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ABSTRACT. We explore the notion of representation of an affine extension of
an abelian variety — such an extension is a faithfully flat affine morphism of
k—group schemes q : G — A, where A is an abelian variety. We characterize the
categories that arise as the category of representations of an affine extension
q : G — A, generalizing the classical results of Tannaka Duality established
for affine k—group schemes (that is, when A = Spec(k)). We also prove the
existence of a contravariant equivalence between the category of affine exten-
sions of a given A and the category of faithful commutative Hopf sheaves on
A, generalizing in this manner the well-known op—equivalence between affine
group schemes and commutative Hopf algebras. If H4 is the Hopf sheaf on
A associated to ¢, the category of representations of ¢ is equivalent to the
category of Hg—comodules.
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1. INTRODUCTION

Roughly speaking, given a certain family of objects R (the “representable ob-
jects”) and a fixed basic monoidal category C, a “representation theory” consists
in the association to an element r € R, of a pair (Rep(r), U : Rep(r) — C), where
Rep(r) is a monoidal category — the category of representations of r —, and U
a monoidal functor (the forgetful functor) — eventually with certain additional
properties depending on the situation under consideration. One aspires to “recon-
struct” each r € R in terms of the corresponding pair (Rep(r), U), and also to
describe intrinsically all the pairs (D,U : D — C) that are equivalent to pairs of the
above form for some r. For example, such a platform has been developed within
the following frameworks: categories of groups (abstract, topological, Lie, affine
algebraic, differential); of general algebras; of Lie algebras, Hopf algebras. In this
context the notion of Tannaka Duality is generally presented as an answer to the
following questions (see [38], [53] or [58] for a precise formulation):

The Reconstruction Problem: can a representable object be described in terms
of its category of representations?

The Recognition Problem: can a category of representations be described intrin-
sically?

It is worth mentioning that the theory of Tannaka Duality was generalized to a
categorical context: the relevant concept of “tannakian adjunction” was developed
and some of the classical results were generalized and clarified (see [568] and [38]).

In the case of affine algebraic group schemes over a field (even over a commutative
ring) the theory of rational representations has achieved a considerable degree or
maturity and many of its main problems have been solved and important advances
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have been done in the theory of its actions on general schemes. Examples of sig-
nificant accomplishments in the area are: the completion of the structure theory of
reductive affine group schemes (see [20]), the development of the geometric methods
in invariant theory (see [44]), or more generally the theory of transformation groups
(see [39]). In particular both the reconstruction and recognition questions were an-
swered positively: Saavedra first presented a proof in [50] which was later observed
to have some mistakes. A correct proof of the result was produced afterwards by
Deligne and Milne in [21]; see also [22].

Temporarily, call Rep(G), the category of finite dimensional rational represen-
tations of an affine group scheme; it is well known that Rep(G) is monoidal, rigid,
abelian and k-linear. Denote as w : Rep(G) — Vectg the corresponding monoidal
forgetful functor. In this context Saavedra-Deligne-Milne’s result can be stated as
follows (see also [38], [63] or [58] for other perspectives of the same problem):

Theorem (Tannaka Duality for affine group schemes, [21) Prop. 2.8, Thm. 2.11]).

(1) Reconstruction Theorem. Let G be an affine group scheme. Consider the
pair (Rep(G),w) and the group scheme of tensor automorphisms of w, denoted
as Aut®(w) — see [21, page 20] for a definition of this group and compare with
Definition[3.60 below. Then Aut®(w) is an affine group scheme isomorphic to G.

In particular, if G and G' are affine group schemes such that (Rep(G),w) and
(Rep(G"),w') are equivalent as monoidal k-linear categories with a forgetful functor,
then G and G’ are isomorphic group schemes.

(2) Recognition Theorem. Let C be a monoidal, abelian, rigid k—linear category such
that k = End(I), together with an exact, faithful, k-linear monoidal functor w : C —
Vectyx. Then (C,w) is equivalent (as a monoidal category with forgetful functor)
to the category of rational representations of the affine group scheme Aut®(w).

Let G be a group scheme of finite type (see Definition [ZT]); it is easy to see
that the naive attempt to define the category of representations of G as a direct
generalization of the affine situation, yields a category which does not fulfill our
needs, as it is too small to determine G — for example, if G is an anti-affine group
(see Definition 2:36)), then the only morphism of group schemes G — GL(V) is the
trivial morphism.

Motivated by previous work of Brion, Rittatore and others on the structure
of group and monoid schemes (see for example [10], [11], [12], [14]) and on their
actions ( [8], [15]), and taking into account the mentioned obstruction to the naive
approach, we propose a representation theory not for isolated group schemes, but
for what we call affine extensions of abelian varieties. Roughly speaking, an affine
extension is a generalization of the so-called Chevalley decomposition for algebraic
groups (see Theorem 2:26): an affine extension S is an exact sequence of group

schemes 1 H G154 0, where A is an abelian variety and H is
an affine group scheme — equivalently, ¢ is an affine, faithfully flat morphism of
quasi-compact group schemes and H = Ker(q) (see definitions and [ZT5). Tt
follows that ¢ : G — A is an H-torsor (see definitions ZTTHZTH). A representation
for § is built on an homogeneous vector bundle over A — by homogeneous we mean
that vector bundle £ — A is such that Fi = ¢ F;- for any translation ¢, : A = A
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by a geometric point a € A(k) (see [I8] and Definition for a more conceptual
and precise definition).

The basic nomenclature of the paper as well as the necessary properties of the
category of affine extensions of a fixed abelian variety A are presented in Chapter[2
Therein, we also present minor indispensable complements to some of the classical
results on the theory of group schemes.

In order to capture (i.e. to reconstruct) the complete structure of the affine
extension S with a representation theory supported on a category with homogeneous
vector bundles as objects, we need to consider “more morphisms” than the usual
ones between vector bundles. This new category HVBg.(A) is an enriched category
over the monoidal category (Sch [k, x, {*} = Spec(k)). Moreover, the (scheme of)
morphisms between two objects, denoted as Homg, (E, E’), is also a homogeneous
vector bundle over A; we call its structure morphism d : Homg, (E,E’) — A the
degree map.

The automorphism group Autg.(E) of a general vector bundle (see Definition
[BI8) is a smooth group scheme of finite type, and the degree map d : Autg (E) —
A is an affine morphism of group schemes, with kernel Autg(E) — the group of
“classical” automorphisms of E. This result is well known for algebraically closed
fields; more recently it was generalized for arbitrary fields (see [I8, Lemma 2.8]).
We say that the bundle E is homogeneous when the sequence

Autgr(E) : 1—— Auto(E) E— AU-tgr(E) L} A 50,

is exact — and hence Autg, (E) is an affine extension, see[3.9for a precise definition.

A representation of an affine extension S: 1 H G154 0 or an
S-module, is a morphism of group schemes p : G — Autg, (E), where E is a homo-
geneous vector bundle over A, such that p induces the identity on A (see Definition
B33). The category Rep(S) of S—modules is the category enriched over Sch |k that
has as objects the representation of S and as hom-objects the scheme (in fact a
homogeneous vector bundle) of G—equivariant graded morphisms of homogeneous
vector bundles (see Definition B.41] and Lemma B.37]).

If G is an affine group scheme G (i.e. when A = Spec(k)) then the above definition
corresponds to the category of finite dimensional rational G—-modules and the G—
equivariant morphisms.

The category of representations of an affine extension is monoidal “in degree
zero”, see Remark and Lemma B.28 and this weaker monoidality condition
becomes a decisive ingredient in the proof of the Tannaka Duality Theorem in
our context. We establish a) a version of Tannaka’s reconstruction Theorem [1.0])
proving that from the category of representations of an extension S we can define
S itself; b) we prove that the mentioned reconstruction is accomplished in the best
possible way when using the category of representations (Recognition Theorem [B5.1]).

Moreover, as expected in view of the results and methods of the affine case, in
order to establish a version of the Tannaka Duality in our context one should deal
with affine extensions as limits of affine extensions of finite type (that is, such that
the corresponding groups H and G are group schemes of finite type); in Theorem
we prove that any affine extension is such a limit. On the other hand, by a
result of D. Perrin, if G is a connected group scheme then G is quasi-compact and
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it is a limit of a family {G4}aer of group schemes of finite type (see [45], théorémes
I1.2.4 and 1V.3.2]). Moreover, G fits into an affine extension of an abelian variety
— this result, stated without a complete proof in [45] Corollary V.4.3.1], is proved
in Corollary below.

The op-equivalence between the category of affine group schemes and commuta-
tive Hopf algebras — that to a given affine group scheme G associates the algebra
of global section O¢(G) with a structure of Hopf algebra induced by the multiplica-
tion and inversion morphisms in G — is not only an important viewpoint but also
a powerful tool in the study of the representation theory of affine group schemes.
Thus, once we have constructed an adequate representation theory for affine exten-
sions — in the sense that the representation theory satisfies a full Tannaka Duality
Theorem —, we undertake the generalization of this well-known equivalence to the
context of affine extensions, by developing the notion of Hopf sheaf over an abelian
variety.

As we are working with quasi-compact morphisms of group schemes ¢ : G —
A, we consider the categories Sch| A (of quasi-compact schemes over A), and
QA -alg (of quasi-coherent sheaves of O —algebras) and the well known covariant
equivalence associated to the functors P : Sch| A — QA-alg””, P(z: X — A) =
z,(Ox) and Spec : QA-alg®® — Sch| A, where Spec(F) is the affine scheme over
A associated to the sheaf of O4—algebras F. In general these functors are adjoint
(see Remark [6:3T] and [31), §1.2,81.3]), but they establish a covariant equivalence
when restricted to the situation that the objects z : X — A are affine morphisms.
Moreover, if A = Spec(k), then we obtain the usual equivalence mentioned above.

In order to obtain the necessary generalization of the notion of Hopf algebra
to this context, one needs to observe that Sch| A and QA-alg are in fact duoidal
categories (see Definition [6.7]) and that the adjoint functors P and Spec are (strong,
colax) monoidal for the given monoidal structures (see Theorem for a precise
statement). The construction of such duoidal structures is known in the setting
of slice categories, but we take an explicit approach in order to identify the affine
extensions as a certain type of bimonoids in the category (see Lemma [6.10] Propo-
sition and Theorem [6I8)). It its worth noticing that the construction of the
duoidal structure on Sch| A relies heavily in the fact that A supports a commu-
tative sum (see Definition [G.4]).

In the general setting of arbitrary duoidal categories there is no canonical way to
define an antipode, or more generally the notion of group (Hopf) object. However,
in our particular category Sch| A we have an obvious candidate for a group type
object, namely the quasi-compact morphisms of group schemes ¢ : G — A. Thus,
the affine morphisms of group schemes g : G — A are the affine group type objects
for the duoidal structure on Sch|  A; under the functor P, these group objects
are in bijection with the (faithful, commutative) group type objects for the duoidal

structure on QA -alg, that we call faithful commutative Hopf sheaves (see Definition
6.58 and Theorem [G.62).

A drawback of the proposed definition of S—module is that it only contemplates
the finite dimensional objects — for affine group schemes, the notion of rational
G-module allows to take into account the infinite dimensional case (see for exam-
ple [26] Definition 5.3.7]). Indeed, whereas an infinite dimensional k—space is a
colimit of finite dimensional sub-spaces — a directed union of finite dimensional
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sub-spaces —, we need an adequate notion of “rational infinite dimensional vector
bundle”, convenient for our purposes. The op-equivalence of the category of affine
extensions and the category of flat commutative Hopf sheaves allows the lifting of
this obstruction, by considering the S—modules as sheaves.

More precisely, we proceed as follows: given an affine scheme X = Spec(B), J.-
P. Serre proposed in [56] the category of projective B-modules as a generalization
of the notion of vector bundle. In [25], V. Drinfeld generalizes in turn Serre’s
proposal, by considering quasi-coherent, flat sheaves on an scheme X — recall
that if X is a ncetherian scheme, then the category of coherent flat O4—modules,
being the category locally free of finite rank Os—modules, is equivalent to the
category of vector bundles (see [56, Proposition 2|, Remark [[.Tland Proposition[Z.H).
Hence, we establish the notion of comodule of a Hopf sheaf taking as support the
quasi-coherent, flat sheaves on A. However, in order to exploit the well known
equivalence between the category of vector bundles and the category of coherent
flat O g—modules and to establish a notion of S-linearized sheaves for an affine
extension S, we need to develop the notions of graded morphisms of sheaves and
homogeneous sheaf (see definitions and [[I7)); we define in this way the category
of homogeneous sheaves on A with graded morphisms as a Sch|k—category — in
Lemmal[7:22] we prove that the category of homogeneous vector bundles with graded
morphism is equivalent to the category of homogeneous quasi-coherent, flat sheaves
with graded morphisms.

Once the categorical framework above is established, we can consider the cat-
egories of S-linearized sheaves with graded morphisms and of Hs—-comodules with
graded morphisms (here Hs denotes the Hopf sheaf associated to & — this is
done in sections and [Z]] respectively —, and prove the equivalence between
the category Rep(S) and the categories of coherent flat S—linearized sheaves and
Hs—comodules with graded morphisms (see Theorem and Proposition [T38)).
Finally, we also propose a notion of rational sheaf that could be useful in the study
of these categories (see definitions [[.34] and [7.37)).

ACKNOWLEDGMENTS: The authors would like to thank ANII (Uruguay), CIMAT
(Mexico), CONACyT (Mexico) and CSIC (Udelar, Uruguay) for partial financial
support. We also thank Michel Brion for several useful discussions, in particular
for pointing us to previous work on quasi-compact group schemes by D. Perrin
( [458], [46]), and Ignacio Lépez for his helpful insight in subjects in category theory
specially in relation to the duoidal situation.

2. EXTENSIONS OF ABELIAN VARIETIES BY AFFINE GROUP SCHEMES

2.1. Group schemes and their actions.

In this section we present some basic definitions and known results on quasi-
compact group schemes.

Definition 2.1. (1) A k-monoid scheme M — or monoid scheme over k — is a
k-scheme together with two k-morphisms mys : M x M — M and ey : Spec(k) =
{x} = M (called the multiplication, and the unit respectively), satisfying the usual
commutative diagrams (of associativity of mps and unitality of eps).
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(2) A k-group scheme G — or group scheme over k — is a k-monoid scheme
together with an inversion morphism tg : G — G (defined over k and satisfying
the corresponding commutative diagrams).

(3) A morphism of monoid schemes between M and M’ is a morphism of k—schemes
f: M — M’ satisfying the usual commutative diagrams:

Mx M2 M Spec(k) —=% M
fol lf e lf
M’ x M’ —— M’ M’

If both M and M’ are group schemes, we say that f is a morphism of group
schemes (in this case, foig = igro f).
(4) A monoid scheme M is affine (resp. of finite type, resp. smooth) if M is so as
scheme.

(5) An abelian variety is a smooth, connected, proper k—group scheme of finite type
— an abelian variety is necessarily a commutative group. An isogeny of abelian
varieties is a group homomorphism that is surjective and has finite kernel.

Most of the time we abbreviate and omit the mention to the base field e.g. a
k—scheme is called simply a scheme, and a k—group scheme of finite type is referred
as a group scheme of finite type.

Whenever it is convenient or necessary, we will interpret a group scheme G as
a representable functor G : (Sch |k)°? — Groups — where Sch |k is the category of
k—schemes and Groups the category of abstract groups. If T is a k—scheme, then
G(T) together with m(T),ig(T),ec(T) is called the group of the T—points of the
scheme G.

Remark 2.2. Traditionally, group schemes of finite type were called “algebraic
groups” (cf. [23,[60]), but currently this nomenclature does not seem to have a
unique connotation (e.g. in [44] an algebraic group is a smooth group scheme of finite
type). In order to avoid confusion we prefer to use a more explicit, unambiguous,
name.

Definition 2.3. (1) An action of a k—group scheme G on a k-scheme X is a
morphism of schemes a : G x X — X, satisfying the usual commutative diagrams.
In this situation the scheme X is said to be a G—-scheme.

(2) Given two G-schemes X and Y, a morphism f : X — Y is G-equivariant
(or a morphism of G—schemes) if the following diagram is commutative, where the
horizontal arrows are the corresponding G—actions:

GxX——X

ant| lf

GxY——Y

Remark 2.4. (1) It is well known (see for example [41]) that to give an action of G
on X is equivalent to give a morphism of functors (that is, a natural transformation)
¢ : G — Auty, where Autx : (Sch|k)°® — Groups is the so called automorphism
group functor. Recall that given a scheme T, the group Autx (7') € Autgey 7 (X X
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T), where Sch|T denotes the category of schemes over T' and we consider X x T'
as an T—-scheme given by the projection on the second coordinate, is defined as
follows:

Autx (T) = {f : XxT — X xT isomorphism : f(z,t) = (f(x,t),t) [ XXT — X}

Equivalently, f € Autx(T) if f : X x T — X x T is an isomorphism and the
following diagram commutes

~

XxT —XxT

T M 7

IR

in which case f = pio f (see for example [41] or [14]).

(2) In particular, when Autx is a group scheme, we have a canonical action a :
Autx xX — X, induced by idpusy : Autx — Autx: if f = (']7,]92) € Autx(T) and
z € X(T), then a(f,z) = fo(x,idr).

Remark 2.5. (1) If G is a connected group scheme, then G is quasi-compact, as
follows from [45, Théoreme IV.3.2]).

(2) Let f : G — G’ be a morphism of group schemes. Then the scheme theoretic
image of f, denoted as f(G), is the smallest closed subgroup scheme of G’ containing
the image of f.

(3) Any group scheme is separated (because e : Spec(k) — G is a closed immersion,
see for example [57, Tag 045W)).

(4) Since any morphism of separated schemes is separated, any morphism of group
schemes f : G — G’ is separated.

We finish this section by recalling some fundamental results on the structure of
quasi-compact group schemes due to D. Perrin (see [45,46]).

Theorem 2.6 (Perrin, [45, Théoreme I1.2.4 and Théoréme V.1.1]). Let G be a
quasi-compact group scheme. Then

(1) There is a unique irreducible component of G passing trough e — this compo-
nent is called the neutral component of G and denoted as G° —; moreover G is
geometrically irreducible;

(2) the inclusion i : GO — G is a flat closed immersion;
(3) G° is a normal (quasi-compact) subgroup of G;
(4) the quotient G/G° exists and is an affine group scheme, with fields as local

rings. Moreover, G/G° is compact, totally discontinuous, and limit of étale finite
groups (see Section [2.1). O

Theorem 2.7 (Perrin, [45, Corollaire V.3.2]). Let G be a quasi-compact k—group
scheme, and K C G a closed subgroup scheme. Then, in the following two situations
the quotient G/K exists in the category of k—schemes:

(1) K is defined by a sheaf of finitely generated ideals, in which case G/K is of
finite type;

(2) K is a normal subgroup of G, in which case G/K is a group scheme. O
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Proposition 2.8. Let M be a monoid scheme, G a reduced group scheme and
f+ M — G a quasi-compact dominant morphism of monoid schemes. Then f is

flat.

PrROOF. If M is a group scheme, this result is proved in [45], Proposition II1.1.3].
An inspection of the proof presented therein, shows that it is still valid for M a
monoid scheme. ]

Theorem 2.9 (Perrin, [45, Proposition I1.1.5, Lemme V.3.3.1 and Corollaire V.3.3]).

Let f : G — K be a quasi-compact morphism of group schemes; let f(G) be the
scheme theoretic image of f. Then f(G) = G/XKer f and the induced morphism
f: G — f(QG) is faithfully flat. In particular, the induced morphism G/ Ker f — K
is a closed tmmerston. ]

Corollary 2.10. Let f: G — K be a quasi-compact morphism of group schemes,
with K reduced. Then the following three assertions are equivalent: (a) f is faith-
fully flat; (b) the map associated to f at the level of sets is surjective; (c¢) the map
f(k) : G(k) — K (k) is surjective.

Moreover if f is as above and K is connected, then the restriction f|G0 G° 5 K
is faithfully flat.

PROOF. Indeed, under the hypothesis of this corollary, K (k) is dense in the base
space of K.

If K is connected, since f is faithfully flat, it follows that G° dominates K (see for

example [32, Proposition IV.2.3.4]). Since f|_, factors through a closed immersion,
the result follows. O

2.2. Extensions of abelian varieties by affine group schemes.

Definition 2.11. Let H be a k—group scheme, X an H-scheme with action a and
f: X =Y an H-invariant morphism of schemes, f is an (H, a)—torsor if:

(1) f is quasi-compact and faithfully flat;

(2) The morphism H x X — X Xy X induced by a and the projection over the
second coordinate, is an isomorphism; in other words, the commutative diagram
below is cartesian:

Hx X 23X

|l

X ——Y

When no confusion arises, we will say that f is an H—torsor of a torsor under
H.

Definition 2.12. Let j : N — G and ¢ : G — @ be two morphisms of group
schemes. The sequence

J q

S: 1 N G

Q 1

is a short exact sequence of group schemes if and only if the following two conditions
are satisfied:
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(1) The sequence S is left exact; that is, the sequence 1 — N(T) — G(T) — Q(T)
is exact for every k-scheme T — equivalently, Kerj is trivial and j induces an
isomorphism Kerq = N.

(2) If T is a scheme and y € Q(T'), then there exists a faithfully flat, quasi-compact
morphism f: 77 — T and x € G(T") such that g7 (z) = Q(f)(y) € Q(T").

Remark 2.13. (1) Notice that condition (2) of Definition holds whenever
q: G — Q is an fpqc (i.e. faithfully flat quasi-compact) morphism.

(2) Moreover, if ¢ : G — @ is an fpqc morphism, then clearly ¢ is an N—torsor —
the second condition of Definition 211l is easily proved due to the fact that all the
schemes involved are group schemes. In particular, since ¢ is an N—torsor, ¢q is a
categorical quotient (see for example [14] §2.6]).

Example 2.14. Let G be a connected group scheme and H C G a normal closed
subgroup scheme. Then it follows from [45, Corollaire IV.3.3] that G/H is a group
scheme and the quotient map ¢ : G — G/H is a faithfully flat quasi-compact

morphism. In particular, the sequence 1 H GG /H 0 is exact.

Definition 2.15. Let A be an abelian variety. A group extension of A is a short

exact sequence S: 1 H G154 0. If moreover q : G — Ais a
faithfully flat quasi-compact morphism we say that S is a quasi-compact group
extension of A; if q is a faithfully flat affine morphism, we say that S is an an affine
group extension of A.

Remark 2.16. Let A be an abelian variety. If ¢ : G — A is a surjective quasi-
compact morphism of group schemes, then G is a quasi-compact group scheme and
q is a faithfully flat morphism by [45, Proposition I1.1.3], since A is a reduced group
scheme (see Corollary 210). It follows that

Sy 1 ——Ker(g) G154 0
is a quasi-compact extension of A.

On the other hand, if G is a quasi-compact group scheme and H C G is a normal
subgroup scheme such that A = G/H is an abelian variety, then the canonical
projection ¢ : G — A is an H-torsor, and the corresponding exact sequence is a
quasi-compact extension (see [45 Corollaire IV.3.3 and Proposition I1.1.3]).

Remark 2.17. (1) Let §: 1 H G154 0 be a quasi-compact ex-
tension. Then § is an affine extension if and only if H is an affine group scheme.
See 23] ITI, § 3,2.5/6], or [37, § 1.5.7] for a similar result for H-torsors.

(2) By definition, if a group scheme G fits into an affine extension then G is quasi-
compact; see Corollary 227 below for a partial converse due to D. Perrin ( [45]).

(3) It is well known that if 1 H G154 0 is an affine extension
then G is of finite type if and only if H is of finite type, see for example [I4,
Proposition 2.6.5]; if this is the case, we say that the extension is of finite type.

(4) Let A be an abelian variety and S: 1 H G154 0 ashort exact
sequence. It follows from Remark that a S is a quasi-compact (resp. affine)
extension if and only if S is left exact and ¢ a surjective quasi-compact (resp. affine)
morphism.
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We complete the definition of the category of quasi-compact (resp. affine) exten-
sions of an affine variety A by defining its morphisms (see also Section [6.1]).

Definition 2.18. Let A be an abelian variety.

(1) The category GE|, A of quasi-compact group extensions of A has as objects
the quasi-compact extensions of A and as morphisms ¢ : S — S’ between two
quasi-compact extensions of A, the commutative diagrams of the form:

S 1— N g1

A 0
@ g S .
S 1 N L g ,a 0

where fn and f are morphisms of group schemes.

(2) The category GE |, A of affine extensions of A is defined as the full subcategory
of GE | A with objects the affine extensions.

(3) If P is a class of morphisms of schemes (affine, quasi-compact, finitely presented,
etc.) we say that the morphism ¢ : S — &’ is of class P if and only if f is of class
P.

Notation 2.19. In the situation of a diagram such as (Z1]), the morphism f : G —
G’ will be called, the mid morphism of ¢.

Remark 2.20. It is evident that it is equivalent to give a diagram as (21]) or a
commutative triangle of morphisms of group schemes as below, with ¢ and ¢’ affine
morphisms.

a—' ¢

Ny
A

Indeed, if f : G — G’ is as above, then Ker(f) C Ker(q) and the restriction
flker(q) : Ker(q) — Ker(q') makes sense as f(Ker(q)) C Ker(¢).
In particular, notice that if ¢ : S — &’ is a morphism of affine extensions then

the mid morphism f is an affine morphism, since it is a morphism in the category
Sch |, A.

Remark 2.21. (1) The composition of morphisms in GE| A and the identity
morphism are defined in the obvious manner.

(2) Clearly § and S’ are isomorphic if and only if the maps fx and f are isomor-
phisms — this last assertion is equivalent the assertion that f is an isomorphism
(compare with Theorem [Z0] Remark 216 and § 23).

Definition 2.22. If in Definition [2.15] the group scheme H is smooth, then the
canonical projection ¢ : G — A is a smooth morphism; in this situation we say that
the extension is smooth.

Examples 2.23. (1) If G is an affine group scheme, then G can be viewed in a
canonical way as an affine extension of the trivial abelian variety Speck = {x} by

means of the short exact sequence 1 ¢4 a Spec(k) — 0 .

(2) An abelian variety A can be thought as an affine extension in a natural way as:

0 0 A2, A 0.
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BIS: 1 H G154 0 is an affine extension and f: A — A is
an isogeny (i.e. a surjective morphism of abelian varieties with finite kernel), then

1 — Ker(foq) = ¢ (Ker(f)) eEAiNy] 0 is an affine extension of A
(see Remark 2.17).

