glg—rowy 1 971 (W) — W is an isomorphism (g~'(W) also corresponds to the
one-skelton of A). If the corollary is true for Y’  then it is true also for
its open subset g~* (W) as above, and then the assertion is also true for Y,
because W is large in Y.
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Thus we are in the situation of Proposition 16.1. Then as in Propo-
sition 15.33, it suffices to show that wy = Ox(—>_,ca()0). But this is
trivial, since B is a polynomial ring with the variables z,,. O

Lemma 16.3. Let S = Speck with k a field, and G be an affine S-group
scheme. Let (B,m) be a G-local G-algebra such that k — B/m is bijective.
Let F be a B-finite B-projective (G, B)-module such that F/mF is a projec-
tive G-module. Then F' is a projective (G, B)-module, and F = By (F/mF).

Proof. By assumption, the canonical map 7 : F' — F/mF has a G-linear
splitting ¢ : F'/mF — F. We define v : B®y (F/mF) — F by v(b® a) =
b-i(a). This is (G, B)-linear, and is surjective by G-Nakayama’s lemma,
Lemma 14.17. As F'is assumed to be B-projective, v has a B-linear splitting.
So K = Kerv is a B-finite (G, B)-module. As can be seen easily, we have
K/mK =0, and hence K = 0 by G-Nakayama’s lemma again.

For a (G, B)-module M, we have

HOInG,B(B Rk (F/mF), M) &~ HomG(F/mF’ M)

So Homg p(B ®g (F/mF'),?) is an exact functor, and F' = B ®j, (F/mF) is
(G, B)-projective. O

Proposition 16.4 (cf. [Tho, Theorem 1], [Bru2, section 3]). Let the notation
be as in Corollary 16.2. Assume that k is a perfect field of characteristic
p > 0. Then'Y is of graded finite F'-representation type by some rank-one
reflexive sheaves My, ..., M, on'Y , with respect to the action of H.

Proof. As in the proof of Corollary 16.2, we may assume that Y is com-
plete. As before, let g : Y/ — Y be a birational map between complete
toric varieties such that Y’ is projective and Cl(Y”) is torsion-free. As-
sume that Y’ is of graded finite F-representation type by rank-one reflex-
ive (“°H,Oy/)-modules My,..., M,. Then for each e > 1, we can write

£(Oeyr) = @; Nj as (“H, Oys)-modules such that for each j, there exists
some [(j) such that Nj = M) as Oy--modules. Then F¢(Oey) = P, 6.\
as (°H, Oy )-modules, since g.Oy = Oy. So each ¢.N is rank-one reflexive.
Moreover, g.N; = g.M,;) as Oy-modules. So wasting M, which does not
appear in the expression at all, if any, we have that g, M, ..., g..M, are rank-
one reflexive (“°H, Oy )-modules, and Y is of graded finite F-representation
type by g.Mji,...,9.M,. Hence we may replace Y by Y’ and we are in the
situation of Proposition 16.1.
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By Corollary 12.8, it suffices to show that there exist some ey > 0 and
finitely many rank-one B-free (*°H x N, B)-modules such that (¢B)Me is a
direct sum of copies of these modules as (N, B)-modules, where B is the Cox
ring of Y.

By Lemma 16.3, we have that °B = B ® (°B/m*B) = B ® ¢(B/mlI)

s (°G, B)-modules, where m?) = m(©B. We identify a “G-module with a
p~¢W-graded k-vector space. Then we have that ¢(B/m‘l) is the sum of
one-dimensional representations

“(B/ml)) = $ ke = (R k(- Zaa

(aa)EMap(A(l),[0,1)ﬁp782) 040)

< B(—=) a,D,)

(as)EMap(A(1),[0,1)Np—eZ)

So
‘B

I

Hence (¢B)Ne = Do) B(—=>_, asD,), where the sum is taken over
(a,) € Map(A(1 ) [0,1) ﬂp °Z) such that —>  a,[D,| € p~¢Cl(Y) lies
in CI(Y). Let 7 : R"* = Map(A(1),R) — ClI(Y)g be the map given by
(o) = Y., [D,]. Then 7([0,1]""*) N CI(Y) is compact and discrete,
and hence is finite. So we can find some e; and rank-one free summands
M, ..., M, of *{B™N¢ for ¢ < ¢y (e may vary) such that any other rank-one
free summand of *B™Ne for any e is (IV, B)-isomorphic to some M;. This is
what we wanted to prove. O

The following is well-known.