In particular if f : A — Aisan isogeny, then 0 — Ker(f) AL a 0
is an affine extension.
Remark 2.24. Let S: 1 H G214 0 be an affine extension and

¢: H — H' be amorphism of affine group schemes. Assume moreover that H C G is
central in G and that ¢(H) C H' is central in H'. Then I'¢,(H ), the scheme theoretic
image of the “graph” morphism I'y = (inc, loty) = (inc X€)o Ay : H - Gx H')is a
central subgroup scheme of G x H' — here Ay : H — H x H denotes the diagonal
embedding, Az (h) = (h, h™1). Therefore, the quotient G x ¥ H' = (G x H')/Ty(H)
is a quasi-compact group scheme and fits into an affine extension, that we denote
(.S — it is also possible to deduce the existence of ¢,.S from the properties of the
induced space (see Theorem [ZG1]). Moreover, £ yields a morphism A : § — £, S of
affine extensions:

q

S 1 H G A 0
| b
0.8 : l—H —— Gx"H —— A——0

H
where j : G — G xf H' is given by j(g9) = [9,1] := maoxn(g,1), with 7gxm :
G x H' — G x® H' the canonical projection, and 7z : G xH# H' — A is given by
ma: ([g,1']) = q(g). Indeed, note that g is well defined and that g/ ([g,h']) =0
if and only if g € H, therefore Ker(rg/) = {[1,h/]: ' € H'} = H'.
Note that if H' is smooth, then ¢,S is a smooth extension.

Definition 2.25. A closed immersion of the affine extension 7 into the affine
extension S (both extensions of A) is a morphism ¢ : 7 — S of affine extensions

’

T: 1 / G ——A
|l
1 H G A

q

S:

0

0

such that the vertical morphism f : G’ — G (and therefore f|, , : H' — H) is a
closed immersion.

In particular, if G’ C G is a closed subgroup scheme such that ¢(G') = A and

al o
H' = Ker(q|,,), then T: 1 H' G5 A 0 is an affine extension
and the inclusion 7 < S is a closed immersion, we say that 7 is a (closed, affine)
sub-extension of S.

The following theorem was first announced by C. Chevalley in the 1950s and
published in 1960 in [I9]. We present here a slightly more general version, due to
M. Brion (see [14, Theorem 2] and Corollary 2:27 below).
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Theorem 2.26 (Chevalley, Raynaud, Brion). Every k—group scheme of finite type
G has a smallest normal subgroup scheme Gag such that the quotient G/Gag is
proper. Moreover, G.g is affine and connected, and the associated short sequence
of group schemes over k is exact (see Definition[212)

q

(2.2) 1 Gagr G G/Gar —— 0.

If k is perfect and G is smooth, then G.g is smooth as well, and its formation
commutes with field extensions — that is, if k C K, then G(K)ag = Gag(K). In
particular, if G is a connected group scheme of finite type over a perfect field, then
G fits in a (smooth) affine extension of the abelian variety A = G/Gag. O

Since every group scheme of finite type is an extension of a smooth group scheme
by an infinitesimal group scheme (see [14] Proposition 2.9.2]), Theorem 226 implies
that any connected group scheme of finite type fits in an affine extension.

Corollary 2.27. Let G be a connected group scheme of finite type. Then there

exists an affine extension of an abelian variety S: 1 H G154 0,
with H a connected affine group scheme.

Proof. See [14, Corollary 4.3.7]. O

Remark 2.28. It follows from Perrin’s Approximation Theorem ( [45] Théoreéme
V.3.1], see Theorem [2.54] below) that Theorem 2.26 and its Corollary imply
that any connected group scheme fits into an affine extension (see [45, Corollary
V.4.3.1]).

Notation 2.29. If G is a smooth group scheme of finite type, then the sequence
[22) is known as the Chevalley decomposition of G.

Remark 2.30. If G is a smooth group scheme of finite type over a perfect field k,
then G,g is the largest normal, affine, connected, smooth, subgroup scheme of G
(see for example [14]).

The following uniqueness result (for k a perfect field) follows easily. Assume that
a given smooth group scheme G fits in an exact sequence

1 H G G/H 0,

with H affine connected and G/H an abelian variety. Then there are isomorphisms
f1: H= Gag and fo : G/H =2 A, such that the diagram of short exact sequences
is commutative:

1 bik G G/H——0
flJ/ idl le
1 Gast G A 0.

It follows that G.g is the unique normal, affine, connected, smooth, subgroup
scheme H such that G/H is proper. Indeed, if H is such a group, then G.¢ C H by
the Chevalley decomposition theorem 2.26] and H C G.g by the preceding remark.
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Lemma 2.31. Let G be a group scheme of finite type over a perfect field k and
assume that G fits in an exact sequence of group schemes

qG

1 H G

G/H 0
with H an affine connected normal subgroup scheme and G/H proper. Then

1 Hrcd Grcd (G/H)rcd —0

is the Chevalley decomposition of Greq-

PROOF. By construction G,¢ C H and it follows that (Gag)red C Hyeq. Now, since
H,eq is affine and connected, then its Albanese variety is Alb(H,.q) = Spec(k) and
$0 qc(Hreqd) = {0} C A; therefore, Hyoqg C Gag O

Remark 2.32. In Lemma [2.3T] the condition that k is a perfect field cannot be
omitted. Indeed, if k is not perfect, then Gy.q is not necessarily a group scheme, as
it is shown in [I4, Example 2.5.5].

The Chevalley decomposition of smooth group schemes has the following func-
torial property.

Lemma 2.33. If f : G — G’ is a morphism of smooth group schemes of finite
type, then their Chevalley decompositions fit in the following commutative diagram:

G: 1 Gast G—15Q 0
(2.3) P Nee Jf 7
G 1 Gy G ——Q 0

q

If [ is a faithfully flat morphism, then the vertical arrows of the diagram above
are faithfully flat morphisms. Moreover, if f is affine and faithfully flat, then f is
an 1sogeny.

PROOF. Since G is a group scheme of finite type the image of ¢’o f is closed in
Q’; thus ¢'o f(G) C Q' is a proper group and it follows that Gug C Ker(¢'o f).
By the universal property of the quotient, it follows that q'o f induces a morphism
f:Q — Q' that fits in Diagram (Z3)).

Assume now that f is faithfully flat. Then fo q = ¢'o f is faithfully flat, g being a
faithfully flat morphism it follows that f is faithfully flat. Since f(Gag) C Glg is a
closed (therefore affine) subscheme and f is faithfully flat, it follows that f(Gag) is
an affine normal subgroup scheme of G’ — recall that if ¢’ € G’(T") then there exists
a faithfully flat quasi-compact morphism f : 7" — T and a point g € G(T"’) such
that f(T")(g) = ¢’. The faithfully flat morphism G — G’/ f(G.g) factors through
Q and so G’/ f(Gag) is a proper group scheme. The minimality of G4 then implies
that f(Gasr) = Gog; that is, f|,  is faithfully flat.

If f is an affine morphism, then Ker(¢'o f) is an affine closed subgroup scheme
of G. 1t follows that Ker(f) = q(Ker(q'o f)) = Ker(q'o f)/Gag is a closed affine
subgroup scheme of an abelian variety, and therefore is an affine (and hence a finite)

subgroup scheme of Q. O
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2.3. Quasi-compact extensions as schemes over an abelian variety.

As follows from Remark 216 to give a quasi-compact (resp. affine) extension over
an abelian variety A is equivalent to give a surjective, quasi-compact (resp. affine),
morphism of group schemes ¢ : G — A.

On the other hand and concerning the arrows, given two surjective quasi-compact
(resp. affine) morphisms of group schemes ¢ : G — A and ¢’ : G’ — A, and a
morphism of group schemes f : G — G’ such that ¢’o f = q. It easily follows that
f(Ker(q)) C Ker(q'). Hence, f induces a morphism of extensions

S: 1 —— Ker(q) G—154 0
Jf f|Ker(q)l fJ H
S 1 —— Ker(¢') G —— A 0

q

Therefore, the category GE| A of quasi-compact (resp. GE| ;A of affine) ex-
tensions is equivalent to a subcategory of Sch| A (resp. Sch|,A), that has as
objects the separated (see Remark[Z3]) quasi-compact (resp. affine) surjective (and
therefore faithfully flat) morphisms of group schemes ¢ : G — A and as morphisms
fi:(q:G— A) = (¢ : G— A), the morphisms in Sch| A (resp. Sch| A) that
are also morphisms of group schemes f : G — G'.

aff

Remark 2.34. The reader should be aware that under the above equivalence,
affine extensions do not correspond to affine group schemes over the scheme A —
recall that the product of a group scheme over A is a morphism m : G x4 G — G.

In Section we will introduce a structure of duoidal category on Sch| A
(see Definition [6.7] and Lemma [B.10), such that the quasi-compact (resp. affine)
extensions correspond to the group type objects for this category (resp. the group
type objects that are affine over A). See Proposition and Theorem

Notation 2.35. In view of the above equivalence, we will abuse of notation and say
that a surjective, quasi-compact (resp. affine) morphism of group schemes g : G — A
is a quasi-compact (resp. affine) extension of A.

In what follows, we will freely use both points of view (affine extensions as short
exact sequences or as surjective affine morphism of group schemes) depending on
which one is better adapted to the particular result or definition.

2.4. Rosenlicht decomposition for affine extensions.
Definition 2.36. (1) A group scheme G defined over a field k is called anti-affine
if O¢(G) =k.

(2) An affine extension S: 1 H G154 0, with G anti-affine, is
said to be of anti-affine type. Equivalently, an affine extension of anti-affine type is
a surjective affine morphism ¢ : G — A, with G an anti-affine group scheme.

Whereas the notion of anti-affine group scheme already appeared (implicitly) in
the work of Rosenlicht ( [48]) and Serre ( [54]) in the late 50s, it was not regularly
studied until about 10 years ago. In [I1], Brion began a thorough study of anti-affine
group schemes, generalizing earlier results by Rosenlicht on the decomposition of
a group scheme of finite type (see [48] and [49] and Theorem below) — the
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classification of anti-affine groups was obtained simultaneously by Brion (op. cit.)
and C. Sancho de Salas and F. Sancho de Salas ( [52], see also [51]).

In this section (see Theorem [Z42]), we present a generalization of the Rosenlicht
decomposition to the setting of affine extensions of an abelian variety as well as
some related properties. We begin by recalling the results on anti-affine group
schemes that will be used in what follows; for other properties, in particular for a
complete classification theorem, see [11], [12] and [T4].

Remark 2.37. (1) It is well known (see for example [12, Chapters 2 and 5]), that
an anti-affine group scheme is connected and commutative.

(2) If G is an anti-affine group scheme of finite type, then G is smooth (see for
example [14) Lemma 3.3.2]).

(3) In particular, if G is an anti-affine smooth group scheme of finite type, using
the Chevalley decomposition (Theorem [Z28) we deduce that G is the extension of
a proper group scheme A by a commutative affine group scheme of finite type. This
result was much improved by Brion in [I4] Section 5.5] (see also [II]): the affine
subgroup G.g and the group scheme A appearing therein are smooth (i.e. A is an
abelian variety).

Definition 2.38. The affinization functor Aff : Sch| k — Sch|, k (the codomain
is the category of affine k—schemes) defined at the level of objects as Aff(X) =
Spec(Ox (X)), and Aff(f : X —Y) : Aff(X) — Aff(Y) is defined as the morphism
Spec(f#) : Spec(f.(Ox)(Y)) = Spec(Ox (X)) — Spec(Oy (Y)). In this situation
Aff(X) is called the affinization of X.

Remark 2.39. We list some of the properties of this functor for immediate use,
see [23] 111.3.8], [45] § V.4.2], and [I4] § 3.2]) for general references. Later in [6.34]
we deal with the properties of this functor in the more general context of schemes
over a fixed scheme S.

AfF
(1) There is an adjunction Aff 4inc as: Sch| k, 1 "Sch| k.

(2) The counit of this adjunction is an isomorphism and the unit is given by a
family of morphisms of schemes nx : X — Aff(X) : Sch |k — Sch |,k that satisfies
the following universal property.

For any morphism f : X — Y with X € Sch,Y € Sch|
morphism f that makes commutative the diagram below:

K there is a unique

X — L Aff(X)

N

Y

The morphism nx : X — Aff(X) is called the affinization morphism of X;
if U = Spec(Ox(U)) C X is an affine open subset, then x|, is the morphism
induced by the restriction Ox(X) — Ox(U).

(3) In the case that G is a quasi-compact group scheme so is Aff(G), and the
adjunction restricts to the category of group schemes. In particular the unit ng is
a morphism of group schemes and its kernel is a closed subgroup scheme of G, that
we call Gant.
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In [45], Perrin considered the affinization morphism in the situation of quasi-
compact group schemes:

Proposition 2.40. Let G be a quasi-compact group scheme. Then
(1) The affinization morphism is a faithfully flat morphism (of group schemes).

(2) Ker(ng) is a geometrically reduced, connected anti-affine group scheme, con-
tained in the center of G°.

(3) Ker(ng) is the smallest normal subgroup scheme K such that the quotient G/ K
s affine.

(4) Ker(ng) is the largest anti-affine subgroup scheme of G.

PROOF. Assertions (1) and (2) are the content of [45], Théoréeme V.4.2]. The remain-
ing assertions can be proved easily using the universal property of the affinization
morphism 7. Indeed, let K C G be a normal subgroup scheme such that G/K is
an affine group; let g : G — G/K be the canonical projection. Then there exists
a morphism of group schemes f : Aff(G) — G/K such that fong = qx. It follows
that Gant = Ker(ng) C Ker(gr) = K.

On the other hand, it is clear that if we consider a subgroup L C G that is anti-
affine, then the inclusion L C G induces a closed immersion inc : Aff(L) — Aff(G),
such that ng|r, = incony. Since L is anti-affine, it follows that n, is the trivial
morphism; thus, L C Ker(ng). O

As noted in the introduction of this section, Rosenlicht decomposition was gen-
eralized by Brion (for smooth group schemes of finite type, see [14, theorems 1 and
5.1.1, Proposition 3.3.5]). In Theorem [2.42] we produce a Rosenlicht decomposition
for affine extensions — that will be improved afterwards in Theorem Before
proving the existence of such decomposition, we mention an easy technical result on
faithfully flat morphisms for which we write the proof for the lack of an adequate
reference.

Lemma 2.41. Leti: X =Y be a closed immersion of k-schemes and f : T' — T
a faithfully flat morphism. If y : T — Y is a T—point of Y, and x : T" — X o T’
point of X such that icx = yo f, then there exists a T-point T : T — X such that
the following diagram is commutative

L 7

17

X——Y

PROOF. By the universal property of the fibred product we obtain a commutative
diagram:
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where ps is again a closed immersion. Since f is faithfully flat, then p, is an
isomorphism (since ps is also surjective with pf injective) and the result follows. [

Theorem 2.42 (Rosenlicht decomposition of affine extensions).

LetS: 1 H G154 0 be an affine extension and Gant = Ker(ng).
Then:

(1) The restriction m|g ., * Gant X H — G is a faithfully flat morphism of
group schemes, with kernel A(Gane N H), the image of the diagonal embedding
A:Gay NH = Gapy X H, A(2) = (2,271):

M G x

1 —— Gt NH —— Gapt X H G 1.

In particular, G = GaptH = HGant = (Gant X H)/(Gant N H).

(2) The restriction q|,  : Gane — A is faithfully flat and induces a closed sub-
extension of anti-affine type of S:

Sont 1—>GanTH—>GTt—d“>A—>0
S: 1 H 0

(3) If moreover G is connected of finite type, then:

(a) (Gant)aft C Gant N H, and (Gant)agr i a normal subgroup of finite index.

(b) IfA = (id(Gant)aff7i|(Gant)aff) : (Gant)aﬁ' — Gant X H, A(Z) = (Zazil)) is
the diagonal embedding of (Gant)agr in Gant X H, then the quotient G' = (Gant X
H)/A((Gant)aﬁ') exists and it is a group scheme of finite type. Moreover, the canon-
ical morphism f : G' — G is an isogeny — in the terminology of Section [2.6,
G' = Gant xGantdatt F the induced space for the canonical action of (Gant)at O
H.

PROOF. We first prove Assertion (1) in the case that G is connected, situation in
which one can follow closely the proof of [14, Theorem 5.1.1], where it is proved
for the case that G is a smooth scheme of finite type — the fact that the quotient
G/H = A is an abelian variety allows this transcription.

Since Gant is central in G, it is clear that m|GantxH : Gant X H — G is a quasi-
compact morphism of group schemes, with Ker(m|, )= Ag,,nu(Gant NH) =
{(h, h=1):h € Gane N H}; therefore its schematic image is the image of the closed
immersion (Gant X H)/Ag,,.ni(Gant N H) by [45, Corollaire V.3.3]. Hence, Gant H
is a normal closed subgroup of G and the quotient G — G/(Gant H) factors through
morphisms G/H — G/(GantH) and G/Gant = G/(GansH)

T — 3 A=G/H
AfF(G) = G/Gang —— G/(Gant H)

It follows that G/(GantH) is on the one hand a quotient of the (connected)
abelian variety A — and hence it is a connected abelian variety — and on the
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other hand G/(GantH) is a quotient of an affine group scheme by a normal closed
subgroup — and hence affine by [24] VIb 11.17]. We deduce that G/(GantH) =
Spec(k) and therefore G = Gani H.

In order to prove Assertion (2) we can assume that G is connected, since Gapny C

ql
G and 1— HNGO G0 % A 0 is an affine extension (see Corollary
2.10). Since A = ¢(G) = ¢(Gant - H) = ¢(Gant), it follows that A = Gant/(GansNH ),
and hence Assertion (2) is proved.

In order to prove (1) in the non-connected situation, assume that G is not
necessarily connected and let g : T — G € G(T) be a T—point. Since Sppnt is
an affine extension, there exists a faithfully flat morphism h : 77 — T and b :
T = Gant € Gant(T') such that gob = gogoh : T — A € A(T’). Tt follows
that (goh)b™! € H(T"); therefore, goh € Gant(T")H(T') C GantH(T'). But the
morphism m|Gant «u * Gant x H = G is a morphism of quasi-compact group schemes
and therefore has closed image GanH. Applying Lemma 241 we deduce that
g € Gant H(T). Hence Gt H = G. O

The proof of part (a) of assertion (3) appears in [I4] Theorem 5.1.1]. In order
to prove part (b) consider Gaynt, the Chevalley decomposition of Gaps:

gant . 0—— (Gant)aff E— Gant q—> A——0

Notice first that in general § # ¢, since (Gant)aft 7 Gant N H. As observed in
Remark 224 since (Gant)ag is central in G as well as in H, ¢ induces an affine

/

extension of finite type S’: 1 H [ QEy| 0. It is clear that the
multiplication morphism G,y X H — G induces a morphism of group schemes
f G = (Gant X H)/A((Gant>aff) — @, with finite Kernel Ker(f) = (Gant N
H)/(Gant)aﬂ- O

Notation 2.43. In view of Proposition [2.40] Remark [2.39 and Theorem 2.42], from
now on if G is a quasi-compact group scheme, we denote Gant = Ker(na).

Remark 2.44. Let S: 1 H G214 0 be an affine extension.
Then G° = (G° N H)Gany and G = HG® = HG .

ql
Indeed, 1 —— HN GO GO - A 0 is a closed sub-extension of
S and the result follows from Theorem [2.42]

Remark 2.45. Let G be a connected group scheme of finite type. Consider the
Chevalley decomposition of G: 1 G G154 0.

In this situation we have that: the Rosenlicht decomposition of G is G =
GottGant; (Gant)at € Gagp N Gang is of finite index; and the product morphism
m : Gant X Gag — G induces an isogeny (Gang X Gaﬁ‘)/A((Gant)aﬁ') — G

Hence, Theorem [2.42] can be viewed as a generalization to affine extensions of
the above well known decomposition (see [14][Thm. 5.1.1]).

The following lemma is an easy consequence of Lemma [2.33]

Lemma 2.46. If f : G — G’ is a morphism of quasi-compact group schemes,
then f(Gant) C Ghye- If G, G’ are of finite type, then the morphism f induces the
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following commutative diagram of Chevalley decompositions:

gant : 0——— (Gant)aﬁ" Gant ! A 0
lgb f(Gant)affl chant lf
;‘nt : 00— (G;nt)aﬂ G'/ant 7 A 0

Moreover, if f is faithfully flat, then the vertical arrows of the diagram above are
also faithfully flat. In particular, if f is an affine faithfully flat morphism, then f
1S an isogeny.

PROOF. The morphism ng/o f : G — Aff(G’) factors through ng. It follows that
f(Gant) C G',;- Since in the finite type case Gant is a smooth group scheme, all
assertions follow from Lemma [2.33] O

2.5. Filtered systems of affine extensions.

We begin with some considerations about limits of filtered systems of schemes
over k. Recall that a filtered system of schemes consists of a family {(Xa, fa,3) :
a,Bel, a>pf, fap: Xo — Xg}, where I is a finitely upper bounded — or
filtered — poset, {X, : @ € I} is a family of schemes and f, g are morphisms of
schemes — called the connecting (or transition) morphisms — such that if « > 8 >
v, then fo~ = f3,40 fa,3 and fo o =idx,. If the limit of such a system of schemes
exists, we use the following notation: (X, fo : o € I) =limaer{Xa, fap:a, B €I}
and when the rest of the ingredients are clear we write X = lim X,. A family of
morphisms g, : Z = X, , @ € I is said to be compatible with the filtered system
{(Xa, fa,p)} if for all & > B, fo.89a = gp.

Next, we recall some known properties of the limit in the above situation; the
basic references are [33] §8] and [57, Tag 01YT].

Remark 2.47. Let {(Xa, fO"ﬁ)}a se; Pe a filtered system of schemes, and assume
that the transition morphisms f, g : Xo — X are affine. Then:

(1) X = lim X, exists in the category of schemes and the induced morphisms f,
are affine. Moreover, if all the X, are affine, so is the limit X (see [57, Tag 01YX]).
(2) If the transition morphisms f, g are surjective for all o, 8 € I then the mor-
phisms f, : lim X, — X, are surjective for all & € I — this is an easy exercise on
limits on the category of topological spaces.

Moreover, if Z is a quasi-compact k—scheme and g, : Z7 — X,, o € I, is a
family of compatible morphisms that are also surjective, then the induced morphism
g Z — X is surjective.

(3) If the transition morphisms f, g are faithfully flat for all o, 8 € I, then the
morphisms f, are faithfully flat for all a.

Moreover, if Z is a quasi-compact scheme and g, : Z — X4, a € I, is a family
of faithfully flat compatible morphisms, then the induced morphism g : Z7 — X is
faithfully flat.

(4) For any a € I and U, C X, open subscheme, we have that f,'(U,) =
limg>q fﬂ_(ll(Ua) as schemes.
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Notation 2.48. In what follows we work with filtered systems in the categories of
group schemes over k and GE |, A, with the additional condition that the transition
morphisms are affine faithfully flat. We introduce for clarity the following notations.
(1) A filtered system of group schemes {Gq, fa,5} is affine (resp. faithfully flat)
if the transition morphisms are affine (resp. faithfully flat) morphisms of group
schemes.

(2) A filtered system of affine extensions is a family {(Sa, ¢a,8) : @, B € I}, where
I is a filtered poset, such that for all o < 8 the transition morphisms ¢, 3

S : 1 H, Gy -2y A 0
g TR
Sp : 1 Hy Gy —— A 0

are morphisms of affine extensions, and the family {Gq, fo,s} is a filtered system
of group schemes — notice that in particular this implies that ¢, = ¢g,y0da,s
and ¢q,o =1ids, for all a > 8> 7.

A filtered system of affine extensions is affine (resp. faithfully flat) if the filtered
system of group schemes {Ga, fa,a} is so — that is, in accordance with Definition
218, the transition morphisms ¢ g are affine, faithfully flat.

Remark 2.49. It follows from Remark 220 that a filtered system of affine exten-
sions is always affine.

Proposition 2.50. Let {(Sa, ¢a,5 1 Sa — Sg) : e > B € I} be an (affine) faithfully
flat filtered system in GE|,,, A (see Notation[2.48). Then:

(1) The limits G :=lim G, and H :=lim H,, exist in the category of group schemes
and H is affine. Moreover, the morphisms fo : G — G4 are affine and faithfully
flat.

(2) If we call ¢ : G — A the morphism induced by the compatible morphisms qq :

Go — A, then Ker(q) = H and the sequence S : 1 H G154 0
coincides with lim S, in GE|_, A.

PROOF. (1) The existence of the limits in the category of schemes and the affineness
of H as well as the assertions about the maps f, follow from Remark 247 taking
also into account [45], Proposition I1.1.3] (see Remark [ZT6]).

(2) First observe that ¢ : G — A is affine and faithfully flat, since ¢ = ¢ fo with
go. and f, affine and faithfully flat.

Next, we prove that the sequence S is left exact, that is Ker(q) = H. The
commutative diagrams

H—H,— G,

N

H,@—)GB

induce an injective morphism of group schemes H — G. As H, = Ker(q,) for all
a, then H C Ker(g). Moreover, if h : K — G is a morphism of group schemes such
that goh = 0, then gno faoh = 0 for all a. Therefore, Im(fooh) C H, for all «
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and fo go faoh = fgoh, so h: K — G factors through H and the proof of the left
exactness is finished.

Thus, S € GE|,,A and for all @ € I we have morphisms of affine extensions
o : S = S,, compatible with the transition morphisms ¢, g:

S: 1 H G—2 4 0
[ e e
S, : 1 H, Go—A 0

where f,, a € I, are the morphisms associated to G = lim, G,,.

’

In order to prove that (S, ¢,) =1limS,, let §’: 1 H' 154 0
be an affine extension and ¢/, : & — S, be a compatible family of morphisms of
affine extensions. Then we have compatible families of morphisms f/ : G' — G,
and f/|, : H — H, , for the filtered systems {Ga, fa,s} and {Ha, faply, }
respectively, that factors through morphisms f’ : G’ — G and f” : H — H. It
is easy to see that f” = f/ , and therefore f’ induces a morphism of extensions
¢’ &' — S, that factors the morphisms ¢, . O

Definition 2.51. An affine extension S € GE|,, A is called pro-algebraic if there
exists an (affine) faithfully flat filtered system of affine extensions of finite type
{Sa, Pa,p : @, B € I} such that such that S = lim S,,.

Remark 2.52. The term pro-algebraic has its roots in the fact that usually group
schemes of finite type are called algebraic groups, see Remark

Examples 2.53. (1) Any affine group scheme G is the limit of an affine faithfully
flat filtered system of affine group schemes of finite type (see for example [60, Page
24]). In terms of affine extensions, this well known result reads as follows: let

G = lim G, and consider the affine extensions Gag: 1 ¢4, q 0 0,

and G, a0 1 Ga id Ga 0 0. Then Gug =1im G, an.

(2) Let S: 1 H G154 0 be an affine extension, with H central.
Then H = lim H,, where {Hg,}aer is an (affine) faithfully flat filtered system
of affine group schemes of finite type; denote the transition morphisms by f, g :
H, — Hpg and the canonical projections by f, : H — H,. Since H is central and
the canonical maps are faithfully flat, we can apply Remark and construct
the push-forward by f,, obtaining an affine faithfully flat filtered system of affine
extensions as follows:

(fa)o(S) : 1 — s H,——GxTH, 24— 0
l(ﬁa,ﬁ foz,ﬁl lfoc,ﬁ H
(f3):(S) : 1—  Hy —— G xH Hy, 225 A —40

where GXx" H, = (Gx H,)/A(H) and f, 5 : Gx™ H, — Gx* Hg is the morphism
induced by G x Ho, — G xf Hg, (g,ha) — [g, fa,s(ha)] — notice that if h € H,
then [gh™", fa,8(fa(P)ha)] = [gh™", fa(h) fa,p(ha)] = [g, fa.p(ha)] € G <M Hp.

Thus, if H is central, the affine extension S is pro-algebraic. In particular,
commutative affine extensions are pro-algebraic.
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Let S: 1 H G154 0 be an affine extension; then G is a quasi-
compact group scheme (see Remark 2.17). Conversely, Perrin proved in [45] Corol-
lary V.4.3.1] that if G is a connected quasi-compact group scheme, then G fits into
an affine extension. This result is a consequence of the Chevalley decomposition
of group schemes of finite type (Theorem [Z26), together with Perrin’s Approxima-
tion Theorem below, that in particular shows that any quasi-compact connected
group scheme G is pro-algebraic, that is G is the limit of a directed system of group
schemes of finite type.

Theorem 2.54 (Perrin’s Approximation Theorem, [45, Théoreme V.3.1)). Let G
be a quasi-compact group scheme. Then there exists an affine faithfully flat filtered
system of group schemes of finite type {Gq, fo,3 : alpha,B € I}, such that G =
limy, Go. In particular, the canonical morphisms fo : G — G4 are faithfully flat,
with Ker(fo) an affine closed subgroup. O

Combining Theorem [2.42] with the well known approximation theorem for affine
group schemes, we can refine Perrin’s approximation Theorem and show that any
affine extension is pro-algebraic.

Theorem 2.55. Let S: 1 H G154 0 be an affine extension.
Then S is pro-algebraic.

PROOF. Let G = GantH = Gant X" H be the Rosenlicht decomposition of S
(Theorem 2.42]). Since H is an affine scheme, there exists an affine faithfully flat
filtered system {Ha,pa,g : o, B € I}, such that H = lim Hy; let p, : H — H, be
the canonical morphisms (of group schemes, faithfully flat). Since Gan is central,
Gant N H is central in H; it follows that p, (Gans N H) is central in H,. By Remark
2241 we have morphisms of affine extensions

Sant 1 E— Gant N H Gant A O
A
S, 1 H, Goapt XCGeomtNH ff v A 4

where fo(2) = [2,1] for all z € Gany (see Example [Z53)). These morphisms clearly
extend to morphisms

S 1 H G = Gant H A 0
LT
Sa l—— Hy —— Gapy xCo ", — A0

where £ : G — Gant X%»"H H_ is the morphism of group schemes induced by
TG ont X Ho © (idgam Xpa) :Gant X H — Gant X Hy — Gant x GantNH H,.

Moreover, the morphisms idg,,, Xpag induce affine, faithfully flat morphisms of
group schemes o 5 1 Go = Gant XM H, — Gg = Gapy x%" H5. There-
fore, the family {S,,¥q g} conforms an affine faithfully flat filtered system of affine
extensions of finite type; let G be its limit.
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We prove now that G =2 S. Indeed, the morphisms ), induce a faithfully flat
morphism

S 11— H—G=GyptH ——A——0
R
G 1 H G A 0

But by construction H = H = lim H, and ¢|,, = idg. Moreover, by the com-
mutativity of the diagram above, Ker(¢) C H. Hence, £ is injective and S =2 G. O

Once we have established that any affine extension is pro-algebraic, we can estate
Rosenlicht decomposition (Theorem [Z42)) in terms of affine sub-extensions.

Lemma 2.56. Let {Sa,qﬁaﬁ : Sq = Sgia > ﬁ}, be an (affine) faithfully flat
filtered system of affine extensions of finite type, and assume that all the extensions
are Chevalley decompositions. Consider the limit S := lim S,

S: 1 H G214 0.

Then H is minimal among the affine subgroups schemes H' C G such that the
quotient scheme G/H' exists and is proper.

ProOOF. Let H' C H be an affine subgroup scheme of H such that G/H’ exists
and is proper. If f, : G — G, denotes as usual the mid morphism of ¢, (recall
the notations in and 219), then f,(H'), the scheme theoretic image of H' by
fa, is a closed affine subscheme of G, .. Since f, is faithfully flat for all ¢, then
faly + H = Gqag is faithfully flat (see Lemma [Z33]), and we can factor f, to a
faithfully flat morphism f,, : G/H' — Go/ fo(H').

Since G/H' is proper, it follows that G, /fo(H’) is also proper, and therefore,
by minimality of Gaar, fo(H') = Ga,an. It follows that {fa|,, : H = Gaan} is
a compatible family of faithfully flat morphism, with inc : H — H = lim Gy a5
as induced morphism. We deduce from that H' = H, since inc is a faithfully flat
morphism (see Remark [2Z47]). O

Lemma 2.57. The affinization functor Aff : Sch| k — Sch| .k preserves limits
of affine faithfully flat filtered systems of quasi-compact group schemes.

PrROOF. Let {Gq, fa : Ga = Gg,a > € I} be an affine faithfully flat fil-
tered system of quasi-compact group schemes, with limit the quasi-compact group

scheme G = limG,. Then the transition morphisms induce morphisms fo g =
Aff(fa,p) : Aff(Go) — Aff(G), such that the solid part of the following diagram

is commutative:

(2.4) G fo . Gy f“4’5> G

limng, lnca lncﬂ

lim AH(GQ) ey AH(GQ) e AH(Gﬁ)
fa fo,8

Since the morphisms 7q,,ng, and fo g are faithfully flat (see Prop. 2.40), it
follows that fs g is faithfully flat. Thus, the limit lim Aff(G,) exists and it is
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an affine group scheme fitting into the left part of diagram ([24]). Moreover, the
(faithfully flat) morphisms g o fo : G = Aff(G,) induce a faithfully flat morphism
f: G — L (see Remark 2.47]), that factorizes through 7¢, by the universal property
of the affinization morphism as shown in the diagram below.

(2.5) a—I .aq,

lim ng,, NG a

Af(G) —— lim Aff(Go) —— Af(Ga)

o

It is then clear that f, (Ker(fong)) C Gaant- Therefore, Ker(fong) € Gant
and as the other inclusion is evident, it follows that lim Aff(G,) = G/Gant =
Aff(Q). O

Theorem 2.58. Let S =limS,: 1 H G154 0 be an affine ex-

tension, with So: 1 H, Go 25 A 0 an (affine) faithfully flat fil-
tered system of finite type in GE|_, A, with transition morphisms ¢u.p : Sa — Sg.
Let us call Ga,ant = Ker(ng,) C Go (see Remark[2:39 and Theorem [2.72}). Then
the morphisms fa7ﬂ|ca ... define an affine faithfully flat filtered system for the family

{Sa,ant}ael

qalca,ant
Sa,ant : 1 — Ga,ant N Ha — Ga,ant A O
lga,ﬁ fa’BIGa,anthJ/ lf""ﬂlc’a,ant H
Sﬁ,ant : 1—— Gﬁ,anc N Hﬁ — Gﬁ,ant o] A 0
GB,ant
g,
with limit Sane = UM Su.ane: 1 —— H N Gang Glant —22%5 A 0.

Proor. First we prove that in the above context, lim Gy ant = Gant. By Lemma
246 fo3(Ga,ant) C Gg,ant for all o > 8 and fa’B|Goc,ant is an affine faithfully flat
morphism; thus the limit lim G, an exists (see Remark ZA7); let L = lim Gg ant
and }; : L = G4 ant be the canonical morphisms. Then the family }; induces a
morphism f: L —G.

On the other hand, since fo(Gant) C G ant, it follows that there exists a mor-

phism A : Gant — L, such that fooh = f4| . for all a. By the universal property
of the limit G = lim G, we deduce that foh = inc : Gant € G. Hence, it suffices

to prove that L is anti-affine, since if this is the case then f(L) is anti-affine and

therefore f(L) C Gant- Then Gant = L = 1lim G ant. But applying Lemma 257 we
see that Aff(lim Gy ant) = lim Aff (G4 ant) = Spec(k).

Now we prove that Gane N H = lim Gaant N Ho. Since fopl,, @ Ho — Hg
is an affine morphism (see Remark 2:49), it follows that the family {Ga,ant N
Ha,fa1ﬁ|ca venta ¢ Gaant N Ho — Ggant N Hp o, € I} is an affine filtered
system of gfoup schemes. Then the limit N = lim Gy ant N H, is a group scheme,
and the restriction morphisms f |Ganm u ¢ GantNH — G antNH, induce a morphism
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£:Gapy N H — N. But it is clear that N C Gapy N H — since 0 = gqo fo : N — A
for all o and that ¢o(N) C Gy ant —; therefore N = Gane N H. O

As a consequence of Theorem 258 we have the following result.

Lemma 2.59. Let S =1limS,, 8’ = lim ), be two affine extensions, where S, S,
are of finite type, and ¢ : S — 8’ a morphism of affine extensions:

S: 0 H G—L.4 0
‘| I
S 0 o G’ A 0

’

q
Then f induces by restriction a morphism of affine extensions

q|Gant

Sant : 0—— Gant NH Gant A 0
l f|Ganthl lf|cant H
S;nt : 0—— G'/ant NnH' G;nt ‘| A 0
9 1Gant

Moreover, if f is faithfully flat then f|,  : Gane — Ghy is faithfully flat.
ProoOF. By Lemma[2.46] we have that f(Gant C Goy and that fl, 5 Gang — Gant
is a faithfully flat morphism. O

Theorem 2.60 (Rosenlicht decomposition of affine extensions, revisited).

Let §: 1 H G154 0 be an affine extension, with G connected.
Let {Su, pap: @, € I} be an (affine) faithfully flat filtered system of affine exten-

sions of finite type, with Sq: 1 H, Go 25 A 0. Then:

(1) Let Goane: 1 — (Goant)aif — Garant ~23 A—— 0 be the Chevalley de-
composition of Gy ant, for & € I. Then Gany N H contains K = lim(Ga,ant)ai a5 @
closed subgroup scheme, and (Gant N H)/K s finite.

(2) The induced space G' = Gany XX H is a quasi-compact group scheme, and the
canonical morphism (induced by the multiplication) [ : G' — G is an isogeny, and

Ker(f) = (Gane N H) /K.

PROOF. First, observe that since Gany = lim G ant (by Theorem [Z58) and H =
lim H, (by Proposition 250), it follows that Gane N H = lIm Gy an, N Hy. Let
Vo : K — (Ga,ant)asr be the canonical morphisms. Then, by Theorem the
family {vo} induces a compatible family {7y : K — Ga,ant N Ha}, with in turn
induces a morphism v : K — Gan N H. In order to prove that K C Gan N H
is a closed subgroup of finite type, observe that Ker(v) = v~ (Na Ker(falyne, )
(again by Theorem and Proposition 2.50). It follows from the compatibility
conditions that Ker(v) = N, (Ker((valyne, ) = Spec(k).

In order to prove that K is of finite index in G4t N H, we follow the procedure
presented in [14] Theorem 5.1.1].

Since the filtered system {(Ga@nt)aff; fasla } is affine and faithfully flat
(see Lemma [2.40)), we have the following commutative diagrams of groups schemes,

a,ant)aff
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with exact sequences of group schemes as rows and affine faithfully flat vertical
arrows, for any 8 > a — notice that by Theorem [2.42] G, is a finite group scheme

1l——o (Ga,ant)aff Ga fo G_a = Ga/(Ga,ant)aﬂ —1
fa‘B‘(Ga,ant)affJ/ lfa,ﬂ lTﬁ
11— (G,B,ant)aff GB z G_,@ = GB/(GB,ant)aff —1

Taking limits, we deduce that G/K = lim G,, — since the compatible morphisms
Gao fo : G = G4 induce a faithfully flat morphism G — lim G, with Kernel equal
to K. Thus we have the following commutative diagram of groups schemes, with
exact sequences as rows and faithfully flat vertical arrows:

1 K G G/K 1

fa\Kl lfa =

11— (Ga,ant)aﬁ' — Ga — G_a - Ga/(Ga,ant)aH —1

Sine G = GantH (see Theorem 242), it follows that G/K = (GaneH)/K =
(Gant/K)(H/K). Since H/K is the limit of the affine group schemes of finite
type Ho/(Gq ant)aft, it is an affine group scheme. On the other hand, Gani /K =2
(Gant/(Gant NH))/((Gant NH)/K) = A/((Gans NH)/H) is an abelian variety (see
Theorem [Z58). Therefore, (H N Gant)/K = (H/K) N (Gant/K) is finite.

The remaining assertions follow easily. ([l

2.6. H—torsors and induced spaces.

Let G be a smooth group scheme of finite type over an algebraically closed field
k, H C G a closed subgroup scheme and X a quasi-projective scheme equipped with
an H-action. Serre proved in [55] that the diagonal action H x (G x X) - G x X,
h-(g,z) = (gh™1,h-x) has a geometric quotient, that we denote as G x* X. If
(9,2) € G x X, then we denote by [g, ] the class of (g,z) in the quotient. Then
G x X is a G-scheme (with action given by ¢’ -[g, 2] = [¢'g, 2]), and the canonical
projection G x# X — G/H, induced by [g, 2] — gH, is a fiber bundle, with fibers
isomorphic to X. We call G x X the induced space.

Later on, Serre’s result was generalized in several directions: let H be a group
scheme of finite type and Y an H-scheme (for a right H-action), such that the
geometric quotient Y — Y/H exists (in the sense of GIT, [44] pages 3,4]). If X is
an H—-scheme, we are concerned with the existence of the quotient for the diagonal
action, that we denote as myxx : ¥ x X — YV x# X := (Y x X)/H. In [44]
Proposition 7.1], Mumford gives sufficient conditions in terms of the existence of
an ample H-linearized line bundle on H x X (see Definition below) in order
to guarantee the existence of Y x X (by means of “fppf descent” techniques) —
see [16, § 3.3] for a detailed proof of how to apply Mumford’s result in order to
prove the existence of Y x# X. In [36, Chapter 1.5], Jantzen studies this problem
in the context of schemes over a commutative ring R. It is also worth noting that
in [6] Bialynicki-Birula studied the existence of the induced space Y xH X for
locally isotrivial (in the finite étale topology) H—torsors Y — Y/H, in the context
of algebraic spaces — of course, some additional hypothesis must be made on Y.
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Let §: 1 H G144 0 be an affine extension and V a finite
dimensional H—module. Then ¢ : G — A is affine and faithfully flat. Thus, we are
in the setting of fpqc descent (see [29, Exposé VIII]), and we can guarantee the
existence of the quotient mgxy : G x V = G xH V, as in Theorem 2.61] below —
notice that this result follows from the works cited above, but we couldn’t find it
as a precise statement.

Theorem 2.61. LetS: 1 H G154 0 be a affine extension of the
abelian variety A, V be a finite dimensional H-module, and consider the diagonal
H-action agxy = (mo (pg,iopl),avoplg) : Hx (GxV)— GxV, where p13
is the projection in the first and third coordinates and ay : H x V. — V s the
action associated to the representation. Then the scheme G x V endowed with the
H-action agxy admits a geometric quotient (G xH V,ngyy : G x V — G xH V)
in the category of schemes over k, in the sense of GIT, [J4, pages 3,4]. Moreover,
By = G x" V is a G-linearized vector bundle with fibers isomorphic to V. —
that is, Ev admits a left G—action, linear on the fibers, such that the canonical
projection my : By — A is a G—equivariant morphism.

PRrROOF. The existence of the quotient Ey -, as well as the fact that the fibers of
my : By — Aare isomorphic to V, follow directly from fpqc descent (see [29, Exposé
VIII, Theorem 2.1]). Moreover, the affine morphism G x V' — G can be seen as
the bundle associated to the free sheaf Og dim V" and the local triviality of Ey — A
follows from loc.cit. Exposé VIII, Theorem 1.1 and Corollary 1.2. Finally, it is
clear that G x (G x® V) — G x# V| (induced by ¢’ - (g,v) = [¢'g,v]), is an action
linear on the fibers, and that 7y is a G—equivariant fibration. O

Notation 2.62. Let S: 1 H G154 0 be an affine extension and
V an H-module. If f: G x V — Y is H-invariant, then by the universal property
of the quotient there exists a unique morphism f : By — Y such that forgxy = f.

We will abuse notations denote f([g,v]) = f(g,).

Remark 2.63. (1) Notice that Tgxy : G x V — G x V is an H-torsor.

(2) By definition of geometric quotient, G x V' represents the quotient of the fpqc
sheaf G x V' by the pre-relation j = (agxv,p23) : HX (GxV) = (GxV)x (GxV)
(see [57, Tags 0220 and 02VE]). It follows in particular that mgxy : G x V —
G xH V is a categorical quotient in the category of fpqc sheaves (see [44] pages
3.4)).

(3) In this context, recall that a morphism (of schemes, resp. fpqc sheaves) f :
G xV — Z is H-invariant if foagxy = fopas: H X (G xV) = Z.

3. A FINITE DIMENSIONAL REPRESENTATION THEORY FOR AFFINE EXTENSIONS

3.1. Homogeneous vector bundles over an abelian variety.

In this section we recall some basic facts on the category of homogeneous vector
bundles over an abelian variety (see Definition below). The study of homo-
geneous vector bundles over an abelian variety was initiated by Atiyah in 1956
(see [3], [, [B]). Later on, Miyanishi, Mukai and others generalized Atiyah’s origi-
nal results (for homogeneous vector bundles over elliptic curves over C) to a more
general setting — for homogeneous vector bundles over an abelian variety A, over
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an arbitrary algebraically closed field k —, giving a nice description of the cor-
responding category and its main properties (see for example [42], [43] and [g]).
Recently, Brion in [I8] introduced the definition and first properties of the cat-
egory of homogeneous vector bundles over an arbitrary field k. In what follows
we take Brion’s definition as departure point in order to enlarge the category of
homogeneous vector bundles by introducing new morphisms (see Definition 31§
below). For this, we adapt the approach taken in [§] (where the authors dealt with
homogeneous vector bundles over an algebraically closed field) to this more general
context.

Definition 3.1. If T is an scheme, then the category of vector bundles with base
T, denoted as VB (T), is defined as follows:

(1) Objects: the family of vector bundles with base T. Recall that a vector
bundle is a pair (E, ) with 7 : E — T a morphism that is locally trivial in
the Zariski topology: there exists an open covering {U; };cr of T and isomor-
phisms ¢; : Afy — 7~ Y(U;) compatible with 7 — called the trivializations
of the bundle — such that for any affine open subset V' = Spec(R) C U;NV},
the “transition morphisms” 1/);101/)1-| R Ay, — A7, are given by linear au-
tomorphisms of R[x1, ..., z,]. Ift € T, the n-dimensional k(¢)—vector space
71 (t) := E xr Spec(k(t)) is called the fiber of E at t € T. Notice that in
particular the morphism 7 is affine.

(2) Arrows: if m: E — T, 7' : E' — T are vector bundles over T', a morphism of
vector bundles is a morphism f : 7 — 7’ of schemes over T, i.e. a morphism
of schemes f : E — E’ such that 7’o f = 7 i.e. the diagram

L. p

wl lﬂ/

T 4 T
is commutative, and for any pair of trivializations ¢} : A’(}j -t (V;) and
¥; : Ap; — ©1(U;) and any open affine subset V = Spec(R) C V; NU;, the
morphism 1/);.710 fotbi] i Ay, — A7 is given by a linear endomorphism
Rlz1,...,zn] = Rly1,-- -, Ym)-

Notation 3.2. (1) In the literature, the vector bundles (defined as above) are
sometimes called geometric vector bundles, see for example [28, Definition 11.5]
or [34] Exer. 5.18]. Later in the consideration of Hopf sheaves, it is convenient
to view the vector bundles from a more general perspective (see Section [[4]). We
regard them in terms of the relative spectrum of a locally free sheaf (see Section
and Remark [37)).

(2) The pair (E,7) is abbreviated as E and if ¢t € T, the fiber 7~1(¢) is denoted
as E;. For further compatibility we denote the k-vector space of arrows between
two vector bundles F, E’ as Homy(E, E’) (see Definition I8 and Lemma [B:27)).
A morphism f € Homg(E, E’) restricts to the fibers defining a k(t)-linear map
written as f; : By — E|.

(3) If (E, ) is a vector bundle, we denote Endg(E) = Homg(E, E), and Autg(E) C
Endo(E) the group of automorphisms of E.
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Definition 3.3. Given a vector bundle 7 : E — T then, using the local character-
ization of a vector bundle, one can define a morphism of schemes, called the zero
section, o : T — E such that: i) mooc =idp, ) if f: (7: E—=T)—= (' : E' = T)
is a morphism in Homg(E, E’), then foog = op. In other words, og(t) =0 € E;
forallteT.

Remark 3.4. (1) It is standard knowledge that the category VBo(T') is op-equivalent
with the category of locally free finitely generated sheaves of Op—modules (see
e.g. [31] Def. 1.7.8] and the basic general constructions of Section [6.3] below).

(2) Tt is also well known that VB (T) is a monoidal, rigid, k-linear category, with
unit object p2 : Al xT'=kxT — T and final object the trivial bundle Spec(k) x T'.

(3) In particular, given the vector bundles E, E’, Hom(F, E') is a k—vector space,
and naturally it supports a k—scheme. Thus, VBo(T') can be seen as a category
enriched over Sch |k in a canonical way (compare with Definition B4 and Remark

B.13).

If 7: E — A is a vector bundle over an abelian variety, it is well known that
Auto(F) can be endowed with a structure of a group scheme of finite type (see for
example [41] and [18, §2.3]). Moreover, it is it is possible to define a group scheme
Autg, (E) (of graded automorphisms) as follows.

Notation 3.5. (1) If X, T are k—schemes, then the canonical projection ps : X x
T — T endows X x T with a structure of T-scheme, that we denote as Xp =
(X X T, pg).

(2) If 7 : E — S is a vector bundle, then 7p = 7 x idy : Ep — Sp is a vector
bundle.

(3) If A is an abelian variety and ¢ € A(T) is a T-point, then we define the
translation by ¢ as the morphism of T—schemes t; = (s X idp)o (lopa,idaxr) :
Ap — Ar — notice that if (b,1) € Ap, then t¢(b,t) = (¢ + b, t).

Definition 3.6. If A is an abelian variety and 7 : E — A is a vector bundle, define
a functor Autg, (E) : (Sch|k)°® — Groups as follows:

(1) Objects. If T € Obj(Sch |k), then Autg, (E)(T) is the group of pairs (f, £), where
f: Ep — Ep is a T—automorphism and ¢ : T'— A is a T—point. such that:

(i) the diagram below commutes

Ep=ExT—') B, —=ExT

X idTJ/ lﬂ' X idT

AT:AXTt—Z>AT:A><T

(ii) the morphism of Ap-schemes fA : Er — t;Er, defined by the pullback
diagram given by base change, is an isomorphism of Ap—vector bundles in
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Sch|T — in other words f is an isomorphism in VBo(Ar).

t? (ET) E— ET

e

AT TAT

7'l'><idT

(2) hom-objects. The functor Autg (F) at the level of hom-objects is defined as
follows: if g : 7" — T is a morphism of k-schemes then the map Autg(E)(g) :
Autg, (E)(T) — Autg (E)(T") is given by

Autg (B)(9)(f.€) = (p1o (fo(idE xg), p2), Log) € Auty: (E)(T").
Remark 3.7. (1) The product in Autg, (E)(T) (the composition of graded auto-
morphisms) is defined by the following rule: (f',¢')(f,€) = (f'o f,s0 (£, ')).

(2) Notice that by construction, if (f,¢) € Autg (E)(T), then f = (f,p2), where

f: E xT — E is a morphism of k—schemes. It is equivalent to give f or f provided
that the new map makes the diagram below commutative,

ExT ! E
TFXidTl lﬂ'XidT
ida

To simplify notations we write indistinctly f : Er — Er or f : EXxT — E in
accordance with the context.
(3) Let (f,£) € Autg, (E)(T) and g : T" — T. If Autg (E)(9)(f,¢) = (h,log) €
Autg, (E)(T"), then h = (h,p2) : Ep» — Ep/, with

hie,t') = (pro (fo (idr x9)) (e,t') = f(e,9(¢)) € E.
Remark 3.8. (1) In [I8, Lemma 2.8] it is proved that the functor T — Autg, (E)(T)
is representable by a group scheme of finite type, denoted as Autg, (F). It follows
that the projection d : Autg (E) — A, given by d(T)(f,¢) = ¢ € A(T) for any
(f,0) € Autg (E)(T), is a morphism of group schemes. It is clear that Ker(d) =
Autg(E), i.e. the smooth, affine and connected group scheme of finite type consisting
of all the automorphisms of the vector bundle F.
(2) In the particular case where A = Spec(k) and T' = Spec(R) for R a commutative
k-algebra, it is clear that E is a k-vector space and f € Autgy(E)(Spec(R)) is
determined by a morphism fr : E X Spec(R) — E Xk Spec(R), linear on the fibers,
which is equivalent to give an k-linear automorphism f : £ — E.
(3) Consider the canonical action a : Autg(E) x E — E of the group scheme
Autg, (E) on E as described in Remark 24l If T is a k-scheme and (g,d(g)) €
Autg, (E)(T), then g = (¢,p2) : Er — Er. If e € E(T), then a(g,e) = go(e,idr) :
T - ExT — E € E(T). A direct computation shows that the degree d(e —
gol(e,id)) =d(e — a(g, e)) = d(g).
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Therefore, the diagram in Definition 0] (i) in this context reads as:

Autg, (E) x E—2—E

Ax A— A

Definition 3.9. Let A be an abelian variety. A vector bundle 7 : £ — A is
called homogeneous if the induced morphism of group schemes d : Autg, (E) — A
is faithfully flat — i.e. if d is surjective, in view of Theorem 2.9

The category HVBg(A) is defined as the full subcategory of VBo(A) that has as
objects the homogeneous vector bundles.

Remark 3.10. (1) In view of Corollary 210, a vector bundle 7 : E — A is
homogeneous if and only if for any geometric point b € A(k), there exists an
isomorphism of k-vector bundles Er — ty B

(2) Since A is an abelian variety, it follows that if 7 : E — A is a homogeneous
vector bundle, then the short exact sequence:

Aut gy (E) : 1 —— Auty(E) — Autg (E) —25 A —— 0

is a smooth affine extension of A, of finite type. In particular, Aut,, (E) is a smooth
group scheme of finite type.

(3) It follows from Remark 244 that Autg,(E) = Auto(E) Aute (E)° and therefore
Autg, (FE) is a connected group scheme.

Lemma 3.11. Let S: 1 H G154 0 be an affine extension of the
abelian variety A, and let V' be a finite dimensional H-module. Then the vector
bundle Ty : By = G x® V. — A is homogeneous. Conversely, if g : E — A is
an arbitrary homogeneous vector bundle, then E = Autg(F) xAuto(E) B awhere
Eo = 771(0) is as usual the fiber over 0 € A.