Proposition 16.5. Let the notation be as in Corollary 16.2. Assume that k
15 a perfect field of characteristic p > 0. Then'Y s globally F-reqular.

Proof. By Lemma 13.11 and Corollary 13.8, we may assume that Y is projec-
tive and the class group of Y is torsion-free. As the torus N = Speck C1(Y)
is smooth linearly reductive and the polynomial ring B is strongly F-regular,
Y is globaly F-regular by Theorem 13.14 and Proposition 16.1. [

Corollary 16.6. An affine normal semigroup ring over a field of character-
istic p > 0 s strongly F-reqular. In particular, it is Cohen—Macaulay.

Proof. Let A be an affine normal semigroup ring over k. By [Has6, (3.17)],
we may assume that k is algebraically closed. Then by Proposition 16.5,
the associated affine toric variety Spec A is globally F-regular. That is, A is
strongly F-regular. [
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17. Surjectively graded rings

(17.1) As we have seen in the last section, we can construct a rational al-
most principal bundle from a multisection ring over a normal quasi-projective
variety over a field. However, given a finitely generated multigraded algebra
B over a field k, it seems that it is not so easy to tell if B is a multisection
ring. But this is relatively easy for the case that B is surjectively graded.

(17.2) Let A = Z*°, and G = Spec ZA, the split s-torus over Z. Let B
be an A-graded ring. Let X be a subsemigroup (submonoid) of Ag = R®.
We say that B is X-surjectively graded if for A\, N € ¥ N A, the product
By ®z By — By is surjective. By definition, B is Y-surjectively graded if
and only if it is X N A-surjectively graded.

The definition is a variant of [Has3, (3.5)]. For a A-graded domain B,
X(B) .= {A € A | B\, # 0} is a subsemigroup of A. We say that B is a
surjectively graded domain if B is a ¥(B)-surjectively graded domain.

Lemma 17.3. Spec B — Spec By is a principal G-bundle if and only if B is
Ag-surjectively graded.

Proof. This is Lemma 15.7. O]

Lemma 17.4. Let B be a ¥-surjectively graded ring, and S a multiplicatively
closed subset of B consisting of homogeneous elements. Set |S| = {|s| | s €
S} be the submonoid of A of the degrees of the elements of S. Assume that
|S| € X. Then the localization Bg is ¥ — |S|-surjectively graded, where

Y—[Sl={n—lsl[ne ses5)

Proof. Take v; = pu;—|s;| € (X—|S|)NA fori = 1,2, where pu; € ¥XNAand s; €
S. Take c =bs~! € (Bs) 41y, where s € S and b € By, 4votis|- Then bsysy €
By tpstis)- As By, @z Buyyis| = Buytusts| 1S surjective, we can write bsysy =
> u; with u; € By, and v; € By, 5. Then ¢ = > (u;s7)(vis7 sy '), and
u;s;t € (Bs),, and v;s7 syt € (Bs)y,. S0 (Bs)y, @z (Bs)u, — (Bs)uytv, i
surjective, and Bg is 3 — |S|-surjectively graded. ]

(17.5) Let X be a rational convex polyhedral cone in Ag with ¥ —% = Ag.
Let A € X°N A, where ¥° is the interior of ¥. Then we have ¥ —Z>o\ = Ag.

Let B be a Y-surjectively graded ring. Let J(\) be the ideal of B gener-
ated by By. Set X = Spec B, and U = X \ V(J(\)).
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Lemma 17.6 (cf. [Has3, (3.8)]). There is a principal G-bundle p : U — Y.
If ht J(N\) > 2, then

(37) X<ioyLoydy

15 a rational almost principal G-bundle, where i : U — X is the inclusion.
We have Y = Proj D, > Buat". U is independent of the choice of A € X°NA,
and hence Y is also independent of \.