ProOF. Indeed, it follows from Theorem 2.61]that 7y : By, — A is a vector bundle
and that G acts linearly on Ey . Since the G—action of Fy induces a morphism of
affine extensions & — Autg (E), it follows (for example from Remark B.10) that
the vector bundle Ey is homogeneous.

Conversely if mg : E — A is a homogeneous vector bundle, by the first part of
the lemma Autg, (F) x2" () F; is a homogeneous vector bundle, and clearly the
restriction of the action Autg (E) x E — E to Autg(E) x Ey — E induces the
required isomorphism (see Remark B10)). O

Definition 3.12. The vector bundle Ey is called the homogeneous vector bundle
associated to the H-module V.

Remark 3.13. It is clear from the definition that if F, E’ € HVBy(A) are homo-
geneous vector bundles, then £ @ FE’, E® E’ and EV also are objects of HVB((A)
and these operations (and the corresponding morphisms) endow this category with
a k-linear and monoidal rigid structure — this was proved in [42] and [43]) when
k is an algebraically closed field, then by Remark we deduce the general case.
Moreover, in [18, Theorem 2.9 and Corollary 2.10], Brion proved that HVBg(A) is
also an abelian category, stable by direct summands.
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Next we enlarge the family of arrows in the categories VBg(A) and HVBy(A)
taking instead of arrows of degree zero, arrows of arbitrary degree a € A. We use
the same notations and abbreviations than in Definition B.6] and remarks B.7] and

B3

Definition 3.14. Let 7 : E — A and #’ : B/ — A be two vector bundles. We
define the graded homomorphisms functor Homg, (E, E') : Sch®® — Sets as follows.

(1) If T € Sch, then Homg, (E, E')(T') is the set of pairs (f,¢), where f : Ep — EI,
is a T—morphism and ¢ € A(T') such that:

(i) the diagram below commutes

Br=ExT—' B —FxT

ﬂ—XidTl lﬂ'/ xidp

AT:AXTt—>AT:AXT
’

ii e induced morphism of Ap-schemes Ep — ¢ see diagram below) is
ii) The induced hi fA h E T B di bel i
a morphism in VBy(Ar).

l lﬂ"XidT

AT T> AT.

(2) If g : T" — T is a morphism of schemes and (f,¢) € Homg, (E,E’)(T), with
f=(f,p2): ExT — E xT, then

HOIIlgr(E, E/)(g)(f) = ((fo (ldE Xg)7p2)a Kog),
Notice that (fo (idg xg),pg) : Epr — El is a morphism of Ap—schemes.
Remark 3.15. (1) By construction (and descent theory, see [23], 1.2.2.7] of [57, Tag

0238]) Homg, (E, E’) is a fpqc sheaf.

(2)Let m: E - A, ' : B/ — Aand 7" : E” — A be three vector bundles.
Then the composition of morphisms induces a natural composition morphism (a
natural transformation between the functors) Hom,, (E, E’) x Homg, (E', E") —
Homg, (E, E").

(3) Notice that the family d(T") : Homg, (E, E')(T) — A(T) produces also a mor-
phism (natural transformation) d : Homg, (E, E') — A.

Example 3.16. Given two homogeneous vector bundles F, E’, the zero morphism
0: F — E'is given by 0 = opomp (see Definition B.3). We generalize this
construction to arbitrary degrees as follows.

If 7 € A(T), it is clear that the pair (CE,K) with (¢, = opropiotio (ﬂ' X ldT) E x
T — E'yields a graded morphism of degree £. The T—point ({;, £) € Homy, (E, E')(T)
is called the pseudo-zero of degree {£.

Notice that (¢, ¢) induces the zero morphism 0 : E; — t} Ep.
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Remark 3.17. Let V = Func((Sch |k)°P, Sets); then we can endow V with the
product induced by the cartesian product in Sets, which final object is the constant
functor equal to the final object in Sets.

Clearly, the Yoneda embedding Y : Sch|k — V = Func((Sch|k)°P, Sets) pre-
serves finite products.

Definition 3.18. (1) For V as above, we define the V-category VB, (A) (i.e. VB4 (A)
is enriched over V) as follows:

The objects of VBg,(A) are the same than VBg(A).

Given (E, ), (E', ") € VBg(A), the hom-object with domain (E, 7) and codomain
(E',7") is Homg, (E, E') € V, i.e. the functor of graded homomorphisms of vector
bundles, with compositions as defined before (Remark B.TH]).

(2) The V—category HVB,g,(A) is the full V-subcategory of VB, (A) with objects
the homogeneous vector bundles (compare with Definition B.9)).

Similarly than Definition 3.9 the category HVBg.(A) is the full subcategory of
VBg:(A) with objects the homogeneous vector bundles.

Remark 3.19. Let 7 : F — A and ' : E/ — A be two vector bundles and
f+ E = E' € Homg(E,E’) be a morphism of vector bundles. Then fr = f x
idy : Er — El, € Homg, (E, E')(T). Thus Hom(E, E’) represents a subfunctor
of Homy,(E, E'), with Homo(E, E')(T) = {f € Homg, (E, E')(T) : d(T)(f) = 0}.
Thus, VBo(A) C VB4, (A) is a wide (V-enriched) subcategory — in the sense that
has the same objects but less morphisms. Similarly for the homogeneous situation.

Notation 3.20. If E = E’, then Endg (E) := Hom,, (E, E) and Endy(E) :=
Homg(E, E).

Remark 3.21. It is clear that Endg, (£) and Endg(F) are functors on monoids, and
that the group Autg (E) (resp. Auto(E)) is a subfunctor on monoids of Endg, (E)
(resp. Endg(F)).

The relationships between the (enriched) categories we just defined is illustrated
in the diagram below, where the vertical arrows are full subcategories and the
horizontal are wide subcategories.

VBo(A) C VBg(A)
C C
HVB,(A) C HVB,.(A)

Example 3.22. It is clear that if A = Spec(k), then all these categories collapse
into Vecty = VBq(Spec(k)) = HVBq(Spec(k)) = HVBy, (Spec(k)) = VB, (Spec(k)).
Indeed, if T = Spec(R) € Sch|,k, and VW € Vecty, then Vp = (V x T —
T) and Homg (V,W)(T) = Homy(V,W) & R — in other words, the functor

Homyg, (V, W) is represented by the vector space Homy (V, W).

Remark 3.23. (1) In the category VBg(Ag), for £ € A we denote as Ty the
“pullback by the translation ¢,” functor (compare with Definition B.6](ii)). Thus,



A REPRESENTATION THEORY FOR QUASI-COMPACT GROUP SCHEMES 35

Ty : VBo(Ag) — VBo(Ag) is given at the level of objects by:

T(E) 225 E

ﬁA.
4

It is clear that the vector bundle (Tg(E) 1) = (E,t_gom); when there is no
danger of confusion, the structure map 7; is denoted simply as 7.

If (E,7) and (E', ") are objects in VBg(Ay) and f : (E,7) — (E’',7’) is an arrow
in VBo(Ag), then Ty(f) = f : (Te(E),m) — (To(E), ') is an arrow in VBg(Ag)
as shown in the diagram below.

The map ¢ — Ty : A — Fun(VBg(4y)) is a morphism of the monoid (A4,+) to
(Fun(VBg(4)), o) (o denotes the composition of functors). In particular for each
¢ € A the functor T} is invertible and its inverse is T .

(2) Let £ € A, and (E,m), (E',7") be two objects in VBg(A;) and f : E — E’
a morphism of the underlying schemes. The diagram (whose rightmost triangle is
commutative):

—)E’
/

E
A/4> A
proves that Homg (E, Tg(E’)) = {f B — E' 7' f =tm, f|Eb : By — By 1inear}.

In view of the preceding remark, if E, E’ are homogeneous vector bundles over an
algebraically closed field one can work with sets of graded morphisms, i.e. to consider
the set of morphisms f : E — E’ such that n’o f = tso7 for some ¢ € A, rather
than with the functor Endg, (E, E”). This is the approach taken by L. Brambila-Paz
and A. Rittatore in [8], for examination of the geometry and algebraic structure of
Endg, (E) and Homg, (E, E').

If k is an arbitrary field, and E, E’ € HVBg,(A), we present below the proof that
Homg, (E, E') is representable by the vector bundle Liom,(z,z) = Autg (E') x Auto(E')
Homg(E, E’) (see Lemma BII]). It is similar to the proof in [8] (in the hypothesis
that k = k), with the necessary adaptations to the general situation.

Lemma 3.24. Letm : E — A, n' : E' — A be two homogeneous vector bundles
over the abelian variety A. Then the homogeneous vector bundle Lyom, (g, £y =

Auty, (E') xA" () Homg(E, E') (see Lemma[311) represents Homg, (E, E').
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Moreover, Homg, (E, E') = Ryom(p,p1) = Autg(E) xAuto(E) Homg(E, E') €
HVB(A).

PROOF. We adapt the strategy used in [8] for the algebraically closed field case to
this general case.

Let ¢ : Autg (E') x Homg(E, E') — Homg, (E, E’) the morphism of fpqc sheaves
given by composition. Then clearly ¢ is Auto(E)—-invariant (see Remark 2.63), and
therefore induces a morphism of fpqc sheaves ¢ : Lyom,(z, ) — Homg, (E, E').

We prove now that ¢ is a monomorphism. Let y1 : T' = Lyom,(g,E7), Y2 : T —
Ltiomy(g,5) be two points in Lyom, (g, (T) such that ¢(T)(y1) = &(T)(y2) €
Homg, (E,E')(T). Let o; : T; — T, i = 1,2, be fpgc morphisms and z; =
(91, f1),z2 = (g2, f2) € Autg(E') x Homg(E, E')(T;) be such that m(x;) = yio0;.
Then as points in Homg, (E, E')(T1 X1 T5), we have that

gro f1 = ¢(T1 x7 Ta)(21) = ¢(y1) = ¢(y2) = ¢(T1 X7 T2)(22) = g20 fo.

It follows that fo = gy 'ogiofi € Homg(E,E')(Ty xr Ty), with gy tog1 €
Auto(E'). Thus, y1 = y2 € Luom (e, e (T1 X7 T2) and it follows that y; = ya €
Ltom(m,5)(T).

In order to prove that ¢(T) is surjective for all T', let (f,¢) € Homg, (E, E')(T).
Let 0 : T/ — T a fpqc morphism and g € Autg, (E')(Z”) such that ¢(T)(g) =
log € A(T'). Then h = g~ 1o (fo(idg x0),lo0) € Homg(E, E')(T"). It follows that
o(T")(g9,h) == ((fo(idg x0),lo0) € Homg (E, E')(T’). From the commutative
diagram:

#(T)
LHomo(E,E/) (T) B HOngr (E5 E/) (T)

Lo

LHomo(E,E’) (T/) —_— Homgr(E, E/)(T/)

we deduce that there exists § € Lyom(p, ) (1) such that ¢(y) = (f,£) by descent.

The last assertion can be proved by a similar argument. ([l

Remark 3.25. Let E, E' € HVBg(A). Since Homg, (E, E') = Autg, (E') xAuto(E)
Homg(E, E’) is a homogeneous vector bundle, it follows that HVBg,(A) is a closed
category.

Corollary 3.26. Let 7 : E — A be a homogeneous vector bundle. Then Endg, (F)
is a smooth monoid scheme of finite type, such that the following diagram is com-
mutative, where the vertical arrows are open immersions.

1 — Endo(E) — Endy, (E) —45 A ——0

1 —— Auto(F) —— Autg, (E) — A——0

PROOF. Once we know that Endg, (E) is a smooth scheme of finite type, and taking
into account [13] Theorem 1], the result follows easily. O
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Remark 3.27. We observed in Remark B3] that HVB((A) is a abelian, monoidal,
rigid category. Nevertheless, these structures cannot be defined in the (wide) ex-
tension of the category HVB((A) that we denoted as HVBg,(A).

However, for homogeneous morphisms of the same degree it is clear that the
following holds.
Lemma 3.28. Let E,E', F, F' € HVB,,(A) and (f,¢) € Homg, (E, F)(T), (f',¢) €
Homg, (E', F')(T') be graded morphisms. Then the following maps are graded mor-
phisms in HVBg(A):
(i) (f ® f',0), where f@ f : (E® E')r =2 Er & El. — (F & F')r is given by
(fof)et+e)=fle)+ f(e);
(i) (f @ f',0); where fQ f' : (E® E")y & Er @ El, - (F ® F')r is given by
(fef)lewd)=fle)o f(e).
(iii) (f¥,—L), where f¥ : (EL)Y = ((E")Y)r — Er. O
Remark 3.29. Let £ — A be a homogeneous vector bundle and assume that
Autg,(E) admits a section 0 : A — Autg.(E), doo =ida. Then (0,idg,) : AXEy —
Autg, (E) x Ey clearly induces a morphism of vector bundles A x Ey — E =
Autg, (E) xAuto(E) B Thus, we have proved that a homogeneous vector bundle is

trivial if and only if Auts(E) admits a section. This is a well known result when
k is algebraically closed field (see [42] and [g]).

Definition 3.30. Given an object E in the category HVBy(A), we call HVBy(A) g
the full abelian monoidal rigid category generated by E. We call HVB,, (A)g the
full subcategory of HVB,,(A) that has the same objects that HVBy(A)g.

Remark 3.31. (1) By definition the category HVB((A)g is characterized by the
following universal property: for every abelian monoidal rigid category C and any
object ¢ € C there is one and only one additive monoidal functor F, : HVBy(A)g —
C such that F.(F) = c.

(2) The relations between the above categories is depicted in the diagram below:
HVBy(4) C HVB4(4)
< -
HVBo(A)r € HVB,(4)E

2

where the horizontal maps are wide inclusions and the vertical ones are full.
Remark 3.32. Let 7 : E — A, 7 : B/ — A € HVBy(A). Then we have a
morphism of schemes a : Homg, (E, E’) x E — E’ as follows:

If T is a k-scheme, then a(7T') : Homg, (E, E')(T) x E(T) — E'(T) is given by
CL(T) ((f, é), 6) = fo (6 X ldT) Notice that wg (f(e X ldT)) e d(f) + 7TE(€).

In other words, we have a commutative diagram
Homg, (E,E') x E —— E'
AxA— A

If E = E’, then a : Endg,(F) x E — E is an action of the smooth monoid
End,, (E) (see Corollary B.26]), we say that the action is linear on the fibers.
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3.2. Representations of affine extensions.

Definition 3.33. Let S : 1 H G154 0 be an affine extension
of the abelian variety A. A representation of S or S—module, is a homogeneous
vector bundle 7g : F — A equipped with a morphism of affine extensions ¢ : § —
Autg (E)

S 1 H G—1— A 0
1 L
Autgr(E) 1 —— Auto(E) —— Autg,(E) —£5 4 —— 0

Remark 3.34. (1) To give a representation of S on an homogeneous vector bundle
ng . E — A is equivalent to give an action of a : G X E — FE, linear on the fibers
(see Remark [38)), such that the following diagram is commutative

GxE—3F

qXTrEl J/TFE

AxA——A

Therefore, when we talk about a representation of S we mean either a morphism
of affine extensions schemes g : S — Autg, (E) or a vector bundle E together with
the action a, of G associated to p.

In particular in the above perspective, if g € G(T') and p(T)(g) = (fy,€), then
¢ =d(p(T)(9)) = alg) € A(T) and (a,(g,—),p2) = fg : Er — Er is such that
the induced morphism Er — t;( g)ET is an automorphism of vector bundles (i.e. an
isomorphism in the category HVBy).

(2) By construction, if p(G) is the scheme theoretic image of p : G — Autg, (E), then

a5l

0o(8): 1— p(H) — p(G) ———— A — 0 is a closed sub-extension of Auty (E).

Example 3.35. Let S: 1 H G154 0 be an affine extension and
I:= (p2 : k x A — A) be the trivial bundle. Then Autg, (I) is the extension

0 Gm (4040 ) G x A—23 A— 0, where st : G — Spec(k) is the

structure morphism of G as a k—scheme.

It is clear that the representations ¢ : & — Aute(I) are in bijective corre-
spondence with the characters of G, i.e. with the group scheme homomorphisms
X : G = G, this identification is given by x — (x,q) : G = G, X A for x a
character as above.

The trivial character i.e. the morphism x¢ = 1g,, o st , induces the representation
00 = (X0,q) : S = Autg (I), and the associated action a,, : G x I — I is called the
trivial representation or trivial S—module.

Remark 3.36. Let (F, og), (E’, 05/) be two S—modules. Then G acts on the vector
bundle Homg, (E, E') as follows.

If g: T - G € G(T) and (f,¢) € Homg,(E,E')(T), then a,(g,(f,0)) =
05(9)e (f,0)o0r(9™") € Homg (B, E')(T).
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Notice that a,(g,—) : Homg (E, E')(T") — Homg, (E, E')(T) is a morphism of
Ap—vector bundles and that the diagram below is commutative

G x Homg, (E, E") —)Homgr (E, E)

e

In particular, a, induces a morphism of group schemes G — Auto (Homg, (E, E")) C
Auty, (Homy, (E, E')).

Lemma 3.37. Let (E, o), (E', o) be two S—modules and consider the action a, :
GxHomg, (E, E') — Homg, (E, E') defined in Remark[Z36. Then @ Homg, (E, E') =
Gant X" G Homg(E, E'), where © Homg,(E, E') denotes as usual the fized
points subscheme. In particular, © Homg, (E, E') is an Sans—module and hence it is
a homogeneous vector sub-bundle of Homg, (E, E').

ProOF. Consider the action of G given by post-composition by pg/(g), that is
ap, = prro—: G x Homg, (E, E') — Homg, (E, E").

Let Sant be the closed subextension associated to the Rosenlicht decomposition
of S (see Theorem 2.42), and notice that ¢ Homg, (E, E') is stable by the action of
Glant, since Gy is central in G. In particular, ¢ Homg(E, E’) is GantNH-submodule
(clearly ©Homg(E, E') is a vector space), and Rc Homo(E,E) = Gant x GantNH
% Homg(E, E') — A is a homogeneous vector bundle (see Lemma[B.I1). The action
ap,, clearly induces an injective morphism of vector bundles a,, : Re Homo(E,E") —
Hom,, (E, E') , with image contained in ¢ Homg(E, E). Since (Rc HomO(E)E/))O =
“Homy(E, E'), it follows that Rc Homo(E,B") = ¢ Homg, (E, E'). d

Definition 3.38. In the notations of Lemma[3.37, the sub-bundle ¢ Homg, (E, E)
is called the (homogeneous) vector bundle of G—equivariant morphisms.

Remark 3.39. Let (F, o) and (F, op/) be S—modules and denote by ag : GXE —
E and ap : G x B/ — E’ the corresponding linear actions. Let us call a :=
4G Hom,, (B,E') * ¢ Homg, (E, E")x E — E’ the morphism associated to ¢ Homy, (E, E’)
(see remarks B34 and B.32)). Then we have the following commutative diagram:

idg Homg, (B,B') XOE

¢ Homg, (E,E') x G x E

UlZ\L

¢ Homg, (E,E') x E

G x “Homg, (E,E') x E a
idg Xal
G x E e E

where 015 : © Homg, (E, E') x G x E — G x % Homy, (E, E') x E is the isomorphism
given by the permutation of the first two coordinates.

Corollary 3.40. Let S: 1 H G154 0 be an affine extension
and E, E' € Rep(S). Then a morphism f € Homgep(s)(E, E') is determined by its
restriction to Eg = m=1(0), the fiber over 0 € A.

Proof. Indeed, f([g.€]) = f(g-[1.€¢]) = g- f([1,¢€]) for all (g,e) € G x Ey. O
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Definition 3.41. Let S: 1 H G154 0 be an affine extension of
the abelian variety A. We define the category (enriched over Sch [k) of representa-
tions of S or S—modules, denoted as Rep(S), as follows:

The objects are the representations of S.

If (E,0r),(E',0r') € Rep(S), then Homgey(s)(E, E') := ¢ Homg, (E, E'), the
(homogeneous) vector bundle of G—equivariant morphisms.

We define Rep,(S) as the wide subcategory of Rep(S) that has as morphisms
Hompgep, (s)(E,; E') := Hompgeps)(E, E')o. Notice that Homgep, (s)(E, E') can be
identified with the vector space of morphisms of vector bundles f : E — E’ that
commute with the action (compare with remarks and [3.39).

Remark 3.42. Later — for reasons of notational uniformity — we represent an

affine extension suchas S : 1 H G154 0 simplyasq: G — A and
Rep(S) simply as Rep(q) and the same for Repy(S) = Repy(q). See the comments
at the introduction of Section [0l and also Example [6.25]

The following theorem exhibits the relationship between Rep(S) and Rep(H) —
it can be seen as a generalization of [I8, Theorem 2.9].

Theorem 3.43. Let S : 1 H G154 0 be an affine extension
and V € Repg,(H) a finite dimensional (rational) H-module. Then my : Ey =
Gx"V =(GxV)/H — A is a representation of S — recall from Theorem [2.61]
that the quotient mgxyv : G X V. — Ey exists and that my : By — A is a vector
bundle of fiber isomorphic to V.

Conversely, if the vector bundle m : E — A is a representation of S, then E and
G xH Ey are isomorphic in the category HVBg(A), where the action H x Ey — Ey
is given by restriction.

Moreover, the category Repy(S) is equivalent to Repg, (H). In particular, Repy(S)
is an abelian, monoidal, rigid, category.

PROOF. The first assertion is the content of Theorem [2.61]

Conversely, if £ — A is a S—module, then Ej is an H-module and therefore,
again by Theorem 2.61] the induced space Ey = G x™ E, is a representation of
S. Moreover, the morphism f : G x Ey — E, (g,v) — g -v is H-invariant and
therefore induces a morphism f : By — E (given by f([g, v]) = g-v). Since fis
clearly a bijective morphism of vector bundles, it follows that fis an isomorphism.

It is now an easy exercise to verify that a morphism of H-modules f : V — W
induces the morphism of S-modules f : G x# V — G x# W f([g,v]) =[g,f(v)].
Therefore, we have just constructed a functor Repg,(H) — Repy(S) such that
Ve G <"V and Hompe,, ) (V,W) > f — f € Homo(G x" V,G x" W).
This functor is clearly the inverse functor of the “restriction to the fiber” functor
Repy(S) — Repgy, (H). O

Corollary 3.44. LetS: 1 H G154 0 be an affine extension and
E,E' € Rep(S). Then E = E’ as S—modules if and only if Ey = E{y as H-modules.

PROOF. Since the H-action of FEy, Ej, is by restriction, it is clear that if £ = E’,
then Ey = E|. Assume now that f : Ey — E is an isomorphism of H-modules.
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Then the canonical morphism G x Ey — E' = G x* Ej given by (g,v) — [g, f(v)]
induces a morphism f : E = G x¥ Ey — E’, that is clearly a G-equivariant
isomorphism of vector bundles. (Il

Corollary 3.45. LetS: 1 H G214 0 be an affine extension and
E € Rep(S). Then E = Gy xGon™ By

Proof. Let (Gant NH) X Eg — Eg be the (Gant N H)—module obtained by restriction
of the H—action. Since S has a Rosenlicht decomposition, G/(Gant N H) = A and
Gant X" H B 5 A is a vector bundle. The canonical inclusion Gany X Ep <
G x Ey induces a morphism of vector bundles Gany xC»"H Ey — G xH Ey = F
(of the same dimension) that is clearly an isomorphism. O

Corollary 3.46. Let S : 1 H G154 0 be an affine extension,
and (7 : E — A, 0p : G — Autg(E)) an S-module. Then E = p(G) xPUH) Fy,
where, as usual, p : G — Autg (E) is the mid morphism of op and Ey = 7=1(0).

Proor. Immediate. 0

Combining Theorem [3.43 with Corollary [3.46] we obtain the following character-
ization of an homogeneous vector bundle.

Proposition 3.47. Let 7 : E — A be vector bundle. Then E is homogeneous if

and only if there exists an affine extension S: 1 H G154 0 and
an action a : G X E — E, such that the following diagram is commutative.

GxFE-X S FE

Ax A A

and the restriction al,, , H x Eq — Eq is a linear representation of H.

PRrROOF. Let E, § and a be as in the hypothesis. Then, as in the proof of Theorem
B43 al.,p, : G x Eg — E induces an isomorphisms G xH By = E. Conversely, if
If 7 : E — A is homogeneous, then E is a Autg(E)-module by Corollary 346l O

Examples 3.48. (1) Let Gap ¢ 1 GG Spec(k) — 0 be an affine

group scheme viewed as an affine extension. Then Rep(Gag) = Rep(G), the “clas-
sical” category of representations of an affine group scheme (see Example B.22)).

(2) Let A be the trivial extension 0 0 A4 0 . Since a homoge-
neous vector bundle E is trivial if and only if there exists a section A — Autg (E)
(see Remark [3:29), it follows that Rep(.A) has as objects the trivial bundles A x V|
with action a : AX (AXxV) = AXxV,b-(c,v) = (b+ ¢,v). On the other hand
Hompgep(s)(E, E') = Homg, (E, E') = Homy (Ey, Ej) x A.

(3) Consider an isogeny g : A — A and the corresponding affine extension Sy :
1 N A2y A A/N —— 0, where N is a normal finite subgroup scheme.
If E € Rep(Sy), then E = A xN V where V € Rep(N).

It follows that Rep(Sy) can be obtained as follows. Let N be the category
of the trivial homogeneous vector bundles built on Rep(N): (i) E € Obj(\N) if
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E=AxV,with V e Rep(N); (ii) (f,¢) € Hompr (A x V,; A x V')(T) if and only
if f=(exh):AxTxV = AxT x V' with h € Homgepn)(V,V'). Consider
the functor @ : N' — HVBg,(A) given by the quotient by the diagonal action
n - (a,v) = (an~!,nv). Then the Rep(Sy) is the image of A" by Q.

(4) Assume that k = k and let L € Pic(A) be an invertible homogeneous vec-
tor bundle. Then L* = L\ (L), where § : A — L is the trivial section, is
a smooth group scheme, with Chevalley decomposition induced by the canoni-
cal projection m : L — A (see 47, Theorem 2] and [8, Corollary 6]): L* :

7| y

1—k* L* ——A—0.

It follows from Theorem[Z 43 that F is an £ -module if and only if F 2 L*x¥"V,
where V is a k*-module. On the other hand, it is clear that L®™ is an £*-module,
with action L* x L®" — L®" givenby a- (h ®@ - ®@1,) = (a-11) @ -~ @ (a - Iy).
It follows that if V = @V;, where a - v = a'v for v € V;, then E = P, EBJdIZHiW et

For further use in the next section, we introduce now the definition of T -
morphisms of homogeneous vector bundles and some related notions.

Definition 3.49. Let C be a Sch |k—category and T' € Sch |k. The category C(T)
is defined as follows:

(1) its objects are the objects of C.