Proof. For € A, let B(u) be the rank-one B-free (G, B)-module given by
B(p), = Buyy. The corresponding G-linearized invertible sheaf on X is
denoted by O(u). Let C be the section ring

C =T:0(X;0(\) = PT(X,0m\)t" = P B(nA)t".

n>0 n>0

Let D be the ring of invariants C¢. That is, D = ®n20 B, t". Then we
have a sequence of morphisms

U % ProjC \ Vi(D.C) % Proj D,

where D, C' is the ideal of C' generated by D, = €, ., Bnat". It is easy to
see that ¢ is an isomorphism (recall that X = Proj(C'). On the other hand,
it is easy to see that the map v induced by the graded homomorphism of
graded rings D — C'is an algebraic quotient by G. For a € B,y \0 for n > 1,
Bla™!] is Ag-surjectively graded. By Lemma 17.3, ¢ is a principal G-bundle.
So letting p = 11, we are done.

As BY" — B,y is surjective, J(A\)® = J(n)). If p is another element
of ¥° N A, then n\ — p € ¥ for sufficiently large n. So B, ®z B, —
By is surjective, and J(u) D J(A)". Hence /J(u) D +/J(N). Similarly,
VI () € \/J(N) is also true, and the definition of U is independent of .
As the principal bundle is a categorical quotient and hence is unique, Y is
also independent of the choice of \. n

(17.7) Let the assumption be as in Lemma 17.6. Let £(u) be the invertible
sheaf on Y corresponding to O(u). Namely, £(i) = p.(Op(p))¢. Then we
have p*(L(p)) = Op(u). Note that p is affine, and p.Op is a graded Oy-
algebra: p.Oy = @,cp Aut". As L(1) = p.O0u(1)” = (B, Aurt”)” = Ay,
we have that U = Spec,, €, £(p)t". Hence
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Lemma 17.8 (cf. [Has3, (4.4)]). If B is a Krull domain, then U and Y are
locally Krull and integral. If B is Noetherian and (Ss), then U and Y are
Noetherian and (Ss). In both cases, B is isomorphic to the multisection ring

R L1, £2) = @en TV L (1))

Proof. Assume that B is a Krull domain. Being locally Krull and integral
is inherited by a nonempty open subset, and U is locally Krull and integral.
Then by Theorem 10.13, Y is also locally Krull, and clearly integral. As U is
large, Ox — ,Op is an isomorphism by [Has9, (5.28)], and B is isomorphic
to R(Y; Lq,...,Ls).

Next, assume that B is Noetherian and (Sz). This property is inherited by
the open subset U, and then descends to Y. Again, as U is large, Ox — ,.Opy
is an isomorphism by Lemma 7.31, and we have B = R(Y; Ly,...,L;). O

Proposition 17.9. Let k be a field, and let B = @nzo B, be a standard
graded algebra, that is, B = k[B;] with dimy By < oo. Assume moreover that
dim B > 2. Then we have

1 Letting U = X \ 0 and Y = Proj B, (37) is a rational almost principal
Gyn-bundle, where 0 is the origin of X.

2 wy = wp and wp = @, L' (Y, wy(n))t", where (?) denotes the sheaf
on Y associated with a graded module.

3 Let d > 1. Let Byy = D,~oBna be the Veronese subring. Then
(wp)az = wp,, as Z-graded modules. If, moreover, B has a graded
full 2-canonical module M, then wp = (B ®p,, wp,,)"", where (7)Y =
HOIHB(?,M).

4 (c¢f. Goto-Watanabe [GW, (3.2.1)]) For r € Z, the following are equiv-
alent.
a B is quasi-Gorenstein of a-invariant rd (that is, wp = B(rd)).
b depth By, > 2, and By is quasi-Gorenstein of a-invariant rd (that

’iS, WBy; = de(’l”d»,

where mv s the irrelevant ideal By of B. In particular, B is qusi-
Gorenstein and its a-invariant is divisible by d if and only if depth By, >
2 and the Veronese subring Bz is quasi-Gorenstein.
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5 Assume that B is normal. Then 0 — Z 2 Cl(Y) & Cl(X) — 0 is
exact, where (1) = O(1), and y(M) = @,,c, I'(Y, M(n)).

6 Let d > 1, and set X' = Spec Byy. If B is normal, then

0= z/dz % Cux’) B ClX) — 0
18 exact.

Proof. Let s=1and A =7, and A = 1. Set S =Yy = Speck, G := SpeckA,
and Yy := Speck. Then J(1) is the irrelevant ideal By by assumption, and
ht J(1) > 2, since dim B > 2. Thus 1 follows from Lemma 17.6.

Note that Oy, is G-trivial, since G is an abelian group, see Remark 11.21.
So wy = (pyi*wx )¢ by Theorem 11.18. The right-hand side agrees with &g
by definition. On the other hand, by Theorem 11.18, wx = i.p*wy, and
hence wp = @,,., I'(Y,wy(n))t". So 2 has been proved.

Set Ay = dA = Zd, and H := SpecZA,. Let f : G — H be the canonical
homomorphism induced by A; < A, and N := Ker f = Spec Z(A/Ag) = p1a.
As G acts freely on U, N acts on U freely. So the canonical map 6 : X — X'
corresponding to By; = BY — B is a G-enriched almost principal N-bundle.
As N is linearly reductive, 3 follows from Corollary 11.22.

4. a=b. As B is quasi-Gorenstein, it satisfies (S3). As dim B, >
2 by assumption, we have that depth B, > 2. Letting £L = Ox/(rd) in
Theorem 14.24, 5, wp,, = Baz(rd) follows.

b=a. Let U = X \ 0, X = Spec Byz as above, and 6 : X — X' the
canonical map. Let U' = 0(U), and v : U — U’ be the restriction of §. As
v is a principal N-bundle by Lemma 15.36, it is flat with Cohen—Macaulay
fibers. As U’ is quasi-Gorenstein, U satisfies the (53) condition. As U = X'\0
and depth B, > 2, X satisfies the (S2) condition. Now the result follows from
Theorem 14.24, 5.

5, 6. As we assume that B is normal, B = @, ., I'(Y,Oy(n)) by
Lemma 17.8. So 5 follows from Proposition 15.32. 6 follows from Lemma 15.37.

O

Example 17.10. Let B = k[z,y| with degz = degy = 1. Then X = A?
U= A?\0, and Y = P.. The category of locally free sheaves on P! is
Ref(Y'), which is equivalent to Ref(G,,, X) = Ref(G,,, B). As dim B = 2,
a reflexive (G,,, B)-module is nothing but a graded finite free B-module. A
graded finite free B-module is a direct sum of copies of B(n), n € Z, and the
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Krull-Schmidt theorem holds. Hence a locally free sheaf on P! is a direct
sum of copies of O(n), n € Z, and the Krull-Schmidt theorem holds. This
is a well-known theorem of Grothendieck, see [HazM, (4.1)].

Example 17.11. Let B = k[x,y] with degz = 1 and degy = —1, and
X = Spec B = A% As G, acts freely on B[z™!| and on B[y™!], we have
that G acts freely on X \ 0. In particular, for n > 1, the subgroup scheme
N = fi,41 acts freely on X \0. In particular, ¢ : X = Spec B — Spec BY =Y
is an almost principal N-bundle. So the class group of BY = k[z"*! xy, y"+!]
is X(N) =2Z/(n+ 1)Z [Wat, Proposition 4].

Lemma 17.12. Let k be a perfect field, G a finite k-group scheme acting
on a k-scheme X. Assume that there is a separated G-invariant morphism
¢ : X =Y. Then the action of G on X 1s free if and only if the actions of
Ghreqa and G° on X are free.