(2) given two objects x,y € C, Home(r)(z,y) = Home(z, y)(T).

Remark 3.50. (1) Notice that if C is a Sch |k—category, T' € Sch|k and = € C,

then the structure morphism st : T — Spec(k) induces an identity morphism in
Ende(7y (), by post-composition with the identity morphism Spec(k) — Ende¢(z).
(2) Let C,D be two Sch |k—categories, and F : C — D a functor. It is clear that F
induces a functor F(T') : C(T') — D(T).

Definition 3.51. Let S be an affine extension and T € Sch|k. We define the
category of S—modules with T-morphisms, as the category Rep(S)(T).

Remark 3.52. Notice that the degree morphism Hom,, (E,E’) — A induces a
degree morphism Homgep(s)(r)(E, E') = Homg, (E, E')(T) — A(T).

Definition 3.53. Let C, D be two Sch [k—categories, and F, G : C — D two functors.
If T € Sch |k, a T—natural transformation is a natural transformation A : F(T) =
G(T).

A functor on natural transformations A : F = G is a functor A : Sch |k°P — Sets,
such that A\(T) : F(T) = G(T) is a T-natural transformation.

3.3. The category Rep(S).
In this paragraph we collect some basic properties of the categories of representa-
tions Rep(S) and Rep,(S) of an affine extension S : 1 H G154 0.

Remark 3.54. Let S be an affine extension. Even though the category Rep(S) is
not monoidal, a situation similar to the one described in Lemma [3.28 holds, since
Repy(S) is an abelian monoidal rigid category.

Indeed, once Theorem B.43] is established, the assertion for Rep,(S) is proved
by transplanting the corresponding structure from Repg,(H). In that manner we
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obtain for E, E’ objects in Repy(S) (that has the same objects than Rep(S)), other
objects in the same categories called EV, F @ FE’ and E ® E’ and for arrows in
Rep,(S) we can define the arrows — also in Repy(S) — [V, f®g, [+ g as well
as the functors Ker and Coker in Rep,(S). This construction at the level of arrows
can be defined directly or by transporting them from Repg, (H).

On the other hand, Lemma implies the following weaker version of the
universal properties.

Lemma 3.55. Let S be an affine extension and E,E’, F,F’ objects in Rep(S).
Consider the graded morphisms (f,£) € Homgeps)(E, F)(T), (f',£) € Homgeps)(E", F')(T),
and (g,£) € Homgeps)(E', F)(T). Then (f®f',£) € Homgeps) (EQE, FRF')(T),

(f +9,¢) € Hompeps)(E @ E', F)(T) and (f¥, —{) € Homgeps)(FY, EY)(T).

PROOF. Immediate. O

Definition 3.56. Let S: 1 H G154 0 be an affine extension of
the abelian variety A. We call wg, : Rep(S) — HVBg(A) the forgetful functor in
the category of homogeneous vector bundles over A; and wy : Repy(S) — HVBy(A4)
is the functor induced by restriction of wg, — notice that wy is a monoidal functor.

Repy(S)——— Rep S

HVBo(A)—— HVB,,(A).

Notation 3.57. In the future and in order to simplify the notations, if (E, o) €
Rep(S) we often omit the morphism gg and write that E is an S—module. The
forgetful functor wg, : Rep(S) — HVB,,(A) is given at the level of objects by
(E, 0r) — E. Occasionally and when it does not produce confusions, the forgetful
functor applied to objects might be omitted and we write wg, (E) := E, and similarly
for the hom-objects.

Remark 3.58. Consider the functor wg, : Rep(S) — HVBg,(A) and let T' € Sch |k.
Then a T-natural transformation A : wg(T") = wg; (T') is given by a family of graded
morphisms A\p = (fg,/E) € Endg (we:(E))(T) = Endg, (E)(T), E € Rep(S), such
that the graded morphisms Ag satisfy the following compatibility condition:

For all E,F € Rep(S) and (g,a) € Hompey(s)(E, F)(T) = € Homg, (E, F)(T)
the diagram below, that is a diagram in Sch |T', commutes:

;
wer (B)p ————— we(E)r

| |

wer (F)r — wer (F)r

Q

Notice that in the diagram above we use the fact that we(T)(g,a) = (g,a) €
Homy, (E, F).
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In particular, given E1, F5 € Rep(S), then the canonical inclusions inc; : (E;)r —
(E1 ® E)r = (E1 @ E2)7 induce the following commutative diagram:

Ap,
ng(Ei)T wgr(Ei)T

wer (inc; 7O)l lwgr (inc;,0)

wgr(El &) EQ)T )\—> Wgr(El 2] E2)T
E1®Eo

It follows that d(Ag,) = d(Ag,@E,) = d(Ag,). In other words, the degree of the
morphisms \g is constant.

Definition 3.59. In view of Remark B58] if A : wgr(T') = wer(T') is a T-natural
transformation, the degree of A is defined as d(\;), where I = k x A — A is the
trivial representation (see Example B:35).

Definition 3.60. Given the functor wg, : Rep(S) — HVBg,(A) we consider the
functor on natural transformations End(wg,) : Sch |k — Mon, defined as

End(wg:)(T) = {A : wgr(T) = wer(T) = A is T-natural transformation}.

If g : 7" — T, then End(wg)(f) : End(wg)(T) — End(wg,)(7”) is given by
End(wg:)(f)({Ae}) = {Ng}, where X = Endg (wer(E))(9) = Endgi(E)(g) (see
Definition B14).

Remark 3.61. (1) By definition, an element of End(wg,)(T) is a family {Ag =
(fE.0) € Endg,(E)(T) : E € Rep(S)} (see Remark 358)).

(2) The monoid structure on End(wg,)(T") is given by vertical composition of the
families: {Ag}o{pur} = {Agopr}. The unit of the monoid is the family { (idgxr,0) €
Endg, (E)(T)}. Notice that d(Agopg) = d(Ag) + d(ug) € A(T).

Definition 3.62. The degree map d.,,, : End(wg,) — A is given by d,,,, (T)(\) =
d(Ag) = d(M).

We denote by Endg(wgr) C End(wy,) the subfunctor of the families of degree 0
Endg (we:)(T) = {A € End(wg:)(T) : du,, (N) =0}.

Wer

Remark 3.63. It is clear the degree map d is a morphism of functors on monoids,
and that Endg(wgr) = Ker(d).

Definition 3.64. Define the subfunctor on monoids Aut(wg) C End(wg:) by
Aut(wg, )(T) = {A = {Ag}: Ap € Autg, (E)(T)} C End(wg,)(T)

and the corresponding subfunctor Auto(wg:) C Endg(wg:) by Auto(wg:) = Ker(d,,
Aut(wgy) = A:

Aut(wgr)) :

Auto(wg )(T) = {\ € Aut(wg: )(T) : o, (A) = 0}.
Remark 3.65. In accordance with Corollary and Lemma B37 if £ := (7 :
E — A) € Rep(S), then Endg (wg:(E)) = Endg (E) and wg, (Endgep(s) are a
smooth monoid scheme of finite type, and Autg, (wer(E)) < Endg, (wer(E)) and
wer (Autrep(s)(E)) < wer (Endrep(s)(E)) are open immersions.
On the other hand, is not clear that the functor on monoids End(wgy) and
Aut(wg,) are representable, since the situation much more complex as one must
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take into account the complete natural transformation — i.e. the family A = {Ag €
End,, (F) : E € Rep(S)} — as well as all the consistency conditions (see Remark

Next we define a subfunctor on monoids of End(wg:) and the corresponding
subfunctor on groups, that will be crucial for the reconstruction process.

Definition 3.66. (1) In the context above, we call End®(wg,) the subfunctor on
monoids of End(wgy) given by the natural transformations A € End(we)(T), T €
Sch |k, such that:

(i) AeyoE, = AE, ® AR, for all Eq, Es € Rep(S) (see Lemma [3.28);
(ii) I = (p2 : k x A — A) is the trivial representation (see Example [3.30]),
then (A1, £) = (idi xt¢, £) € Endg,(k x A)(T).

(2) We define the subfunctor on monoids Aut® (wg, )(T) = {Ag : Ag is an isomorphism} C
End® (wg, )(T), for T € Sch |k — notice that Aut®(wg,) is a functor on groups.

Remark 3.67. It is clear that Aut®(wg) can also be seen as a subfunctor of
Aut(wgy).

Example 3.68. G be an affine group and let S be the associated affine exten-
sion of Spec(k), (see examples B.48 and B22)). In this case, wg : Rep(S) —
HVB,, (Spec(k))) is the forgetful functor w : Rep(G) — Vecty. If T = Spec(R) €
Sch |k, since Homgep(s)(V, W)(T') = Hompgep(a)(V, W) ® R, we deduce that a
T-natural transformation wg(T') = we(T) is a family Ay : V@R - VR
of R-linear morphisms, such that the following diagram is commutative for all
f € HomRCp(G) (‘/7 W)

VoR—YSVeR

f®ide lf@idR

WoR4sWeR

Moreover, in the notation of 21} page 20] {\r} € Aut®(wg, )(T) if and and only
if {\v} € Aut®(w).
Definition 3.69. Adapting Definition we can consider the forgetful functor
wo : Repy(S) = HVBy(A) and define End(wp) as

End(wy) = {C two = wo : C is a natural transformation}.

We can proceed similarly and define: Aut(wp), End® (wp), Aut® (wo).

Remark 3.70. It is easy to see that the functor on monoids Endg(ws,) and
End(wp); End§ (wer) and End® (wp); Auto(we) and Aut(wp) as well as Autd (wgr)
and Aut®(wp) are isomorphic. For example, it is clear that d(Ag,¢) = 0 if and only
it =0 and A\g € End(wo).

Definition 3.71. (1) Given E an object in Repy(S) (or in Rep(S)) we call Repy(S) g
the abelian (monoidal) subcategory of Repy(S) generated by E and Rep(S)g the
wide extension (in Rep(S)) obtained by taking the graded morphisms.

(2) For E € Rep(S) we call wg,| : Rep(S)r — HVBg,:(A) the restriction of the for-
getful functor wg, : Rep(S) — HVBg,(A) to the subcategory Rep(S) g and similarly
for wo| : Repy(S)r — HVBg (A) the restriction of wy : Repy(S) — HVB4,(A4)
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Remark 3.72. (1) The two categories Repy(S)g and Rep(S)g are defined along
the same lines than the constructions of Definition [3.30

(2) The structures just defined are illustrated in the following commutative diagram:

Repy(S)S Rep S
~ (/
w| . Repo(S)p € Rep(S)p | |uw
— ~
HVBo(A)C HVB,(A)

(3) If 4 € End® (wer | e S)E), from the conditions on the family p it follows that
g determines p. Moreover, the universal property of the category Rep(S)g guar-
antees that End® (Wgr|n,cp(s>E) is isomorphic with a closed submonoid scheme of

Endg, (wg:(E)) and hence it is a monoid scheme of finite type.

Example 3.73 (The universal extension of an abelian variety). In [I7] and [18],
Brion constructs the projective cover of A in the category of commutative pro-
algebraic group schemes. This cover has associated an affine extension G4 of anti-
affine type, called the universal extension of the abelian variety A. We prove in this
example that Rep(Ga) = HVBg,(A).

Given a homogeneous vector bundle £ — A, consider the smooth affine extension
Autg(E) (see Remark BI0), and let Autg(E)ant be the associated closed sub-
extension of anti-affine type (see Theorem 2:42)). Then, by Corollary B45 F =
AUtgr(E)ant ><Autg,r(E)aml"WAuto(E) EO-

Consider an affine faithfully flat filtered system within the family of the affine
extensions Autg:(E)ant, £ € HVBg (A) — for example, such a family can by con-
structed using the partial order F < E’ if E & E'®E" for some homogeneous vector
bundle E”, see the proof of Lemma L4 —. Then, taking limit on E we get a (com-
mutative) affine extension G4 together with morphisms gg : G4 — Aute (E)ant:

1 Ha Ga—2 4 0

lpE I, lpE

1 —— Autg (E)ant N Auto(E) —— Autg (E)ans ——— A 0

The affine extension G4 is called the universal (anti-affine) extension of the
abelian variety A.

The equivalence of Brion’s construction and the construction of G4 as an limit, is
a direct consequence of the Tannaka Duality Theorem (4.6 see Example (.3 below.

Observe that the affine extension G4, being the limit of extensions of anti-affine
type, is also an extension of anti-affine type, by Theorem [2.58

Next, we prove that Rep(Ga) = HVB,, (A).

If E - A is a homogeneous vector bundle, then the morphism g4 : G4 —
Autgr (E)ant C Autg(E) is a representation for G4. Consider the restricted action
Hy x Ey — Ep; by Theorem Ga xHa Ey — A exists and is a G4—module.
Clearly, E = G4 x4 Ey in HVBg(A), and therefore the vector bundles are iso-
morphic in HVB,, (A).
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Moreover, let E, E’ € HVBg4,(A) be two vector bundles and consider the struc-
tures of G4—modules defined above. Then “4 Homg, (E, E') = Homg, (E, E’). In-
deed, the action G4 x Homg, (E, E') — Hom,, (E, E') (given as in Remark [3.36)
is such that Homg, (E, E'), = Homg(E, E') ® k(a) is (G a)k(a)—stable for all a €
A. Thus the anti-affine group (Ga)y) acts trivially on Homg, (E, E')s, since
Hom(E, E'), is an affine k(a)-space. It follows that G 4 acts trivially on Homg, (E, E’)
and Homg, (E, E') = Homg,(E, E').

The remarks above clearly show that the category Rep(Ga) is equivalent to
HVB,.(A).

Example 3.74. Recall that any affine group scheme G can be interpreted as an
affine extension of the trivial abelian variety A = Spec(k) (see Example 2:23)); in
particular, the trivial group Spec(k) corresponds to the sequence

& 1 — Spec(k) — Spec(k) — Spec (k) — 0 .

Analogously, the category HVB, (Spec(k)) is equivalent to Vecty.

Moreover, Rep(€) = HVBg(Spec(k)) = Vecty = Rep(Spec(k)). On the other
hand, since Autg (V) = GL(V) and that GL(V)ane = Spec(k), it follows that
Gspec(k) is the limit of the constant trivial extension £. Hence, Ggpecry = € and in
particular Ggpecy = Spec(k) — as expected from the Tannaka Duality Theorem
for affine group schemes applied to the category Vecty with the identity as forgetful
functor.

The definition that follows is the natural generalization of the one referred to in
the affine case.

Definition 3.75. An S—module FE € Rep(S) is faithful is the corresponding mor-
phism S — Auty (E) is a closed immersion of affine extensions.

Remark 3.76. Let S: 1 H G2 A 0 be an affine extension and
0: S — Auty(E) be a representation. Since H — G is a closed immersion, it
follows that p is faithful if and only if p : G — Aute(E) is a closed immersion,

if and only if p is an immersion (since G is a quasi-compact group scheme, see
Theorem [2.9).

Theorem 3.77. Let S : 1 H G154 0 be an affine extension.
Then S is of finite type if and only if there exists a faithful S—module E € Rep(S).

PROOF. Recall that G is of finite type if and only if H is so (see Remark [2.17).
If H is of finite type, then there exists a faithful representation py : H < GL(V).
Consider the induced S—module Ey = G x# V (see Theorem [3.43). Then we have
a morphism of affine extensions

S 1 H G—1 5 A—0
Ql pHJ pl H
Autg,(Evy) : 1 —— Autg(F) —— Autg, (F) —— A——0

where p|, : H — Auto(F) is a closed immersion. It follows that o is a closed
immersion (since Ker(p) C H).
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On the other hand, if there exists a faithful representation ¢ : S — Autg (E),
then the restriction p|,, : H — Auto(F) is a closed immersion. It follows that the
restriction g|,,, 5 : H x Eg — Ej is a faithful representation of H. Therefore, S is
of finite type. O

Lemma 3.78. Let S: 1 H G154 0 be an affine extension, and

al g

Sl " G’ A 0 a closed sub-extension of S. Then there
exists a homogeneous vector bundle E € Rep(S) and a homogeneous line sub-bundle
L C E, such that G’ is the stabilizer of L, that is for all schemes T,

G'(T) = {g € G(T) : g induces a T-automorphism in L x T}
(see for example [T7], § 2.2]).

ProoF. It is well known that given the pair H' C H as above, there exists a
finite dimensional H—module V' and a one dimensional subspace W C V such that
H' is the stabilizer of W, i.e. H’ is the largest closed group subscheme of H such
that H' - W C W (see for example [26, Chapter 8, Theorem 2.3]). Since &’ is an
affine extension, it follows from Theorem [3.43] that the quotients By = G x7 V
and Ew = G’ xH W exist and are representations of the extensions S and &’
respectively. We affirm that ¢ : Eyy — Ey, the morphism induced by the canonical
morphism G'XW — Ey, (g, w) — [g,w]; is an immersion of vector bundles. Indeed,
if & = [gi,wi] € BEw =G’ xH W, i =1,2, such that [91,w1] = [g2,we] € Ey =
G xH V', then there exists h € H such that goh = g1 and wy; = h - wq. It follows
that h € G’ and therefore h € H’; hence, & = &s.

Let L = ¢(Ew) C Ey be the subvector bundle image of ¢; we prove that L C Ey
does the required job for G and G’. Let g € G be such that g - L = L; we want to
prove that g € G'. Since g stabilizes L, it follows that g - [g1, w1] = [gg1,w1] € L for
all [g1,w1] € L; therefore there exist go € G', wa € W such that [gg1, w1] = [ge, wa).

Assume that g € H. If moreover g1 = 1, then [go, ws] = [g,w1] = [1, gw;], and
there exists t € H such that ¢t = g9 and twy = gw;. It follows that t € H NG, and
thus gw; € W for all wy € W. Therefore, g € H'.

If g € G(T) is arbitrary, let f : T/ — T a fpqc morphism and ¢ € G'(T"),
goc = qogo f € A(T") (such a pair (f, c) exists because &’ is a short exact sequence).
Then (go f)c™' € H(T") stabilizes L(T") and therefore (go f)c™! € H'(T'). It
follows that gof € G'(T'), and hence g € G'(T) (indeed f is a faithfully flat
morphism and hence we can apply Lemma 2.4T]). O

4. RECOVERING AN AFFINE EXTENSION FROM ITS REPRESENTATIONS

In this section we fix an affine extension & : 1 H G254 0,

S = limSa, where {Sy : 1 — Hy — Go = A — 0 ¢a s }a,ser is an (affine)
faithfully flat filtered system of affine extensions of finite type. Call ¢, : S — S,
the canonical maps depicted in the diagram below:

S: 1 H G—2 4 0

N

S 1 H, Go—= 5 A 0.
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As in the classical case of Tannaka Duality for affine group schemes, given now
the more general situation of an affine extension S and the category Rep(S), we
characterize G as the group scheme consisting of all the (families of) automorphisms
of the objects E € Rep(S) that commute with all the morphisms of the category
[ € Hompep(sy(E, E') and that satisfy additional compatibility conditions related
to the abelian and monoidal properties of Rep(S). In order to formalize this idea,
we will make use of the forgetful functors wg : Rep(S) — HVBg(A) and wp :
Repy(S) — HVBg(A), as well as the associated functors on groups Aut®(wg,) and
Autd (wgr) =2 Aut®(wo) (see definitions and [3.60)).

Following the usual pattern and similarly to the classical case, we first treat the
problem in the “finite type” setting, and then take limits.

Remark 4.1. (1) By definition, (Ag,£)p € Aut® (wg, )(T) if

(i) The morphisms Ag fit in the commutative diagram of T—schemes

Er=ExT—2 sEXxT

TFEXidTl lﬂ'EXidT

AT:Ath—>A><T
£

for all E € Rep(S), and the induced morphisms \g : Bp — t;(Er) are isomor-
phisms of Ap—vector bundles (recall that ¢ € A(T));

(ii) for all E, E’ € Rep(S) we have equalities of morphisms of Ap-vector bundles
Apop = Ap ® A 1 (Er @ Ep) — t7(Er @ Ep);

(iif) Ar = (idg xt¢,€) : (kx A)xT — (kx A)x T, where I is the trivial representation,
and

(iv) for every G-equivariant morphism (f,b) € Homgep(s) (£, E')(T) the following
diagram of morphisms of T—schemes is commutative:

ExT—1 smxT

N

ExTﬁE’xT

(2) There exists a canonical morphism (natural transformation) from the group
functor G into Aut®(wg,), given as follows. If T is a scheme, we consider the
morphism of groups (¢ : T — G) — g = (pE(T)(g))E D G(T) — Awt® (we)(T),
where op : S = Autg,(F) is as usual the morphism of affine extensions associated
to the representation F.

Observe that if pg(T)(g9) = (pg,b), then the morphisms of T—schemes p, : Ep —
Er satisfy the following commutative diagram.

Pg

ExT ExT

TrExidTl lﬂ'EXidT

AxT AxT,

ty
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and induce morphisms of Ap—vector bundles p E/(ﬂg) : Er — t; E7. Moreover, by
definition of Rep(S), the commutativity of the maps § with the maps that come
from applying the forgetful functor (condition stated in Remark F1] (iv)) follows
directly. Regarding the other requirements in the remarks just mentioned we have
that condition (i) was already checked, and conditions (ii) and (iii) are direct.

(3) Let E € Rep(S) and consider the restriction of the forgetful functor wg, :
Rep(S) — HVBg,(A) to the subcategory Rep(S)g (see Definition B.7T and Remark
B-72) and construct the corresponding group functor Aut® (wgr|ch( S)E)' Then the
map A — \p identifies Aut® (Wgr|n,cp< S)E) as a group subfunctor with its image
in Autg(E) C Aut(E). Moreover, it follows (in a similar manner than in the
mentioned remark) that Aut® (wgr|ch(s)E) can be identified with a closed sub-
group scheme of the smooth group scheme of finite type Autg () and therefore
Aut® (wgr|Rep(S)E) is of finite type — Aut® (wer ) is the unit group of the
algebraic monoid scheme End® (wgr|ch( . ).

Rep(S) g

Remark 4.2. Let (E, og) € Rep(S). We denote the scheme theoretic image pg(G)
by Gg. Since Autg, (E) of finite type, it follows that G is a group scheme of finite
type, and the morphism pp factors through an affine subextension Sg as follows

S 1 H G—L s A4—0
dslg,

S\E[: 1— (Gg)o IpE(H) Gf 1‘4‘1 0

Autg (E) : 1 ——— Auto(E) ——— Autg, (F) ——A——0

Lemma 4.3. Let E € Rep(S). Then Rep(S)r = Rep(Sg). Moreover, the canon-
ical inclusion Gg — Aut® (wgr|ch(S)E
responding affine extensions are isomorphic.

) is an isomorphism. In particular, the cor-

PROOF. Recall that Gg C Autg,(F) is a closed subgroup scheme, and hence of finite
type. Since any representation of Gg (resp. Autg(E)) is a G-homogeneous vector
bundle, and that E is a faithful representation of Gg (resp. Autg (E)), it follows
that any representation of G (resp. Autg:(E)) belongs to Rep(S)g. Indeed, it fol-
lows from Theorem B43| that Ej is a faithful representation of (Gg)o and Autg(E);
therefore, any (Gg)o—module (resp. Auto(E)-module) belongs to (Vecty)g, (see for
example [60, § 3.5]). Applying again Theorem[3.43 we deduce that Obj (Rep(S E)) =
Obj(Repy(Sk)) and Obj(Rep(Autg(E))) = Obj(Rep,(Autg(E))) are contained
in Obj(Rep(S)g).

Let F' € Rep(S)g be a Autg, (E)-homogeneous vector bundle and L C F' a Gg—
line sub-bundle. We affirm that Aut® (wgr|ch($)E) stabilizes L. If this is the case,
since Aut® (wgr|ch($)E) C Autg, (E) (by the assignment (Ags,¢) — (Ag,¢)) is an
closed subgroup scheme, it follows from Lemma applied to Gg C Autg(F)
that Aut® (wgr|ch($)E) = Gg; in particular, notice that Auto(F) = (Gg)o-

Let L C F as before; then the morphism pgr : G — Autg(E) induces G-
linearizations on L and F'. Since the inclusion ¢ : L — F' is Gg—equivariant, it is
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also G—equivariant, and it follows that if T is a k—scheme, g € G(T), (Ag/,b)r €
Aut® (wgr|Rep(S)E)(T) and (¢,t) € L x T, then

)\E(f, t) = ()\Eo (L X 1dT)) (f,t) = ((L X idT)o )\L)(f,t) eLxT.

In other words, (Ag,b) stabilizes L, and therefore (Ag/,b)r € Autg, (E) stabilizes
L. (]

Lemma 4.4. Let S be an affine extension. Let Aut§ (wg) C Aut®(wg) be the
subgroup functor constructed in Definition [3.66l Then the sequence

Aut®(wgr) Dl Autd (wer) = Aut®(wo) Aut® (wg,) N 0

is the limit of the affine faithfully flat filtered system of affine extensions of finite
type Aut® (

wgr|R,cp(SE) :

) qwgr‘Rep(S)E

1 — Aut§ (we| = Aut® (wo| — Aut® (Werlep s A—=0

R,cp(S)E) ch(S)E)

where the system is directed as follows: if E, E' € Rep(S), then E' > E if and only
E=F &F for some F € Rep(S), with transition morphisms given by restriction.

In particular, Aut®(wg,) is an affine extension.

PrOOF. i is clear that if E/ > E, then Rep(S)r: C Rep(S)g, and the system
defined above is filtered, with transition morphisms given by restriction.

1 (GEr)o Gg A—s0

ngr ‘Rep(S)E

1— Aut? (wgr|ch($)E) — s Aut® (wgr|ch(S)E 1“‘1 —0
1 — Autd (wgr|ch($)E, ) — Aut® (wgr|ch($)E, ) A—0

TwgrlRep(s) g

Moreover, by the very definition of Aut®(wg,) and Aut§ (we) as group functors,
it follows that

1 ——— Autf (wgy) —————— Aut® (wgy) A 0

1 — lim Aut (wgy) — lim Aut® (wgr|ch(s)E) —A » 0

O

Notation 4.5. In what follows, K denotes the (affine, faithfully flat) filtered system
defined in Lemma 4] above.