Proof. The only if part is trivial. We prove the if part. We may assume
that k is algebraically closed. Assume that the actions of G,.q and G° are
free, but the action of G is not free. Then take x € X \ U, where U is the
free locus. Then the stabilizer GG, is nontrivial by Nakayama’s lemma. As
(Gi)red C G N (Greq @k £(x)) = (Greq)z = €, G4 is contained in G, N (G ®,
k(x))° = (G°), = e, and G, is trivial. A contradiction. O

Lemma 17.13. Let k be a perfect field, G a finite k-group scheme acting on
a k-scheme X. Let p: X — Y be an algebraic quotient by G°. Assume that
there is a separated Gieq-invariant morphism ¢ : Y — Z. Then Sg,.,x =
8¢,y Xy X. The action of Grea on X is free if and only if its action on'Y
15 free.

Proof. We may assume that the characteristic of k£ is p > 0. By Lemma 1.8,
Scux C Sayy Xy X. As both of them are finite over X, to prove the
equality, it suffices to show that Sg._ ,» = Sa,..y Xy © for each point z of
X, by Nakayama’s lemma, where y = ¢(z). Let a; : Greqg X  — X and
ay : Greqa X y — Y be the actions. Then

SGredyy Xy T = ay_l(y) Xy T = <]'Gred X (p)_la/:ljl(y) = al‘_1<g0_1(y>)

As Greq X x is étale over k(x), it is reduced, and hence any morphism from
Grea X T to ¢ !(y) factors through (¢ '(y))wea- As G° is infinitesimal, ¢ is

purely inseparable. So (¢ (y))eq = 7, and
SGreay Xy T = a5 (971 (Y))rea) = a5 (2) = Sgyena
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Thus S¢,.,.x = Sa,..,v Xy X. If the action of Gieq on Y is free, then S¢_, v is
trivial, and its base change S¢,_, x is also trivial, and the action on X is also
free. Conversely, assume that the action on X is free and Sg, , x is trivial.

Let C be the cokernel of Oy — ¢} Os, ., where ¢" : Sg,,v — Y is the
structure map. Then

a4-Y?

©.O0x — go*qﬁf(?gcred’x — p.pC—=0

is exact. By assumption, ¢,p*C = 0. As ¢ is finite surjective, C = 0 by
Nakayama’s lemma. This shows that the action of Gieq on Y is free. O

Proposition 17.14. Let k be a field, n > 1, and G be a linearly reductive fi-

nite subgroup scheme of SL,,. Then the canonical action of G on k[z1, ..., x,]
is small. The action of G on k[[x1,...,x,]] is also small.
Proof. We prove that the action of G on k[xq,...,z,] is small. We may as-

sume that k is algebraically closed of characteristic p > 0, and n > 2. It
suffices to show that the actions of G° and G,.q are small by Lemma 17.12.
As Gleq C SL,,, Geq does not have a diagonalizable pseudoreflection. As Geq
is linearly reductive, G,eq does not have a transvection (that is, a pseudore-
flection g € GL,, such that 1 — g is nilpotent) by Maschke’s theorem (as the
Jordan normal form shows, the order of a transvection in characteristic p is
p). Thus Geq does not have a pseudoreflection of any kind, and the action
of Greq 18 small.

So we may assume that G is infinitesimal. Let B = k[xq,...,z,]. As G
is also linearly reductive, G is diagonalizable [Swe2]. So @, kx; is a direct
sum of one-dimensional G-modules. Changing variables, we may assume that
G Cc T N SL,, where T is the subgroup of GL, consisting of the invertible
diagonal matricies. Considering the action of TNSL,, is to consider a Z" /(«)-
grading, where o = (1,1,...,1). So when we invert y; = (1 ---x,)/z;, then
the action of the torus 7N SL, on B[y; '] is free for 1 < i < n, and hence the
action of G is also free. Thus it suffices to show that the ideal I = (y1,...,¥yn)
of B is height two. By definition, I is the Stanley—Reisner ideal (the defining
ideal of the Stanley—Reisner ring, see [Stan, (II.1.1)]) of the (n — 3)-skelton
of the (n — 1)-simplex. So dim B/I =n — 2, and ht [ = 2.

The last assertion follows from the first assertion and Lemma 14.2.  [J

Remark 17.15. Let k be a field, V = k", and G = GL, = GL(V). We define

PR(G) = {g € G | rank(1y — g) < 1}.
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It is a closed subscheme of G. For a closed subscheme F of G, we define that
PR(F) = FNPR(G). We say that a finite subgroup scheme G of G does not
have a pseudoreflection if PR(G) = {e} = Speck, scheme theoretically. On
the other hand, we say that G is small if the action of G on V is small.

By Example 14.5, if G is étale, then G is small if and only if G does not
have a pseudoreflection. However, in general, a small subgroup G of G may
have a pseudoreflection. For example, if p = 2 and G is the subgroup scheme
of SLy of type (A;), then it is easy to see that G = PR(G).

The author does not have an appropriate way to connect the smallness of
the action and the non-existence of pseudoreflections for non-reduced finite
group schemes.

(17.16) Let k be an algebraically closed field, and N be a nontrivial finite
linearly reductive k-subgroup scheme of SLy. Such N is classified with Dynkin
diagrams of type ADE [Has10]. Let H = G,,, which acts on B = k[x,y] by
degx = degy = 1. Then G = H x N acts on B in a natural way. By
Proposition 17.14, the action of N on X = Spec B is small.

The following is well-known for the case that N is étale, see [LeW, Chap-
ter 6].

Theorem 17.17. Let k, N C SLy, H, G, B = kl[x,y], and X be as above
(N may not be reduced). Set A = BY. Let A and B respectively be the
completion of A and B with respect to the irrelevant ideal. Let ¢ : X =
Spec B — Y = Spec A be the canonical algebraic quotient, and ¢ : X =
SpecB Y = SpecA be its completion. Then

1 The free locus of the action of N on X (resp. X) is X \ 0 (resp. X\ 0).
In particular, ¢ and ¢ are G-enriched almost principal N-bundles.

2 A is strongly F-reqular Gorenstein of the a-invariant —2.

3 The category of B-finite B-free (N, B)-modules and the category of
maximal Cohen—Macaulay A-modules are equivalent. The Cohen—Macaulay
ring A has finite representation type, and any mazimal Cohen—Macaulay
module of A is isomorphic to My := (B’ @i V)N for some finite dimen-
sional N-module V. My is indecomposable if and only if V' is simple.
My = My if and only if V.= V'. An isomorphism class of simple
modules of N corresponds to a vertex of the corresponding extended
Dynkin diagram.
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4 The category of B-finite B-free (G, B)-modules (that is, graded (N, B)-
modules) is equivalent to the category of mazimal Cohen—Macaulay
(H, A)-modules (that is, graded mazimal Cohen—Macaulay A-modules).
Any graded mazimal Cohen—Macaulay A-module is isomorphic to My =
(B V)N, where V is a finite dimensional G-module. My is indecom-
posable if and only if V' is simple. So A is of finite representation type
in the graded sense (see [LeW, Chapter 15]). My = My if and only if
Vv,

5 The class groups of A and A are 1somorphic to the character group
X(N). X(N) is Z/(n+1)Z for type (A,), Z/27 X L]2Z for type (D,),
Z]3Z for type (Eg), Z/2Z for type (E7), and is trivial for (Eg), and is
independent of the characteristic of k.

Proof. 1 As we have seen, the free locus U of the action of N on X is large
in X. As U is G-stable and large, we have that U = X or U = X \ {0}.
However, the origin is a fixed point of the action, and 0 ¢ U. The case of X
is similar.