Theorem 4.6 (Reconstruction of affine extensions). Let S be an affine extension.
Then the natural map ¢ : G — Aut®(wgr) is an isomorphism of functors G =
Aut® (wgr) : Sch®® — Groups. Moreover, this isomorphism induces an isomorphism
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of affine extensions

S: 1 H G—1—A—0
s e ]
Aut® (wgy)) - 1 — Aut (wgr) = Aut®(wp) — Aut® (wgy) — A — 0

In particular, two affine extensions S and S’ of the abelian variety A are isomor-
phic if and only if there exists an equivalence of categories F : Rep(S) — Rep(S’)
such that F|, o : Repy(S) — Repy(S’) is a monoidal functor and the following
diagram is commutative

Rep(S) Rep(S’)
wgr,nck /dcmsu
HVB,,(A)

PRrROOF. Let E € Rep(S) and Gg C Autg (E) be the scheme theoretic image of
pE : G — Autg (E). The group G is by definition a closed subgroup scheme of
Autg, (E), and fits into the affine extension Sg = og(S) (see Remark {.2]). More-
over, Gg = Aut(wg,| C Autg,(E) by Lemma A3

We direct the system of affine extensions {Sg} perep(s) by £’ > E if and only if
the representation E’ factorizes trough G — i.e. there exists a morphism of group
schemes pg g : Gg — Gg/, with pgr = pp popg. In particular, if E/ > E, then
E' € Rep(Sg); it follows that Rep(S)r: C Rep(S)g. Hence, we have the following
commutative diagram of group schemes (of finite type)

REP(S)E)

Gr i> Aut® (wgr|Rep(S)E)

pE,E’J le,E/

Gp — Aut® (wgr|ch(3)E/ )

that fits in a commutative diagram of affine extensions. In particular, one has that
fE,E is an epimorphism if and only if pg g/ is so. It is clear that these morphisms
induce an affine faithfully flat filtered system indexed by Rep(S), that we call 7.

Since S is an affine extension, we deduce from Theorem B.77 that S is the limit
of a subsystem of affine extensions {Sg}ger, I C J, and therefore limy Sp =
lim] SE =8.

On the other hand, it follows from Lemma [£4] that the systems of affine ex-
tensions {Sp}s and { A“t®(wgr|ncp(sm)};¢ (see Notation [LH) have the same limit
lims Sg = limg A“t®(wgr|gep<sE>) = Aut® (wg).

The last assertion is clear. (I
Definition 4.7. Let S: 1 H G154 0 be an affine extension and

E an object in Rep(S). Call (E) the full subcategory of Rep(S) generated by the
objects of the form E™ and its subquotients.
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Proposition 4.8. Let S: 1 H G154 0 be an affine extension.
Then

(1) H is a finite group if and only if there exists a representation E € Rep(S) such
that any object in Rep(S) is isomorphic to an object of (E). In particular, the
extension S is of finite type.

(2) G is a group scheme of finite type if and only if there exist E € Rep(S) such
that Rep(S) = Rep(S) kg (see Definition[3.71)).

(8)S: 1—s H—HXxA—— A——0 is a trivial extension of A, if and only
if any representation of S is constructed over a trivial bundle k™ X A (compare with

Ezxample[348 (3)).

PROOF. (1) It is enough to prove the corresponding result for Rep,(S) (see Theorem
[B:43). For the proof in this situation of the classical representation theory of affine
groups, see for example [21] Prop. 2.20].

(2) Just combine Theorem B.77 and Lemma [.3] together with the fact that if E €
Obj(Rep(S8)) is such that Rep(S)r = Rep(S), then G = G by the Reconstruction
Theorem.

(3) If G = H x A, and F is a representation, then we clearly have a section
A — Autg, (E) of the corresponding affine extension. It follows that E is a trivial
homogeneous vector bundle (see Remark [3.29] above).

Assume now that any S-representation is trivial. Since Autg, (k" xA) = GL,, (k) x
A, it follows that Gg = Kg x A for some closed subgroup scheme Kr C GL, (k).
Therefore, G 2 1lim Gg = lim Ky x A = K x A, where K is the affine group scheme
K =1lim Kg. ([

5. THE RECOGNITION THEOREM

Once that the Reconstruction Theorem has been proved, its combination
with the structure Theorem [3.43] and with the Recognition Theorem for affine
group schemes, yields the Recognition Theorem for affine extensions.

Theorem 5.1 (Recognition Theorem). Let (C,wg) be a category C, enriched over
Sch |k, together with a fully faithful functor wg : C — HVBg(A), such that:
(1) Home (X,Y) is a homogeneous vector bundle over A.
(2) For any pair of objects X, Y € C,

wgr (Home (X,Y)) = Homy,,, (¢ (wgr (X), wer(Y)) € Homg, (wr(X), wer (Y))
is a subvector bundle.
(8) The category Co with objects Obj(Co) = Obj(C) and morphisms

Home, (X,Y) = Home (X, Y)o = wy ' (Homg (wer (X), wge (Y)))

1s abelian, monoidal, Tigid.
(4) Ende, (I) = k.

(5) The restriction of the forgetful functor wy = wgl., : Co — HVBo(A) is a
monoidal functor.

(6) The functor wy remains fully faithful after taking restriction to the fiber over
0 € A. In other words, the functor @ : Co — Vecty, w(X) = (wO(X))O, w(f :
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X = X') = flu o (wO(X))O — (wO(X’))O is a fully faithful abelian, monoidal
functor.

Then there exists an affine extension S¢ and an equivalence of categories F :
C — Rep(Sc) such that the following diagrams are commutative

F F‘Co
C \ Rep(Se) Co \ Repy(Se)
HVB,, (A) HVBo(A)

where the restriction F|. is a monoidal functor.

PROOF. Since the pair (CO, w:Cy— Vectk) satisfies the hypothesis of the Recog-
nition Theorem for affine group schemes (see [2I, Proposition 2.8]), it follows that
there exists an affine group scheme H such that Cy = Repg, (H).

Let Aut®(wg) be as presented in Definition (for the category C instead of
Rep(S)), and for X an object of C define Cx C C as in definitions B71] and
Then, as in Remark and Lemma 4] it follows that we have a limit of affine
extensions of finite type

Aut®(wgr) : 1 —— Aut®(wgr)o = H —— Aut®(wg) —— A ——0
Aut® (wgr|cx ) ol — Au‘cg9 (wgr|cx) — s Aut® (wgr|cx) — s A——0

Indeed, since the functor weg,| ¢, 1s monoidal, the same calculations hold — recall

that Aut®(wgr)o = H by the Reconstruction Theorem for affine group schemes.
Next, we show that C (or equivalently wg,(C)) is equivalent to the representation

theory of Aut®(wg,). For this, let X € C; then wg, (X) is a Aut®(wg,)-module.

Conversely, if F is a Aut®(wgr)fmodule, then Fy is a H-module, and F =
Aut®(wgr) xH Ey by Theorem B.Z3l Let X € C be such that wg (X))o = Ey as
H-modules — recall that Cy is the representation theory of H. Since wg (X) is an
Aut® (wg)-module, it follows that wg, (X) = E, by Corollary B.44l

Let X,Y € C, be two objects. Since wg,(C)o = wgr(Co) = Rep(H) = Rep(Aut® (wgr)o),
it follows that

wgr (Home, (X,Y)) = Homy,, (¢), (wer (X)), wee(Y)) =

HomRCP(H) (Xo,Yo) = HomRep(Aut®(Wgr)0) (ng(X)Ov wgr(Y)o)

Recall that Hom,,, () (wer(X),wg(Y)) = wgr(Home(X,Y)) € HVBg(A4) is a
vector bundle, with fiber wg, (Home, (X,Y)) = Hompgep(Aut® (wer)o) (wer (X))o, wer (Y)o)-
On the other hand, by construction we have that

Homy,, (c) (wgr(X), wgr(Y)) C Hompep(Aut® (wy,)) (wgr(X), wgr(Y));

the later being also a vector bundle of fiber Hompgep(auwt® (w,, )0) (wgr (X))o, wge (Y)o)
by definition. It follows that these vector bundles coincide. In other words, wg,(C)
is the category of representations of Aut®(wg,). O
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Remark 5.2. Condition (5) in Theorem[5. T]states that any morphism f € Home,(X,Y)
is determined (after taking the forgetful functor) by its value in the fiber over 0 € A.

A fortiori, by Corollary[B3.40] this implies that this condition holds for any morphism

in Home (X,Y).

We finish this section by describing HVBg, (A) as the category or representations
of G4, the universal extension of the abelian variety A (see Example B73).

Example 5.3. The identity functor Id : HVBg, (A) — HVBg,(A) can be though as

a forgetful functor. Therefore, Aut®(Id) is an affine extension, such that Rep (Aut® (1))
is equivalent as a category with the forgetful functor (in the sense of Theorem [L.0])
with HVB,,(A) with the identity functor.

Since Rep(G4), the representation theory of the universal extension of A (see
Example B73), is also equivalent to HVB,,(A), it follows by the Reconstruction
Theorem 6] that G4 = Aut®(Id).

6. AFFINE EXTENSIONS AND HOPF SHEAVES

The well known op—equivalence between the category of affine group schemes over
a field k and the category of Hopf algebras over k has been generalized in [24] Exposé
I, Section 4.2] to the context of affine group schemes over a scheme S — that is,
group objects in the category of affine schemes over S with respect to the monoidal
structure given by the fibered product over S. The algebraic counterpart of the
group object is in this case a sheaf of bialgebras in S-alg. In this section we go
one step further and establish an op—equivalence between the category GE|_, A of
affine extensions of the abelian variety A (see Definitions and Notation as
well as Definition [6.4]) and a category of O g4—algebras with additional structure that
we call faithful (commutative) Hopf sheaves — named as HQA;-alg in Definition
6.60)

In our situation GE|_,A will appear as a subcategory of the category of bi-
monoids (with an antipode) in a duoidal category based upon Sch| A, the cate-
gory of separated, quasi-compact schemes over A (see Definition [6.7]). One of the
two monoidal structures is the fibered product over A as in the classical case, but
the other is defined taking into account the additive structure of A: it is the compo-
sition of the product over k with the base change by s: A x A — A, where s is the
sum in A. This second structure is essential in order to capture in abstract terms
the fact that the base scheme has the additional structure of an abelian variety and
that ¢ : G — A is a group homomorphism (see Definitions and [6.42)). See also
remark

For the following undertakings, as was mentioned before, it is better to view the
affine extensions of an abelian variety A as a surjective (faithfully flat, separated)
affine morphism of group schemes: ¢ : G — A (see Remark 216 and Section 223).

To make the exposition clearer, we deal first with the monoid structure of G
— and the bialgebra structure of the associated sheaf —, and after this is firmly
secured, we present a formal treatment of the inversion morphism of G and the
corresponding “antipode” in the associated sheaf. As it happens frequently when
dealing with “generalized Hopf type objects”, it is harder to deal with the antipode
than with the bialgebra structure.
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To be in safe ground from the viewpoint of the categorical considerations, we
will recall and use some definitions and concepts pertaining to the theory of duoidal
categories, that are categories with two monoidal structures, that are related by an
interchange law (see [I] and [27]). The reader should be aware that other names
are used in the literature for this concept, see Definition below.

Notation 6.1. In what follows we will deal with several monoidal structures, on
different categories. A monoidal structure in a category C will be denoted as a 3-
uple (e.g. (C,®,I)) — that is, we omit the associativity and unit constraints in the
formulae. We write C°P for the opposite category with the same monoidal structure.

6.1. Affine extensions as schemes over an abelian variety, revisited.

Even though our final goal is to work in the category Sch| ., A (of affine schemes
over A) we have to formulate our basic definitions in larger categories such as
Sch|, A (of quasi-compact schemes over A) and others. This is due to the fact that
some of the basic ingredients — for example the construction of the new monoidal
structure — do not live in the “affine universe” (see Remark [G.52]).

It is convenient to begin by setting the notation of the different subcategories of
Sch|S that we will use henceforth.

Notation 6.2. Let S be a k—scheme.

(1) We denote the category of quasi-compact schemes over the k—scheme S as
Sch|,.S: its objects are the quasi-compact morphisms of k-schemes z : X — S
and its morphisms f : (z : X — S) — (y : Y — S) are morphisms of schemes
f+X — Y such that yo f = x.

We denote an object (z : X — §) € Sch|,S as x, when no confusion arises.

(2) We denote as Sch | S the full subcategory of separated, quasi-compact schemes
over S; the full subcategory of affine schemes over S is denoted as Sch|_,S. Since
any affine morphism is separated and quasi-compact, we have that Sch|_,.S is fully
embedded in Sch|__S.

(3) We also consider the categories Sch|, S, Sch| .S defined by the conditions
that the map « : X — S is flat (plate in french) quasi-compact and faithfully flat
(fidélement plate) quasi-compact respectively.

(4) Also, we denote as Sch| . S and Sch| S the categories defined by the con-
ditions that the map = : X — S is flat separated and quasi-compact or faithfully
flat separated and quasi-compact, respectively.

(5) Let 2 : X — S € Sch | S. If there exists a closed point s : Spec(k) — S € S(k),
such that x factors through s, way say that = has constant structure morphism equal
to s. See diagram below.

st X
Spec(k) x
SN S

(6) If f : T — S is a morphism of schemes, recall that the pull-back functor
f* : Sch|S — Sch|T has the push forward functor f. : Sch|T — Sch|S as left
adjoint — the functor f, is defined as fi(x : X = T) = fox for & € Sch|T and
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ffly:Y = 8)=(pr:Y xgT — T) is given by the pull-back diagram:

Y xs T 25T

o)

At the level of arrows the definitions are the standard ones. Also recall that if f is
an isomorphism, then f* = (f=1), = (f.)~ .

In the case that S = A an abelian variety, we have additional elements to take
into account.

Definition 6.3. (1) Let op : A — A be the inversion morphism, op(a) = —a and
denote op,(z) = —x = x~, where op, : Sch| A — Sch| Aisop,(z: X — A) =
opox : X — A and op,(f) = f.

(2) Let ¢cg = 0o st : A — A, where 0 = e4 : Spec(k) — A and st : A — Spec(k) is
the structural morphism of the k—scheme A — thus, ¢ is “the constant morphism
equal to 0 € A”.

Definition 6.4. (1) The Cauchy monoidal structure in Sch| A is defined as fol-
lows:

X 1= s.% : Sch| A xSch| A—"—Sch|  (Ax A)—=Sch| A,

where s denotes as usual the addition in A and the functor X is the product in the
category Sch| Kk, ie. ifz: X — A, y:Y — A€ Sch| A, then

(z: X 5 A)x(y:Y = A) = (X xY =L Ax A).

The fact that the construction x induces a monoidal structure on Sch | A, with
unit element 0 : Spec(k) — A, is a straightforward calculation that we omit. We
denote its unit element as 1.

(2) Similarly the fibered product x 4, that we call the Hadamard monoidal structure,
induces a monoidal structure on Sch| A, with unit element id4 : A — A that we
denote as ]IXA E

Remark 6.5. Both monoidal structures presented in Definition are symmetric
braided. This fact is true in general for the fibered (Hadamard) product over any
base, and in the case of the Cauchy product is due to the abelianity of the group
structure in A.

Later, when working with the “group type objects” in the category Sch| A we
will concentrate our attention mainly to the case of group extensions, i.e. morphisms
of group schemes ¢ : G — A with additional properties. As these morphisms are
separated, it is natural to consider the restriction of the Cauchy and Hadamard
monoidal structures to the category Sch| A of separated, quasi-compact schemes
over A. Similarly, one can consider the subcategory Sch| . A (see Notation G.2).
These restrictions will be necessary to deal with certain technical aspects such as
the ones considered in Section

1The names of Hadamard and Cauchy monoidal structure, are used in similar situations in
other contexts, in particular in the theory of species (see [} Sect. 6.1,Ex. 6.22,Ex. 8.13.5]).
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Lemma 6.6. The Cauchy and Hadamard monoidal structures restrict to Sch| A
and Sch |, A.

Proor. This is clear. O
The Cauchy and the Hadamard monoidal structures endow Sch| A with a struc-
ture of duoidal category:

Definition 6.7. A duoidal category — also known as 2-monoidal category or
two-fold monoidal category, see [27, Sect. 4.9] or [I, Chapter 6] — is a quintu-
ple (C, ¢, L, x,I,) with the following properties — the quintuple will be abbreviated
as C when there is no danger of confusion —:

(1) (C,0,L,) and (C,*,1,) are monoidal categories with their respective units.

(2) There is a natural transformation, called the interchange law,
Cabed: (axb)o(cxd) = (aoc)x(bod),
defined for all a, b,¢,d € C.

(3) There are three morphisms:

Ao:To = Lo*Iy, piy : Lol > I, up, =ey, : L, — L.

(4) All the data above satisfy additional conditions:

(i) compatibility of units, that amounts to the following assertions:
(L, ttx, ug, ) is a monoid in (C, ¢, L);
(L, A, €1, ) is a comonoid in (C, *,L,).

(ii) associativity for ¢, that is expressed as the commutativity of the following
diagrams for all objects a,b,c,d,e, f € C — for the sake of simplicity, all the
diagrams are written omitting the associativity constrains, i.e. pretending that the
monoidal structures are strict —:

idasxb ©Ce,d,e, f

(axb)o(cxd)o(exf) (axb)o((coe)*(dof))

Ca,b,c,dOide*fJ lCa,b,coe,dof

((aoc)x(bod))o(exf) ————— (avcoe)x(bodo f)

CaOC,bod,e,f

(axb) % ¢)o ((dxe) % f) =222 (6 d) % (bxc)o(exf))
Ca*b,c,d*e,fl lidaod *Cb,c.e, f
((axb)o(dxe))*(cof) (aod)*(boe)*(cof)

Ca,b,d,exidcof

(iil) wnitality/counitality for ¢, that is expressed as the commutativity of the fol-
lowing diagrams for all a,b € C — again we omit the associativity constrains —:

Aooidaxp

(axb) = (axb)oly =1, (axb) (I, xI,) o (axb)

id
idaxp QAO\L - lqlo,lo,a,b

(axb)o (L, x L) axb

Ca,b,Io lo
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Haxidaob

(aob)=(aob)xI, =1, x(acobd) (IyoL) * (aobd)

. id
1daob*u*1. %\\\\\\\\\\\l\\\\\\\\\\\\é —Tﬁ*@m*&

(aob)x (I, o) +——(axL,) o (bxL,) =aocb= (I, xa) o (I, xb)

Ca,L, b1

It is clear that if (C, ¢, L, *, L) is a duoidal category, then (CP, *, L, ¢, L) is also
a duoidal category that is written simply as C°P and is called the opposite of the
duoidal category C — the interchange law of C and C°P is the same morphism.

We refer the reader to [I, Paragraph 6.1.1] or [27], Section 4] for more information
on the properties of duoidal categories.

In the context of duoidal categories, one can establish the notion of bimonoid as
follows.

Definition 6.8. Let (C, ¢, L, x, L) be a duoidal category. A quintuple (b, pp, up, Ap, €p)
consisting of an object b € C, and morphisms pp : bob — b, up : I, — b, Ay : b — bxb
and €, : b — L, is a bimonoid for the duoidal category if:

(1) (b, s, up) is a monoid in (C, o, L);

(2) (b, Ap,ep) is a comonoid in (C, *,L,);

(3) The following conditions hold:
ep : b — I, is a morphism of monoids in (C, ¢, 1);
up : Iy — b is a morphism of comonoids in (C,x, L,);

(4) The following diagram is commutative:

Cb,b,b,b

(bxb) o (bb) (bob) x (bob)
AbOAbT l#b*l"b
bob b bxb
Hy JANS

We call Bimon(C) the category whose objects are the bimonoids in C and its
arrows the morphisms of C that preserve the bimonoid structure.

Remark 6.9. (1) In accordance with Definition [6:74.(1) (L, ft, ur,) is a monoid
in (C,o,I,) and in a trivial manner I, is also a comonoid in (C,x,I,). It is clear
that the compatibility conditions are satisfied and hence, I, is a bimonoid in the
duoidal category C.

(2) Similarly (I, Ao, e1,) is & comonoid in (C, *,I,) and also has a natural structure
of monoid in (C, ¢,1,) and also of bimonoid in the duoidal category C.

(3) The map I, — I, in Definition [6.7] is a morphism of bimonoids.

We proceed now to show that if A is an abelian variety, then the Hadamard
and Cauchy monoidal structures on Sch| A combine into a structure of duoidal
category. In this duoidal category, bimonoids correspond to morphisms of monoid
schemes M — A, where M is a quasi-compact monoid scheme.

Lemma 6.10. The quintuple (Sch | A, x, Iz, XA, ]IXA) consisting of the category of

)
quasi-compact schemes over A with the Cauchy and Hadamard monoidal structures,
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and their respective unit objects, together with the morphisms Ay : I — I x4 15

(the diagonal morphism); px . = s : I, XIx, — Iy ,, ur, | = ery = 0: 13 —

[« , constitute a duoidal category. Moreover, with the restricted structures (see

Lemmal6.6) the categories (Sch |, A, x, I3, XA,HXA) and (Sch| . A, x, Iz, XA,]IXA)
are duoidal.

sqc psqc

Proof. We only give an sketch of the proof. First of all, notice that the morphisms
Ax, px, and ur, == €r; are morphisms in Sch |, A, since the following diagrams
are commutative:

A X
Spec(k) —— Spec(k) x 4 Spec(k) A x A Ay Spec(k) ————— A

R 2 N N

A - A Ax A id A
A — A
It is clear that (I;,Ag,ez = 0) is a comonoid for the Hadamard monoidal

structure, and (]IXA Jlx 45 Ux . = 0) is a monoid for the Cauchy monoidal structure.

The interchange law is defined as follows: forz: X - A, y:Y - A, 2: Z - A
and w: W = A, Gy (T Xay)X(zxaw) = (xX2) X4 (yxw) is the unique
morphism given by the universal property of the fibered product:

(X xaY)x(ZxaW)

PxX Xpz Y XPwW
éCz,y,z,w

XXZ(T(XXZ)XA(YXW)W)YXW

mle lyxw

Ax A A Ax A

S S

Once the interchange law is established, the associativity and unitality of ¢ follow
easily.

The fact that all the duoidal structure can be restricted to the subcategories is
clear. For example:

(sch oo Ay X, T = (02 Spec(k) = A), x4, 1x, = (ida: A — A)) ,

restricts to a duoidal structure (Sch |, A, X, 15, X 4, I,)—ifz: X—=Ay:Y—

A € Sch|_ A, then the morphisms so (2,%) : X XY — A and zop; = yop2 : X X4
Y — A are separated, as well as [y = 0: Spec(k) = Aand [, =ida:A— A O

The following remark is of some relevance for future use.
Remark 6.11. (1) All the objects in the monoidal category (Sch |, A, X a,id4) can

naturally be endowed with a unique comonoid structure, given by the morphisms
depicted in the diagrams below, where dx : X — X x 4 X is the canonical diagonal
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morphism and the counit is ex = ¢x.

X—>X><AX X— X A
\ Ax \ /

Notice that dXx 41X = Qqxop1 = qgxop2: X X4 X — A.

(2) Similarly — in a somewhat redundant way — in the monoidal category of
sheaves of O Afalgebras (A-alg, ®0,,04) all objects are monoids in a unique way
(see Definition [6.42] below).

(3) A peculiarity of this duoidal category is related to the element I, = I, which
is the unit of the monoidal half (Sch| A, x,I5): I is idempotent with respect to

the other half of the monoidal structure, i.e. HX xaly =215
Also, I[XA;Z I[XA =s5:AxA— A

Proposition below encompasses the main properties of quasi-compact mor-
phisms of monoid schemes M — A in a categorical framework, and will translate
— by the op-equivalence of categories mentioned before, once we take into consid-
eration the inverse when M is a group scheme — to the notion of Hopf sheaf.

Proposition 6.12. In the duoidal category (Sch| A, ><,]IX, xa,1x ), an object
qu : M — A € Sch| A is a bimonoid if and only if M is a monoid in Sch and
the morphism qp; : M — A is a morphism of monoids; that is, gy is multiplicative
and q(1pr) = 04.

Given two bimonoids qpr : B — A and gy — A, a morphism [ : qpp — g 48
of bimonoids if and only if f : M — M’ is a morphism of monoid schemes.

Proof. Indeed, a structure of monoid in gp; : M — A is given by two morphisms
pne : M x M — M and upy : Spec(k) — M, such that pps and wys satisfy the usual
axioms of associativity and unitality, together with the diagrams depicted below.

12374

MxM-——M Spec(k
‘IZ\/IXQZ\/IJ/ \ /
Ax A qm

|

AT>A

The last assertion follows easily. (I

Notation 6.13. We denote MM |,,, A C Bimon(Sch| A, x,I5 xa,1x ) the full

IS
subcategory with objects the affine morphisms of monoid schemes gps : M — A.

The main properties of the functor op, with respect to the duoidal structure are
expressed in the following easy proposition.

Proposition 6.14. Consider the duoidal category (Sch| A, x, I

s

functor op, : Sch|, A — Sch| A satisfies the following properties:

XA,HXA). The
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(1) It is a strict monoidal involution with respect to X and X 4.
(2) op,(Iz) =Tz and op,(Ix 4) X a 0P, (Ix,) = 0p,(Ix.,)- a

Next, with the purpose of obtaining an adequate categorical formulation for the
inverse morphism for a group object in Sch|, A, we need to establish some basic
properties involving the functors

—xI, :Sch|, A —Sch| A , —xal;:Sch| A~ Sch| A,
and others associated to the duoidal structure.

Lemma 6.15. Consider the duoidal category (Sch|_ A, X, Iz, x4, 1, ). Then, with
the above notations we have that:

(1) (a) 0,0*z =« x 2 I3 for any x: X — A;
(b) The map e, = id; X 4 eIy, - 0.0*x — x is the counit of the adjunction
0. - 0%
(¢) The unit u, : z — 0*0.z of the adjunction 0, 4 0* is an isomorphism.
(2) (a) st*z=0,zx Iy, for z:Z — Spec(k) € Sch |k and st : A — Spec(k);
(b) 0%(co)s« = 0*0, sty = st..
(8) chr = (x xa lg) QHXA. Equivalently, if z : X — A, Xo = 27(0) and
ro = x|y, Xo = A, then gz =pa: Xo x A — A.
(4) There is a natural transformation p, : (co)*z — = X Iy, -

PROOF. (1) In the commutative diagram

X x4 Spec(k) SN Spec(k)

X ——— 54,

the upper horizontal arrow is 0*x and its composition with the vertical 0 arrow
yields 0,.0*z that is the arrow: Ope = ap; : X x4 Spec(k) — A. It is clear that
0.0*z = o x4 I;;. The remaining parts of the proof are direct.

(2) The proof of the first part is direct and for the second, the chain of equalities
is guaranteed by 1(c).

(3) Ifz: X — A€ Sch|_ A, then ¢jz = st* 0%z = 0,0*z x I, =(zxalz) Q]IXA
the second equality follows from (2)(a) and the third from (1)(a). The proof of the
second assertion is easy.

(4) The natural transformation p is obtained by considering the equality proved in
(3), and then applying the unit morphism w : I; — I, to the second factor. U

Next we define two natural transformations that are crucial for the definition of
the antipode in Theorem [6.18 below.

Proposition 6.16. Consider the duoidal category (Sch| A, Q,]I;, xA,]IXA) and
letx: X = A y:Y - AcSch| A

(1) There is a natural transformation my  : (co)s(z x4 —y) — T X y.

(2) There is a natural transformation Yz, : @ X a4 —y — (T X y) X Iy .