2 As N is Reynolds, A is a pure subring of B by Lemma 5.13. Hence A is
strongly F-regular by [HocH, (3.1)]. As we have that N C SLy and linearly
reductive, A is Gorenstein of a-invariant —2 by Example 14.28, 4

3 By 1, the categories Ref(A) and Ref(N, B) are equivalent. As A is a
two-dimensional Cohen-Macaulay local ring, a reflexive A-module is nothing
but a maximal Cohen-Macaulay module. As B is a two-dimensional regular
local ring, any reflexive B-module is free. By Lemma 16.3, such a module is
of the form B ®; V with V a finite dimensional N-module. V B ® V and
F — F/mF is a one-to-one correspondence between the set of isomorphism
classes of finite dimensional N-modules and the set of isomorphism classes
of B-finite B-free (N, B)—modules, and this correspondence respects finite
direct sums. So V — My gives a one-to-one correspondence which respects
the finite direct sums.

It remains to show that the simple N-modules are in one-to-one cor-
respondence with the vertices of the corresponding extended Dynkin dia-
gram. First, we define the McKay graph I'y of N C SL, as in the case of
usual finite groups (see [Yos, (10.3)]). It is a finite quiver defined as fol-
lows. A vertex of I'y is an isomorphism class of simple N-modules. We draw
n;; = dimy Homeg(V;, V ®, V;) arrows from [V;] to [V;], where [V;] and [V}] are
vertices. As V' = V™, it is easy to see that n;; = n;;, and we regard I'y as an
unoriented graph. As N — End(V) is a closed immersion, k[End(V)] — k[N]
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is surjective. So it is easy to see that any simple N-module is a direct sum-
mand of some V®". So I'y must be a connected graph (if V; is a direct

summnad of V" then starting from the trivial module [V] = [k], we reach
[V;] along a path of the length r). Moreover, when we set a; = dimy, V;, we
have 2a; = dim,(V ® V}) = >, nia,. If Ve = {[Vo],...,[V4]} is the set of

vertices, then n > 1, since N is assumed to be non-trivial. A connected finite
graph with the vertex set Vi (with #Vy > 2) with n;; arrows from [V;] to
[V;] with a function [V;] — a; with the property 2a; = >, n;;a; is classified
easily, and is one of (4,) (n > 1), (D,) (n > 4), (Es), (E7), or (Eg) displayed
in [Yos, section 10] (the symbol [R] there should be replaced by the trivial
representation [k]| here), or the graph

(38) (K] :

which has a self arrow. N is abelian if and only if a; = 1 for all j if and only
[y is of type (A,). So N is of type (4,) if and only if T'y is of type (4,).
If N is of type (D,,) (n > 4), then N has the Klein group Z/27Z x Z/27. as a
quotient. So I'y is not (Ag,—g), and a; = 1 for at least four j. By dimension
counting, I'y must be (D,). If N is of type (Eg) (resp. (E7), (Es)), then
N/[N, N] is of order 3 (resp. 2, 1), and there are exactly three (two, one)
one-dimensional representations. So it is easy to see that 'y is (Es) (resp.
(E7), (Es)). After all, (38) does not have a corresponding N.

4 is similar to 3.

5 follows easily from the discussion in the proof of 3. O

18. Determinantal rings

Lemma 18.1. Let S be a scheme, and G a flat quasi-compact quasi-separated
S-group scheme. Let ¢ : X — Y be an almost principal G-bundle with respect
toU CY and V C X. Assume that X is Noetherian and normal, and Y
is Noetherian and satisfies Serre’s condition (S3). Then Y is normal, and
i: Oy = (p.0x)% is an isomorphism.
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Proof. As p:V — U is fpqc and V' is normal, we have that U is normal. As
Uveg 18 large in U and U is large in Y, we have that Y satisfies Serre’s (R;)
condition, and hence Y is normal. By Theorem 10.13, 7 is an isomorphism.

O

(18.2) Let k be a field, and n > m >t > 2. Let X = Mat(m,t — 1) x
Mat(t — 1,n), where Mat(a,b) denotes the ab-dimensional affine space of
the set of a x b matrices. Let Y = Y;(m,n) be the determinantal variety
{C € Mat(m,n) | rank C' < t}. Let ¢ : X — Y be the map p(A4, B) = AB.
Let U be the open set Y\ Y;_y, and V = o }(U). Let N = GL(t — 1),
and G = GL(m) x GL(t — 1) x GL(n). The proof of [Has4, (3.1)] shows the
following.

Theorem 18.3. Let the notation be as above. Then p is a G-enriched almost
principal N-bundle with respect to U and V. 0

Using this theorem and the fact that Y is Cohen-Macaulay [HocE], we
give short proofs to some well-known results on determinantal rings.

Corollary 18.4 (de Concini-Procesi [DeCP], [Hasd]). Y is normal, and ¢
is an algebraic quotient by the action of N (as N is reductive, ¢ is also a
categorical quotient).

Proof. Follows immediately from Theorem 18.3, and Lemma 18.1. [
Corollary 18.5 (Bruns [Bru]). Cl(Y) = Z.

Proof. As CI(X) = 0, CI(Y) = H,(G,0Ox) by Theorem 11.5. By [Has9,
(4.15)], we have that CI(Y) = X(N). It is well-known that N/[N, N] = G,,,
and X(N) = X(G,,) = Z. O

Corollary 18.6 (Svanes [Sval). Y is Gorenstein if and only if m = n.

Proof. Let V = k™, W = k™ and E = k'~! be the vector representations
of GL,, GL,, and GL;_4, respectively. Then letting B := Sym(W* ® E) ®
Sym(E*® V) (so X = Spec B), we have that
wp=Bay N"(W* @ E) @ NP(E* e V)
~ B @, (/\tOPE)®(m—n) Rk (/\topW)®(1—t) R, (/\topv)@)(t—l)_

In particular, wp = B as (N, B)-modules if and only if m = n. If m = n,
then by Corollary 11.19, ws = A as A-modules, and hence A is Gorenstein
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(note that ©x  is trivial, since N is connected reductive, see Remark 11.21).
Conversely, if A is Gorenstein, being a positively graded ring over a field,
wa = A as A-modules. So wp = B as (N, B)-modules by Corollary 11.19,
and hence m = n. O

(18.7) We can do a similar discussion also on the invariant subrings under
the action of symplectic groups.

Let k be a field, t,n € Z with 4 < 2t < n, and X = Mat(2t — 2,n).
Let Y = Y; be the Pfaffian subvariety of Alt(n), the affine space of n x n
alternating matrices, defined by 2¢-Pfatfians. That is, when C' = k[z;]1<i<j<n
is the coordinate ring of Alt(n) and I' = (z;;) (where z;; = 0 and xj; = —z;;),
then Y is the closed subscheme of Alt(n) defined by the ideal generated
by all the 2¢-Pfaffians of the alternating matrix I'. We set J = J;_1 =
(0i+j)1<ij<t € GL(t — 1), where 0 denotes Kronecker’s delta. We define

J = jt71 = <_OJ (0]> € GL(2t — 2).

The symplectic group is defined as
Spy;_o = {A € GL(2t — 2) | TAJA = J}.

Let N = Spy, o, V =k", E = k?*2 and G = GL(n) x N. Note that G acts
on X by (h,n)-A=nAh"1.

Let ¢ : X — Y be the map given by ¢(C) = tC'JC. Almost by definition,
¢ is N-invariant. For C' € X, ¢(C) has rank at most 2¢ — 2, and hence 2t-
Pfaffians of ¢(C') vanish, and ¢ is well-defined. Set V' = Y \ ¥, and
U = ¢ (V). Then the discussion in [Has4, section 5] shows the following.

Theorem 18.8. Let the notation be as above. Then ¢ is a G-enriched almost
principal N-bundle with respect to U and V. Y is Cohen—Macaulay.

Corollary 18.9. Let the notation be as above.

1 (De Concini and Procesi [DeCP)) ¢ is an algebraic quotient, and Y is
a normal variety.

2 As N =[N, N|, we have that CI(Y') is trivial. That is, the coordinate
ring of Y is a UFD (hence is Gorenstein).
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