(8) There is a natural transformation %, ,, : (—x) xay — Ly | x (z X y).
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Proof. For the proof of (1) we consider the commutative diagram that follows —
in the next diagrams in order not to loose track of the structure morphism —y we
are using the slightly unorthodox notation op,(y: Y — A) = (—y: Y~ — A) even
though as schemes Y~ =Y.

Xx. V- 2oy~

AP

\

Spec(k)

The canonical projections p; induce a morphism 7, , : X x4 Y~ — X x Y such that
so(xXY)oTyy = 0o Stxx,v. In other words, the following diagram is commutative:

(6.1) Xx¥-— 2 s X xY
st rm—st(y)p{ Jme
Spec(k) Ax A

A

Diagram (G.1)) means that the map 7, is a morphism (co )« (z x 4 —Y) Xy
(2) It is clear that applying (co)* to the natural transformation 7, , we obtain a nat-
ural transformation (co)*(74,y) © (co)*(co)« (z X a—y) — (co)*(z X y). By composing
with the unit of the adjunction (cg)« = (¢o)* we obtain a natural transformation:
x x4 —y = (co)*(z xy). The conclusion of (2) follows by post composition of this
natural transformation with the natural transformation p, 5, defined in Lemma
6.15)

(3) To obtain ¥ one proceeds similarly. O

Remark 6.17. For a pair  : X — A,y : Y — A the natural transformation 7 ,,
is a morphism of schemes that has domain X 4 (—y) : X x4 Y~ — A and codomain
r+y+ida : X XY x A — A. Tracking down the above construction it is easy
to see that 7, , = <7T,x X A (—y)> : X xaY — X xY x A. It is clear that the
diagram below is commutative:

(Tz,y,3XA(—Y))

XXxaY7T—— 3 X xYxA

mxfm‘ Ad;x

A

Notice that if (u,v) € x x4 (—y) and a € A, then (74,7 x4 (—y))(u,v) =
(1{,;}, z(u)), (z xa (—y))(u,v) = 2(u) = —y(v) and (z +y +ida)(u, v, a) = z(u) +
y(v)+a=a.
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We are ready to wrap up the duoidal perspective for a group extension by com-
pleting the result of Proposition [6.12]

Theorem 6.18. In the duoidal category (Sch|_ A, x, 1z, xa,1x ) a bimonoid (b :
M — A, pp,up, Ap,ep) is such that M is a quasi-compact group scheme and b
a quasi-compact morphism of group schemes if and only if there is a morphism

ty 2 b— —binSch| A, called an antipode, such that both diagrams below commute:

id X atp Fb,b ~

bxab—""5bxa (—b) ———— (bx b) x I

% N
b
>\

(6.2) bx I
(up X id)
Iy, - I X Iy,
b LbXAld o,b
Xab———(=b) xab——1Ix x(bxb)
v e
(6.3) I, %b
x Ab)
Iy, - I, x Iz

where ¥ and 7 are the natural transformations depicted in Proposition [6.10 (see
also Remark[6.17) and the bottom maps = are the natural identifications associated
to the unit of the X monoidal structure.

Proof. 1f (M, i, u,inv) is a group scheme over k and b : M — A € Sch | _Ais a quasi-
compact group extension, in accordance with Proposition [6.12] b is a bimonoid in
the duoidal category Sch| A. Additionally, if we define ¢, := inv, it is clear that v
is a morphism in the category Sch |, A. Indeed, the diagram below is commutative

MWM

A direct verification shows that diagrams (6.2) and (G3]) are commutative provided
that up = p, up = u, 1, = inv, Ay is the diagonal morphism and e, =b: M — A.
Conversely, suppose we have a bimonoid (b : M — A, up, up, Ap, €p) in the duoidal
category, such that the bimonoid is equipped with a map ¢, : b — —b satisfying
diagrams such as ([@2)), [@3). A direct computation shows that the morphism
associated to the upper path of the diagram (6.2)) corresponds to the upper curved
arrow of the diagram below, and similarly for the lower path and the lower curved
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arrow:
(d,b)
M T MxA

(Cl 7b>
b PA

A

with d = pp(id x¢p) and ¢; the 1-morphism of b (or in other words the constant
morphism to the unit of M) — here we use the structure and conclusions considered
in Proposition[6.12} The commutativity of the diagram implies the equality of both
curved arrows. Then, ¢ is a right inverse of the identity. Similarly, interpreting the
second diagram (6.3]), we conclude the proof of the theorem. O
Definition 6.19. We denote GM |, A C Bimon(Sch |, A, XI5, x4,Tx ) the full
subcategory with objects the bimonoids b : M — A such that M is a (quasi-
compact) group scheme and b a morphisms of group schemes.

We denote GM|[ ;A C GM| A the full subcategory with objects the affine
morphisms of group schemes — notice that GM|,,A C MM]|,,A in a canonical
way (see Notation [G.13).

Notice that GE | A, the category of quasi-compact group extensions of A, is a
full subcategory of GM | _A and that the category of affine extensions GE| ;A is a
full subcategory of GM|_, A (see Definition [ZT8]).

Remark 6.20. The procedure of Theorem [6.1§ is related to the work of Bohm
and Lack [7], where the authors construct a certain duoidal category associated to
a so-called Frobenius map—monoidale and introduce an antipode in that context.

Notice also that our construction of an antipode can be generalized as follows:
let C = (C,0,L,*,1,) be a duoidal category and assume that it can be equipped
with a functor op : C — C and natural transformations similar to 7,7 satisfying
conditions such as the ones appearing in and For a bimonoid b € C a
morphism ¢, : b — op(b) that satisfies diagrams and properties such as the ones
appearing in ([6.2)) and ([63), is called an antipode in b. We intend to explore this
construction in further work.

6.2. Bimonoids in duoidal categories.

We briefly recall the behavior of bilax functor between duoidal categories, as
well as other monoidal structures related to duoidality, such as the constructions
of modules and comodules over bialgebras in this context (see [I, Chap. 6, §6]).

Definition 6.21. (1) Given a functor F : (C,®¢,I¢) — (D, ®p,Ip) between two
monoidal categories, a laz monoidal structure consists of a map £ : Ip — F(I¢) and
a natural transformation ¢, . : F(c) ®p F(¢') = F(c ®c ') subject to associative
and unitality axioms. If such an structure exists, we say that F' is a laz functor.
A monoidal functor F : C — D is called op-lax (or colaz) if the induced functor
C°P — D°P is lax (monoidal).

If the maps g, ¢, are isomorphisms we call F' a strong monoidal functor.

(2) Given the above situation and two lax monoidal functors (F, ¢y, £), (G, £, ¢') a
monoidal natural transformation is a natural transformation o : F' = G : C — D,
that satisfies the commutativity of the diagrams below:
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0. R®DO0y

F(c) ®p F(c )—>G( ) @p G(c)

fl ‘ l / \

F(C R Cl) T) G(C &c C/) HC —> G ]IC
c®ce

(3) Suppose that C, D are two monoidal categories and let L and R be lax monoidal
L

functors. An adjunction C D is monoidal if the unit n and the counit € are

PR
R
monoidal natural transformations. In that case we say that the abstract adjunction

“lifts” to a monoidal adjunction.

Suppose now that L : C — D is colax with associated maps ¢y : L(I¢) — Ip and
clee  Llc® ) — L(c) ® L(¢'). Then, the maps defined by the diagrams below
define a lax monoidal structure for R and vice versa (see [1, Prop (3.84)] for the
proof).

’
Zd,d,

e —° L R(lp)  R(d)® R R(d®d)
RL(I¢) (R(d) ® R(d')) ———— R(LR(d) ® LR(d))

R(clr(ay,r(a’))

Definition 6.22. Let C = (C,¢,1,,%,L,) and D = (D,¢, Iy, *,1,/) be duoidal
categories.

(1) A functor F': C — D that is lax monoidal with respect to (¢, ') with structure
Ted : F(c) o' F(d) = F(cod), v: Ly, — F(L,), and colax monoidal with respect to
(%, ") with structure pe 4 : F(cxd) = F(c)* F(d), A : F(I,) — L, is called a bilaz
functor from C into D, provided the following diagrams are commutative.

(1) Interchange.

F(a*b)o F(cxd)

F((axb) o (cxd)) o (F(e)*' F(d))

F(Ca,b,c,d)l lc%(a),F(b),F(c),F(d)

F((aoc)*(bod)) F(e))«" (F(b) o' F(d))
Flaoc)* F(bod)
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(2) Unitality.

5 F(A, F(us
I, — ¥ F(L) =22, p(1, + 1) L 2 FL) ) pa, o)
Ao/l lpuo,uo #*/T Tﬁ*,u*
Ly + Ty : F(L,)+ F(I,) Lo L : F(L) ¢ F(L,)
v*x'v Ax'A
F(ur, )=F
P ST by

VT lA
u]lo/ :811*/

Ly ——mm 1

(2) Let F,G : (C,o,x) — (D,o',%") be bilax functors. Call (7,v),(7',v") the lax
(0, ¢')-monoidal structures for F' and G respectively and call (p, A), (p’, \') the colax
(%, *")-monoidal structures for F' and G respectively.

A natural transformation o : F' = G is a morphism of bilaz functors if it is at the
same time a natural transformation of lax and colax functors. In other words if the
following diagrams for the monoidal structures are commutative for all ¢, ¢’ € C.

F(e) o F(c)) =% Feo ) Iy

v v’
000 Teoe!

G(C)OG(C/)T/—/)G(COC/) FIl,)) — G(1,)

Ol

Fe) x F() & Fex ) I

| | PN
Tc*x0 . Tewe!

G(e)*xG(d) +—G(cx) F(l) ——F——G()

The details of the proof of the result that follows (and some variations) can be
found in [I Chap. 6, §8].

Lemma 6.23. Let C = (C,0,L,,%,L,) and D = (D,o', 1o, ,1/) be duoidal cat-
egories and b = (b, p, up, Ap,ep) a bimonoid in C. Let F : C — D be a lax
(0,9")—monoidal functor and colaz (x,*")—monoidal functor and T,v,p and X\ as
in Definition [622. Then F(b) = (F(b), F(us)o To.5, F(up)ov, pppo F(Ap), Ao F(ep))
1s at the same time a monoid and a comonoid with respect to o' and %" respectively.
Moreover, if F is bilax monoidal, then F(b) is a bimonoid in D.

Moreover, if f is a morphism of bimonoids so is F(f), hence F restricts to a
functor in the categories of bimonoids: F : Bimon(C) — Bimon(D). O

Definition 6.24. (1) Assume that (C,0,1,) is a monoidal category and let m =
(m, fom, Um,), be a monoid in (C, ©,I;). A (left) m-module structure on x € C or
a (left) action of m on x is a morphism a, : mex — z such that the following
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diagrams are commutative:

id,, © ag U © idg
momer ———mox ooz —mox
Hm © ldzl law ~ lam
_
mox o T T
The pair (z,«) is called an m-module — when there is no ambiguity on the

action, we will say that x is an m—module. If (z, ay), (y, ) are left m—modules,
a morphism of left m—modules * — y is a morphism f € Hom(z,y) such that
ayo (idm o f) = foagy :moxz —v.

We define ,,,M, the category of left m-modules as the category with objects the
left m—modules and morphism the morphisms the morphism of left m—modules.

In a similar way, we define M,,,, the category of right m-modules.

(2) If (¢, A¢yec) is a comonoid in (C, o,1), a right c—comodule structure on y € C
or a (right) coaction of ¢ on y is a morphism x, : ¥ — y © ¢ such that the following
diagrams are commutative:

y—>  syoec y— syoc
Xl lxe id. \ lidy@fc
y@cmyecec yoly

We say that the pair (y,x) is a right c—comodule — we will often omit the
coaction and say that y is a c-comodule.

If (x, xo) and (y, xy) are c-comodules, a morphism of c—comodules between x an
y is a morphism f € Hom(z,y) such that (f o idc)oxs = xyo f 1z = yoc.

We denote M€ the category of right c—comodules, defined in the usual way. Anal-
ogously, we define its left counter part “M, the category of left c—comodules,

Example 6.25. If m : M — A is a quasi-compact morphism of monoid (group)
schemes, then to give an m-module in the monoidal category (Sch| A, x,I3) is
equivalent to give a pair (z: X — A,a), where a : M x X — X is an action — in
the usual sense — such that the following diagram is commutative:

MxX 25X Spec(k) x X 29 v« X
mxml lw ~ la

In particular, if S € ¢ : G — A is an affine (or more generally quasi-compact)
extension, then any representation E € Rep(S) — in the nomenclature of Definition
[B.41]— is a g¢-module in the monoidal category Sch| A and conversely.

In the case that the monoidal category (C, ©,1) is part of a duoidal category,
more structure is available as shown in the next proposition, that admits — wher-
ever it is possible — a left and a right version.
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Proposition 6.26. Let (C,¢,1,,*, 1) be a duoidal category and my, ms be monoids

in (C,0,L,), c1,ca comonoids in (C,*,1.) and (b, pp, up, Ap, €p) a bimonoid in (C, o, Ly, *,L,).
Then:

(1) m1xmg is a monoid in (C,o,L,) and ¢1 o c2 is a comonoid in (C,*,1,);

(2) if k1, 2 are left modules for my and mq with structures oy, ae respectively, then

1 * T9 15 a left my x mo module with structure:

le ,M2,T],TQ

arxas : (Mg *ma) o (z1 * x2) (mq o x1) * (Mg o x2) axen T * T3]

(3) if y1,y2 are right comodules for ¢1 and co with structures x1, X2 respectively,
then y1 © Y2 is a right c1 x ca comodule with structure:

<y1,C1,y2aC2

X10X2
X1%X2 : Y10 Y2 — (Y1 x c1) © (y2 x c2) (Y1 0 y2) * (c1 0 ca);

(4) if 1,22 are left modules for b with structures ay,ag then, x1 * x2 is also a left
module for b with structure:

Aboid (a5 R.12%)

0411211)0(171 *IQ)—>(b*b)<>(I1*$2);>$1 * XTo.

(5) if y1,y2 are right comodules for b with structures x1, X2 then, yi1 ¢ ya is also a
right comodule for b with structure:

X12X id *,
X121 Y10 Y2 —— (y1 o ya) * (bob) — (g1 oya) xb.

Proof. The detailed proof of this result can be found in [Il, Prop.6.25]. For example,
the morphism given by the composition of the interchange map and the x monoidal
product of the multiplications of m; and mo,

) Cmy,ma,my,my (

(m1 *mg)O(ml * M2 mq oml)*(mgomg)wml * M2,

is the multiplication morphism of mj x mo. O

Definition 6.27. If b is a bimonoid in C, a right b—comodule algebra in the duoidal
category C is a right b—comodule (y,x) equipped also with a monoid structure
(Y, by, uy) in (C,0, L) such that the diagrams below commute:

Ao
yoy&(yoy)*b I, —— 1, %1,
#yl l,uy*id uyl luy*ub
X X
y————yxb y——y*b

As usual, we have also the notion of left b—comodule algebra.

The following Corollary follows easily from the proposition above and extends
the results of Lemma [6.23 to modules and comodules.

Corollary 6.28. IfC = (C, ¢, L, *,L,) be a duoidal category, then the subcategory
Mon(C, o) C C is monoidal with respect to the structure (x,1.) and the subcategory
Comon(C,x) C C, is monoidal with respect to the structure (o,L,).

Assume that D = (D, <, 1, *',1,/) is another duoidal category and that F : C —
D is a functor that is lazx (©,9")-monoidal and colax (x,*")-monoidal.
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Then F restricts to a colaz—(*,*") monoidal functor F : (Mon(C,o,]IQ),*,]I*) —
(MOH(D, <>/, ]IQ/), */, ]I*/) .

Dually, F restricts to a lax—(o,9") monoidal functor F : (Comon(C, *, 1), 0, ]IQ) —
(Mon(D,+', L), ¢, I/).

Also, in the case that the functor F is a bilaz functor and b € Bimod(C), we call

Mod(b) and Comod(b) the categories of b—modules with respect to the o—monoidal
structure and of b—comodules with respect to the x—monoidal structure. Then:

(i) (Mod(b),*) and (Comod(b),o) are monoidal categories.

(ii)) If F : C — D is a bilax monoidal functor as above. Then F induces a
monoidal functor F : (Mod(b),*) — (Mod(F(b)),+') and F : (Comod(b),o) —
(Comod(F(b)),o’).

Proof. The proof is direct using the definitions and results of Lemma [6.23] and
Proposition [6.26] (I

6.3. Quasi-compact morphisms and their associated sheaves.

In this section we collect some results and definitions on (separated) quasi-
compact morphisms and their associated (quasi-coherent) sheaves, that will be
used later. The basic definitions can be found in [34, Chap. II] or [30, Chap. 0,
Chap. 1]. The original reference for the adjunction results is [31, §1.2,§1.3], but
they also appear as a series of exercises in [34, Ex. 11.5.17, 11.5.18] as well as in
many other references, e.g. [57], [59].

Notation 6.29. If S is a scheme, the category of Og—modules (algebras) will be
denoted as S -mod (S -alg) and the category of quasi-coherent S—modules (algebras)
as QS -mod (QS -alg).

Definition 6.30. We denote P : Sch| S — S-alg’® the functor given as follows
(see [BI][Prop (1.3.1)] or [34, Proposition I1.5.8]): If 2 : X — S € Sch| S, then
P(z) = 2.(0x); if (f,f#):(z:X — S5) = (' : X’ = 9) is a morphism
in Sch| S (recall that f# : Ox — f.Ox) then P(f, f#) := 2, (f#) : P(z') =
2, (Ox:) = P(x) = 2.(Ox).

It is well known that the restriction of P to Sch| S induces a functor to

QS -alg®®, that we still call P : Sch|, S — QS-alg®.

We recall now the well known construction of a right adjoint to P : Sch|_. .S —
QS -alg®P.
Remark 6.31. (see [31, Prop. 1.3.1 and Prop. 1.2.7]) The functor P : Sch|, S —

QS -alg®® admits a right adjoint Spec : QA-alg®® — Sch| S. Given F € QS -alg,
then Spec(F) is the unique — up to isomorphisms of S-schemes — scheme over
S such that Spec(F) € Sch|,,S and P(Spec(F)) = F. We denote Spec(F) as
7wr : Spec(F) — S.

P
Recall that the adjunction Sch| S, L " QS-alg® is given by a natural trans-
Spec
formation

Homgs -aig (F, P(2)) = Hom(gs _alg)er (P(z), F) = Homg, loe S (x,Spec F),
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that has a unit n and counit € the natural transformations:
(i) nz : @ — Affg(z) := Spec(P(z)) € Sch .
(i) ex : P(Spec(F)) — F € (QS -alg)°? or
er : F — P(Spec(F)) € QS -alg,

S;

In this particular case, we have that for all 7 € Q.S -alg, er is an isomorphism
(see [311 §1.2, §1.3, §1.4]).

Definition 6.32. By construction, for x € Sch| S the morphism 7, : * —
Affg(x) € Sch| S is affine; n, is called the (relative) affinization map and its
codomain is called the (S-)affinization of x (frequently just called “affinization”).
The functor Affg = Speco P : Sch| S — Sch|, S C Sch|_ S is called the affiniza-
tion over S or the relative affinization (over S). Compare with Definition 2.38

Remark 6.33. The affinization satisfies the following universal property (compare
with Remark 2:39):

For any morphism f : x — y with « € Sch

S,y € Sch|,,S there is a unique

sqc

morphism f that makes commutative the diagram below: z ———s Affg (x)

f J\ 7
Yy

In view of Remark [6.3T], we have the following equivalence of categories:

P
wed L (QS-alg)°P restricts to func-
Spec

tors P |Sch“ffs : Sch |, S — QS -alg® and Spec : QS -alg® — Sch|
lish an adjoint op-equivalence between Sch| .S and QS -alg.

Proposition 6.34. The adjunction Sch

S that estab-

aff

In particular the counit € of the original adjunction is an isomorphism (see Re-
mark 631 and [31), Prop. 1.3.1] for a proof). O

We finish this section presenting (without proofs) some known results on flat

(separated, quasi-compact) schemes over S that will be needed; we follow [32] §2.1
- 2.3].
Lemma 6.35. Letx: X — S € Sch| . S. Then x is flat if and only if the pull-back
functor z* : S -mod — X -mod is exact. O
Lemma 6.36. Letx : X — S € Sch|__S be a flat morphism. Then P(z) = z.(Ox)
is a quasi-coherent flat sheaf of algebras in S -mod.

Conversely, if F is a quasi-coherent flat sheaf of algebras in S-mod, then wr :
Spec(F) — S is an affine (hence separated) flat morphism. O

Remark 6.37. Let X,Y € Sch|S, F € X-mod, G € Y-mod, and let h: X - Y
£:Y — Y’ be morphisms of schemes over S. Then the counits associated to the
adjunction between h* - h,; ¢* 44, ex : W*hF — F and g : £*0,.G — G, induce
a homomorphism of sheaves

erReg : W ho FRLC.G = (h x £)*(h. FR1.G) = FRG.

Using the standard adjunction again we obtain the map:

Irg:=(hx{).(erReg)v cheFREG — (hx £)(FrG),

heFXewg
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where v, is the unit of the adjunction.

FXe. g

We are interested in conditions on h, ¢ and F, G in order to guarantee that I'r g
is an isomorphism. A set of conditions was established by Brandenburg in response
to a question in “stackexchange/math”, in a more general setting. In our context,
Brandenburg answer can be stated as follows:

Lemma 6.38. Let h,¢, F,G as above and assume that either:
(a) h,l are quasi-compact and quasi-separated, or
(b) h, L are affine morphisms.

Then I' g g is an isomorphism.

Proof. See [9]. O

Remark 6.39. In the notations of Lemma [6.38] notice that since we are working
with k—schemes, it follows that F,G are S—flat quasi-coherent sheaves — that is,
h.F and ¢.G are flat sheaves.

6.4. A duoidal structure for QA-mod.

In Section 611 we considered a duoidal structure on Sch| A together with an
additional functor op, : Sch| A — Sch| A (denoted as op,(z) = —z) for which
the subcategory Bimon(Sch|  A) C Sch| A has as objects the quasi-compact mor-
phisms of monoids gy : M — A (and as morphisms the morphisms over A, that
are of monoids). Thus, the category GE | A of quasi-compact group extensions of
the abelian variety A can be interpreted as the full subcategory of Bimon(Sch|_ A)
that has objects the faithfully flat morphisms of group schemes. In terms of the
category Sch |, A, a group extension is a bimonoid x in the category, equipped with
an additional arrow ¢, : © — (—z) satisfying the supplementary conditions of Theo-
rem [6.T8 Since the category GE |, A of affine extensions of A is a full subcategory
of GE| A, it can viewed also as a full subcategory of Bimon(Sch |, A).

In order to dualize the above situation to the category of sheaves, we first re-
strict the above setting to the duoidal category based upon Sch |, A — recall that
since a since a group scheme is separated GE |, A C Bimon(Sch|__A). In this con-
text, the functors P and Spec (see Remark [6.31]) establish an adjunction between
Sch|, . A and QA-alg® — our goal is to describe the behavior of GE |, A under
the mentioned adjunction. In order to describe the correlate of Bimon(Sch|, A) in
QA-alg, we introduce a duoidal structure on QA-mod such that the correspond-
ing subcategory of bimonoids Bimon(QA-mod) is the seeked correlate. Finally,
we introduce an additional structure that corresponds under the adjunction to the
antipode, and construct the category of commutative Hopf sheaves. In this we end
up with a monoidal adjunction from the category GM| A (see Definition G.19)
and the category of schemes commutative Hopf sheaves. If moreover we restrict
ourselves the subcategory GE | A, we obtain an adjunction with the subcategory
of flat commutative Hopf sheaves, that restrict in turn to an equivalence between
the category of affine extensions of A and the category of flat commutative Hopf
sheaves.

sqc

Be begin by recalling the definition of the external tensor product of sheaves
over a scheme S.
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Definition 6.40. Let S be a scheme and X,Y € Sch|S. If F € QX -mod, and
G € QY -mod, we define the sheaf 7 ® 3G := piF Qo .y P3G € Q(X xsY)-mod,
where p1 : X XgY — X and ps : X XxgY — Y are the canonical projections.
This correspondence can be extended to a functor ®g : QX -mod xQY -mod —
Q(X xgY)-mod. This functor is called in [30, Section 9] the tensor product over Og
or the tensor product over S, but currently it is called the external tensor product
(over S). In the particular case that S = k, we usually write F ®gpec)G = F® G.

Remark 6.41. In the situation that X =Y = S and F,G € QS-mod, FR G =
F ®0o4 G the usual monoidal structure in the category of the sheaves of Og—mod.

Definition 6.42. Let A be an abelian variety. (1) Along this section and to be
consistent with Definition [6.4] we call the usual monoidal structure ® 4 : QA -mod x
QA-mod — QA-mod the Hadamard monoidal structure — the unit Ig, is O4.

(2) We define the Cauchy monoidal structure in QA-mod as follows:

_ B spec .
B = $10 Bgpee() : QA-mod x QA-mod —=5Q(A x A)-mod —— QA-mod,

where s, is the push-forward functor by the addition morphism s: A x A — A.

It is easy to show that (QA-mod, ®,Igz = skyscy(k)), where skyscy(k) €
QA -mod denotes the skyscraper sheaf at 0 € A with stalk k, is a monoidal struc-
ture.

Indeed, if 7, G are quasi-coherent sheaves on A, then FRgpe)F is also quasi-
coherent. Moreover, since F 8 G = s.(F & Spec(k) 9) is the push-forward of a quasi-
coherent sheaf by the proper morphism s : A x A — A, the sheaf F ® G is also
quasi-coherent (see for example [34) Proposition 5.8]).

On the other hand, if ¢« = (id,0) : A — A Xy A is the closed immersion
t(a) = (a,0) and F € QA-mod, then t.(F) = FHgpec(k)skyscy(k). Apply-
ing s, to the above isomorphism (and using that st = id4), we have that F =
Sk (]—" ® gpec(k) SKyscy (]k)) = F ® skysc (k). Therefore, skysc, (k) is a right side unit,
and similarly one proves that skysc, (k) is also a left side unit.

The next elementary constructions and notations will be useful in what follows.

Definition 6.43. If op : A — A is the inversion morphism of A we consider the
functor op, : QA-mod — QA-mod and define —F := op, (F).

Remark 6.44. Let 0 : Spec(k) — A, st : A — Spec(k) and ¢p = 0ost: A — A
(see Definition [6.3]). Then:

(1) If F € A-mod, then the sheaf st.(F) has stalk F(A) at the only point of
Spec(k). If V a sheaf on Spec(k) of stalk V', then 0, (V) = skyscy (V) and (co)«(F) =
skyscy (F(A)).

(2) On the other hand, for V as above, st ~'(V)(U) = V for all U open in A. Hence
st*(V) =04 @k V.

(3) If F € A-mod, then 0~1F is the sheaf of O 4 o—modules on Spec(k) with stalk
Fo. Hence, 0*F is the sheaf of Ogpec(y~modules (i.e. k-spaces) with stalk k ®o, ,
Fo = Fo/ MaoFo, where Mo C Oa is the maximal ideal of the local ring O 4 .
(4) Combining (2) and (3), we deduce that ¢§(F) = Oa @k Fo/Ma,oFo. In partic-
ular, cf(skyscy(k)) = Oa.
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Proposition 6.45. Let A be an abelian variety. Then (QA-mod, ®4,lg ,, %,]Ifg)
can be completed to a duoidal structure (see Definitions[6.77, [6-49). Moreover,
the subcategory QA -alg inherits this duoidal category, that is

(QA-2lg, @Al oA s w0 ater L04s B |oa us woa-ae Igg) i @ duoidal category.

Proof. We have already shown that (QA-mod, ® 4,1 ,) and (QA-mod, ®,I) are
monoidal structures. We concentrate now our attention in the description of the
interchange law as presented in Definition B.7t for sheaves A, B,C,D € QA-mod
we need to define:

Caep: (ARB)®A(CRD) = (A®4C)R(B®a D).

Since pj(A®o, C) = pjA®o,, . PiC and p5(BR®o, D) = psBRo,, . 3D, if we
write pj A = L, piB = R, piC = M, p3D = N, we need to check that there is a
natural morphism

C : S*(L ®Oaxa R) X004 S*(M ®O0axa N) — 5*(‘6 ®Oaxa M ®DOaxa R ®DOaxa N)

T

S*(‘C XDOaxa R®0A><A M ®Oaxa N)

The existence of this map follows from the general fact that in the context above
if X, ) are sheaves on A x A then, due to the existence of the morphism of algebras
st:04 > 5:Oax 4, there is a natural map s.X ®o, sV = 8:X @s, 0454 5+ =
S*(X QOaxa y)

The ®-comonoidal structure Ag, : Ig, — lg, Mg, is Ag, = s : O4 —
$:04x4 = 04 ® O4 and the ®4-monoidal structure pg g ®@alyg — I is
the map associated to the structure of Os—algebra in skyscy(k). Finally, the map
€L, = Uig 04 — skyscy (k) is defined by the multiplication of an element of O 4
by the unit element of skysc, (k).

The proofs of the associativity, unitality and counitality of { are easy exercises
and therefore are omitted.

The fact that (QA-alg, ®4,lg,, X, I;) is also a duoidal category follows easily
from Proposition O

The definitions of the duoidal structures on the categories Sch |
and QA-alg C QA-mod are tailored to give the following result.

A CSch| A

sqc

Theorem 6.46. Let A be an abelian variety. Then:

(1) The functor P : (Sch|, A, Q,H;, xA,]IXA) — (QA-alg®®, %,Hg,@A,HQ@A) is bi-
lax monoidal. More precisely, P : (Sch|_ A, Q,H;) — (QA-alg®®, %,Hfg) is strong
monoidal, P : (Sch| A, XA,]IXA) — (QA-alg’® ®4,ly,) is colax monoidal, and
the conditions of interchange and unitality in the definition are satisfied.

(2) The functor Spec : (QA-mod°?, %,HE,Q@A,HQ;A) — (Sch| A, Q,H;, xa,1x )
is bilax monoidal — in this case, Spec : (QA-alg’®, ®,I5) — (Sch| A, x,15)
is lax monoidal and Spec : (QA-alg”™, ®4,1g,) — (Schl A, xa,Lx ) is strong
monoidal.

sqc
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P
(3) The adjunction Sch|, S S:CC (QS-alg)°? P - Spec is bimonoidal — that

is the unit and counit with respect to both structures are (lax) monoidal morphisms.

PROOF. Let 2: X — A, y:Y - A € Sch| Aand zxy: X xY = AxA
In this situation and in accordance with Lemma [6.38] there is an isomorphism
Loy 0y 1 (@X9)(Oxxy) = (xy)(Ox BOy) = 2.(0Ox) By.(Oy) = P(z)= P(y)
— the existence of such an isomorphism is due to the fact that Ox, Oy are quasi-
coherent, flat sheaves over Spec(k) and z, y are separated, quasi-compact morphisms
(see Remark [6.37)). Then pushing forward the above isomorphism by s : Ax A — A
we have s*(l"(;;oy) = 5. (2xY)« (Oxxy) = (X Y)«(Oxxy) — 5« (’P(:v) X ’P(y))
In other words we have a natural isomorphism:
5*(F6i,oy) :Plx xy) — Px) 8 P(y).

This guarantees that P is strong (and hence lax) monoidal in the category
QA -alg®® with respect to x and ®. For the second assertion take p: X x 4 Y — X
that induces a morphism p* : Ox — p.(Oxx ,y). Then, z.(p*) : 2.(Ox) = P(z) —
D+ (Oxx,v) = (€ Xay)«(Oxx ,v) = P(zxay). This map together with the map
corresponding to y yields a morphism

P(r) @4 P(y) = P xay) € QA-alg,

the required condition of colax in the category QA -alg®® with respect to (x4, ®4).
The proofs of the conditions in Definition [£.222](1)(a),(b)] for P is direct and left to
the reader.

It is well known that the functor Spec is strong monoidal with respect to ® 4 and
x 4 (see [3I][Prop. 1.4.6]). The lax monoidality with respect to ® and x follows
by “doctrinal adjunction” from the fact that it is the right adjoint of the colax
monoidal functor P (See Remark [6.47]).

Assertion (3) is clearly a consequence of (1) and (2). O

Remark 6.47. (1) The version of “doctrinal adjunction” that we are using can be

stated as: let L 4 R : C - D < C be an adjunction with C and D monoidal
categories. Then L : C — D can be endowed with a structure of colax monoidal
functor if and only if R : D — C can be endowed with a structure of lax monoidal
functor that makes (L, R) a monoidal adjunction. In any case each structure can
be uniquely determined from the other. See [40] for the basic results on this subject
and for example [I][Prop. 3.84] for a direct proof.

(2) In explicit terms, if F, F' € QA-alg, then the lax monoidality of the functor
Spec (see Theorem [6:46)) is implemented via the natural transformation

,  Spec(F) x Spec(F') — Aff, (Spec(F) x Spec(F')) = Spec(F & F').

TISpcc(F) X Spec(F’

See also Proposition [6.12]

6.5. Bimonoid sheaves and schemes of monoids over A.

Once we have established in Theorem [6.46] the adjunction between Sch |, A and
QA -mod°?; the notion of sheaf of bimonoids as a bimonoid in the duoidal category
of separable, quasi-coherent A-alg, will appear as the natural counterpart of the
notion of affine — or quasi-compact separable — bimonoid extension of A. In this
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section we set the basic result for bimonoids, namely that P and Spec establish
an adjunction between the categories of quasi-compact separable bimonoids over A
(i.e. bimonoids in Sch |, A) and bimonoids in QA-alg. The additional structure of
the inversion morphism for a “group extension”, can also be added in a compatible
fashion in order to extend the result to group extensions.

We begin by displaying in explicit terms, the definition of bimonoid in the duoidal
category QA -mod°? (see Theorem[6.40]) — we use the notations of Proposition[6.45

Definition 6.48. A sheaf of bimonoids or a bimonoid sheaf on A is a sheaf B €
QA -mod equipped with four sheaf morphisms Ag : B — B X B, us : B4 B — B,
eg: B — Iz, up:lg, — B that make commutative the diagrams below:

B 25 B&B B s BoaB
At{ lABEgid HBT Tus@ﬁd
BaB—2%25 \BRBEB  BoiBe  Bo,BosB

B B
/AB\ /JB\
1 |

BElg 4-—BEB Iz 85 Boalgs qomrBOaB¢—=ls, @8

B®abB B® B

AB@AABJ/ Tuggug

(B&E B)®a (B&B) —2EE L (Bo, B) & (BwaB)

Putting together the above results (see Proposition [6.12] Lemma [6:23] Remark
[6:3T and Theorem [6.46]) we obtain the following consequence.

Proposition 6.49. The functor P : Sch| A — QA-alg’, takes bimonoids in

(Sch|, A, x, Iz, xa,1x ) into bimonoids in (QA-mod™, ®,Ig,®a,ly,). Simi-
larly, the functor Spec takes bimonoids in (QA-mod°?, %,Hg, ®a,lg,) into affine

bimonoids in the category of Sch|__ A.

sqc

P
S, 1L
sac® ¢ —

Spec

Moreover, the adjunction Sch

(QS — alg)°P restricts to an adjunc-

tion as below:
P

T
Y 1 Bimon((QA —alg)oP) .

\_/

Spec

Bimon(Sch

In particular, the relative affinization over A (see Definition [6.39) takes bi-
monoids in Sch |, A into bimonoids that are affine schemes over A. O

sqc
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Remark 6.50. In view of Remark G471 if (B, Ag, us,e5,up) is a bimonoid in
QA-alg, then the product m : Spec(B) x Spec(B) — Spec(B) is obtained as

nSpec(B) X Spec(B)
%

Spec(B) x Spec(B) Aff 4 (Spec(B) x Spec(B)) = Spec(Br B)

\ lSpec(AB)

Spec(B)

As an immediate consequence of Proposition [5.49, we have the following.

Theorem 6.51. Let A be an abelian variety. Then the functors P and Spec es-
tablish a contravariant isomorphism between MM | ,, A and the category of sheaves
of bimonoids on A (see Notation and Definition [6.48) with arrows the sheaf
morphisms of bimonoids.

PRrROOF. By Proposition[6.49, we have that if ¢5; : M — A is a morphism of monoid
schemes — that is, a bimonoid in Sch|_ A, see Proposition —, then P(qar)
is a sheaf of bimonoids, and if f : (qu : M — A) — (¢qn : N — A) is a morphism
of bimonoids, then P(f) : P(qrm) — P(gn) is a morphism of sheaves of bimonoids.
Conversely, if H is a sheaf of bimonoids then Spec H — A is an affine morphism of
monoid schemes, and if f : H — H' is a morphism of sheaves of bimonoids, then
Spec(f) : Spec(H) — Spec(H') is a morphism of bimonoids in Sch |, A. Notice that
Spec(f) is in particular a morphism of affine schemes over A.

On the other hand, since the objects of MM |, A are affine morphisms gas : M —
A, clearly MM | A is isomorphic to a subcategory of Sch|,, A, that we also denote
MM |,,,A. Since P and Spec induce a contravariant isomorphism between Sch |, A
and QA-alg, in order to prove that P|,,,, A MM |, ;A — Bimon(QA -alg) P we
can use an elementary result on reflections of monoidal categories, that we added
below for lack of an adequate reference (see Remark [6.53)). O

aff

Remark 6.52. The reader should be aware that, as we pointed out in the beginning
of Section 6.1} in order to define the subcategory MM |, A C Sch|,,, A (see Theorem
[6.51), we need to work in the category Sch |, A, since so(qar, qnr) - M x M — A'is
not an affine scheme over A.

Remark 6.53. (1) Assume that Cy C C is a pair of categories with the following
additional conditions:

(a) Cp is a full and replete subcategory of C;
(b) C is monoidal with structure (x,I) and Cy is monoidal with structure (xg,Io);

(¢) The inclusion functor inc : Cp — C has a left adjoint A : C — Cp with counit
€ : Ao inc = ide, and unit 7 : ide¢ = inco. A such that: ¢ is an isomorphism and 7
is strong monoidal, i.e. Az xo Ay = A(z x y) for all x,y € C and Iy = A(I).
Then, in the above situation Mon(C) N Cy = Mon(Cy).
The proof of the assertion above is easy: for (z,m) € Mon(C) N Cy, we consider
the counit 7yxy : ¢ x ¢ = Az x &) = A(z) X9 A(x) = & X . Then, the structure
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morphism m : z X x — x can be uniquely extended as in the diagram below:

Nexz

XL ————T QT
N %
T

It is clear that given a monoid structure in Cy such as m the monoid in C is
obtained by composition with the unit.

(2) Thus, we complete the proof of Theorem by considering in (1) above the
categories C = Sch| A and Cyp = MM| ;A (or Sch|S) and A the affinization
functor, we complete the.

(3) In particular, if B is a sheaf of bimonoids in A with coproduct Ag, then the
product in Spec(P(m)) is obtained as

m = Aff 4 (m) = Spec (P(m))o Mvxm = SpeC(ABM)OnSpeC(BM) X Spec(Bar)*

6.6. Affine extensions of abelian varieties and Hopf sheaves.

To finish our considerations on this topic, we define — given an abelian variety
A — the concept of Hopf sheaf on A and show the category of commutative Hopf
sheaves and its morphisms is op—equivalent with the category GM | , A of affine
morphisms of group schemes (see Definition [G.19]).

Recall that if we call op : A — A the map given by the inverse morphism in
A, the antipode of x : X — A in the duoidal category Sch| A is a morphism
Ly : © — op,(x) that fits in the commutative diagrams (6.2), ([G3]) (see Theorem
and Remark [6.20). The situation is analogue in QA -alg.

Notation 6.54. Let op : A — A be the morphism given by the inversion map
in the abelian variety A and consider the push-forward functor op, : QA-alg —
QA-alg. We denote op, (F) = —F and similarly for an arrow F' : F — G we denote
op,(F:F—=G)=(-F:—-F = —G).

Notice that since the inversion map is an involution, then —(—F) = F.

Remark 6.55. In order to fix notation, we recall the following easy properties of
the functor op:

(1) op, = op* : QA-alg — QA-alg;
(2) The diagrams below are commutative:

Sch|. A—PQA-alg  Sch|. A QA-alg

sqc sqc

Op*l lOP* Op*l JOP*

Sch|SqCAP—>A-a1g Sch|SqCA<SpTA-alg.

(3) In the situation above we consider the morphisms A — Spec(k) N (see
st*
Definition [63) and the associated adjunctions k —alg, L " (QA-alg)°® and
sty
o
_alg)oP _
(QA-alg) ;_ k — alg .
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The adjunctions defined in Remark[6.55] have the following properties, analogous
to the situation in Lemma [6.15] and Proposition [6.16]

Remark 6.56. (1) Consider the following pull back diagram and the corresponding
diagram of functors:

A— % L AxA A-mod — & Spec(k) — mod
stl ls(id X op) (s(id x op))*l \{st*
Spec(k) —2—+ A Ax A—mod — 5 A mod.

Evaluating at F & —G := (s(id x op))*(}'ﬁ G) we obtain a natural transforma-
tion in F,G: st* 0% (F B —G) = 6*(s(id x op))*(s(id xop)) (FRG) = 6*(FRG) =
F ®4 G, the penultimate arrow coming from the unit of the corresponding adjunc-
tion and the last equality follows from general properties of the external tensor
product (see Definition [640). Indeed, it is well known that in the case of a mor-
phism f: X — Y and a pair of sheaves F,G € QY —mod we have: f*(F Qy G) =
F*(F)ox f*(9) (see [59, Theorem 16.3.7]). In the case that we are dealing with the
situation of 6 : A - A® A and F,G € QA—mod, §*(F 8 G) = 6*(pi FRaxap5G) =
0PI F ®a6*p5G =F ®aG.

(2) For R € k—alg we have that: st* R =0, R R Ig,.

Proposition 6.57. Assume that F,G are sheaves in QA-alg and recall the notation
op, G = —G. Then we can define two natural transformations as below:

(1) 3rg: (FRG) Ry, = F®a4—G;

(2)Frg I, RFRG——F®aG.

Proof. We sketch the proof of (1), the proof of (2) being similar. Using the first
result of the Remark we deduce the existence of a natural transformation
st*0*(F ® —G) = F®4 G — we are using that —(—G) = G. Using now the second
result of the mentioned remark we transform the above to: 0,0*(F & —G) R g, —
F ®4 G, and then using the adjunction 0* -4 0, we obtain a natural transformation
Yrg: (FR—-G) Ry, - FR4G. O

We are ready to define Hopf sheaf on the abelian variety A. We will use the
nomenclature summarized in Definition

Definition 6.58. Assume that H is a sheaf of bimonoids on A (see Definition [6.48)).
We say that H is a Hopf sheaf if there is a sheaf homomorphism oy : —H — H —
called the antipode — such the diagrams below are commutative.
Hos HEET o) —H e (HEH)E s,
L Ay X id

6.4) H HRIg,

k A

]I®A ]Ig = H®A

1R
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HoaH T Jo s+ 1, B(HE H)

\V Wﬂ

6.5) H Iy, ® H
» ) o
]I@A — H@A X Hg

where 7 and % are the natural transformations defined in Proposition 657 and
the bottom maps = are the natural identifications associated to the unit of the X
monoidal structure.

A Hopf sheaf H is commutative if (H, iy, us) is a sheaf of commutative O4—
algebras, and a flat Hopf sheaf is a Hopf sheaf that is flat as sheaf of O4—modules
— that is, the stalks #, are O, 4—flat modules for all « € A. A Hopf sheaf H is
faithful if the canonical morphism O 4 — H is injective — in other words, H(U) is
a faithful representation of O4(U).

As a summary we write down explicitly the conditions of a Hopf sheaf on an
abelian variety A.

Summary 6.59. Let A be an abelian variety. A commutative Hopf sheaf on A is
a sextuple (H, Ay, en, i, Un, 03 ), where (H, py, ug) is a sheaf of quasi-coherent
commutative O g—algebras (i.e. H € QA-alg) with multiplication pz unit ug, and
Ay :H—HBEH, ey H — skyscy(k), o3y : —H — H are morphisms of sheaves
satisfying the following additional conditions:

(1) The triple (H, Ay, e%) is a comonoid in (QA—alg, %,Hfg = skysco(k));

(2) Ay i H — H R H and ey : H — skyscy(k) are morphisms of QA -alg, that is:

(a) The morphism Ay is such that the following diagrams are commutative:

N

HROaH HEH un

AH@AAH\[ TM{ N

HEH) o4 (HEH) T (HoaH)BHOAH) 25— D% sy

A®A ~
H®A ? H®A X ]I®A

uy X ouy

(b) The morphism ey is such that the following diagrams are commutative:

b Flg
HoaH——H g, — 1z

Ig ®aly Ty Iz H—1Ix
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(3) The antipode o3 : —H — H is a morphism in QA-mod — recall that —H =
op, (H) where op, is the functor in A-mod given by push-forward (or pull-back) by
a— —a: A2 A Moreover, the antipode map, fits in the commutative diagrams

©.4), ©.3).

If moreover H is a flat O —module, then we say that the sextuple is a flat
commutative Hopf sheaf; if Oy — H is an injective morphism, then the sextuple is
a faithful commutative Hopf sheaf.

Given the abelian variety A we define the category of Hopf sheaves in the natural
manner.

Definition 6.60. If A is a given abelian variety and H, K are flat commutative
Hopf sheaves, a morphism from H into K is simply a morphism of bimonoids in the
duoidal category (QA-mod, ® 4,1 ,, X, [5). Explicitly it is a morphism of sheaves
F:H — K of O4-algebras, with the additional property that the diagrams below
commute:

H— T K

H— ¥ .k
SN
FXF
I

HEH———KRK

We call HQA-alg (resp. HQAr-alg) the category whose objects are the commuta-
tive Hopf sheaves (resp. faithful commutative Hopf sheaves) on A and whose arrows
are the morphisms of Hopf sheaves.

Remark 6.61. In the context considered above, the following two assertions can
be proved.

(1) In the case that the antipode oy exists for the bimonoid H, then it is unique
— for example, this can be proved using the equivalence given by Theorem [6.62
below and the fact that the inverse morphism of a group scheme is unique.

(2) If F : H — K is a morphism of Hopf sheaves, then oo (—F) = Fooy. In other
words, a morphism of sheaves that are Hopf sheaves and that preserve the bimonoid
structure, automatically preserves the antipode. The proof of this assertion is a
consequence of (1).

The close relationship between the affine extensions of an abelian variety A and
the commutative Hopf sheaves on A is expressed in the theorem that follows.

Theorem 6.62. Let A be an abelian variety, and GE| A and HQA¢-alg the
categories of affine extensions of A and faithful commutative Hopf sheaves of A
respectively. Then, P : GE| A — (HQA;-alg)? and Spec : (HQA;-alg)°? —
GE | A constitute an adjoint equivalence between GE|_, A and HQ As -alg.

Proof. If ¢ : G — A is an affine extension, then ¢ is a surjective morphism and
therefore the sheaf P(q) (see Definition[6.30) is a faithful sheaf of commutative O 4—
algebras. On the other hand, by Theorem the inverse morphism v : G — G
verifies the commutative diagrams (6:2) and ([@3]). It follows by construction that
ou = P(ie) satisfies commutative diagrams (6.4) and ([G.5]) for H = P(g). Indeed,
it is easy to check that P(54,4) = Yu,u and P(F,,) = V3 (see Remark and
Proposition [6.57), thus applying the functor P to the diagrams ([6.2]) and (6.3) we
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obtain the diagrams (64) and (G3]). Since P takes affine morphisms of monoids to
sheaves of bimonoids, it follows that P(q) is a faithful commutative Hopf sheaf.

Conversely, if H € HQA¢-alg, with antipode o, then SpecH: q: M — Ais a
bimonoid in Sch| A, with ¢ a faithful affine morphism (of monoid schemes), by
Theorem Moreover, applying Spec to the commutative diagrams (6.4) and
(©3), we deduce that ¢, = Spec(oy) : ¢ — —q satisfies the commutative diagrams
62) and ([@3). In other words, M is a group scheme and ¢ an affine extension of
A (see Remark 210). O

Notation 6.63. The following notation will be used in the future. Assume that
q: G — Ais an affine extension, then P(q) the associated Hopf sheaf of A-alg will
be denoted as H, := P(q).

Notice that Theorem [6.62] implies in particular the following result.

Corollary 6.64. Let H be a commutative Hopf sheaf on the abelian variety A.
Then H is a flat sheaf if and only if H is faithful, if and only if the unit morphism
Uy 18 Monic.

Proof. Indeed, since a flat morphism of schemes f : X — Y, with ¥ Neetherian is
dominant, it follows from Proposition[6.34] that a flat commutative Hopf sheaf H is
faithful. Conversely, if H is faithful, Theorem [6.62/implies that Spec(H): ¢: G — A
is an affine extension, and therefore a flat morphism by Theorem

Finally, notice that the unit morphism w4 is monic if and only if O4(U) — H(U)
is an inclusion for any (affine) open subset U C A. O

Examples 6.65. (1) Let H be an affine group scheme, and consider the correspond-

ing affine extension 1 Y1 0 0. Then H is the Hopf algebra
k[H] seen as a sheaf on {x} = Spec(k).

Conversely, given a Hopf algebra R, then R can be seen as a Hopf sheaf on
{*} = Spec(k), and the affine group scheme Spec(R) induces the affine extension

1 — Spec(R) i, Spec(R) — 0——0.
(2) If A is an abelian variety, then the structure sheaf Q4 is a faithful commutative

Hopf sheaf on A; it corresponds to the trivial extension 0 0 A4 4 0.

(3) More generally, if R is a Hopf algebra then R = R ®y O4 is a flat Hopf sheaf;
R corresponds to the direct product:

Spec(R) x A: 1 — Spec(R) — Spec(R) x A5 A——0.

Remark 6.66. (1) Since an affine extension S : 1 H G154 0
is of finite type if and only if H is of finite type (as follows from descent theory,
see [14], Proposition 2.6.5] and [32] Prop. 2.7.1]), it follows that G if of finite type if
and only if H(U) is a finitely generated O4(U)-algebra for any affine open subset
UcCA.

(2) If H is a faithful commutative Hopf sheaf on A, then G = Spec(#) is an anti-
affine group scheme if and only if H(A) = k. Indeed, if ¢ : G — A is the associated
morphism of quasi-compact group schemes, then H(A4) = ¢.(Og)(A) = Oc(G).
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6.7. Hopf ideals and affine subextensions.

In this section we present the expected generalizations on the relationship be-
tween ideals of a Hopf algebra H and closed subgroups of the affine algebraic group
Spec(H), to the context of Hopf sheaves and affine extensions.

We begin by recalling some definitions and known results concerning the corre-
spondence between closed subschemes of X and quasi-coherent sheaves of ideals on
Ox (see for example [34, Proposition I1.5.9] or [30} §4]).

Remark 6.67. Let X be a k-scheme and (i,i#) : Y C X, a closed subscheme.
Then we have a short exact sequence of quasi-coherent sheaves of k—algebras

(6.6) 0—— Ty)y —— Ox —2— i, (Oy) —— 0,

were Zx|y is a sheaf of ideals in Ox. In this manner we obtain a bijective corre-
spondence between quasi-coherent sheaves of ideals of Ox and closed subschemes
of X. The inverse map — that we call 20 —, sends an ideal Z C Ox into the closed
subscheme of X given by Supp(Ox /Z).

In the case of schemes over a k-scheme S, we can push forward the short exact
sequence ([6.6)), provided that we impose additional conditions on Y and X.

Definition 6.68. Let (z : X — S) € Sch| . S. We define C(z) as the poset of
closed subschemes of X in Sch| S — that is, we consider y : Y — S € Sch| .S
with (7,i%) : y — = a closed subscheme.

If 7 € QS -alg, we define ZZ(F) as the poset of quasi-coherent sheaves of ideals
of F.
Lemma 6.69. Let (v : X — S) € Sch| S and F € QS-alg. Then:
(1) If (y: Y — S) € C(x), then the sequence in the category QS -mod:

15 exact.

(2) The map 3 : C(x) — IZ(P(x)) given by I(y) = z.(Ix|y) is a contravariant
functor between the domain and codomain posets.

(3) The map B : TZ(F) — C(Spec(F)) given by V(L) = Spec(F/I) C Spec(F) is
a contravariant functor between the domain and codomain posets — recall that in
this context Spec(F) is a k-scheme that is affine over S, with P(Spec(F)) = F.

(4) If (y : Y — S) € C(x), then y = VI(y) = Spec(P(z)/z+(Ix|y)). If T € II(F),
then P(U(T)) = F/T.

Proof. This is an easy exercise and its proof is therefore omitted. O

Definition 6.70. Let H be a commutative flat Hopf sheaf on A. A subsheafZ C ‘H
is a sheaf of Hopf ideals if there exists a pair (I, F') where K is a Hopf sheaf and
F :H — K is a surjective morphism of Hopf sheaves with Ker(F) = Z — recall
that in this case K = H/Z.

We say that a sheaf of Hopf ideals Z C H is faithful if K = H/Z is a faithful
Hopf sheaf.
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Remark 6.71. By definition, a sheaf of Hopf ideals is faithful if and only if Z(U)N
O(U) = {0} for all open subset U C A.

Proposition 6.72. If H is a commutative flat Hopf sheaf of A, then a subsheaf
Z C H in A-mod is a sheaf of Hopf ideals if and only if the following conditions
hold:

(i) The subsheaf T C H is a quasi-coherent sheaf of ideals;

(ii) Letinc : Z — H be the inclusion morphism and consider inc K id + id X inc :
IRHAHRI —HRH. Then the morphism Noinc : T — H 8 H factors
as in the diagram below:

H— 2 “HEH

incT Tinc X id+id K inc
Al

I IRH+HRT,

(i1i) T C Ker(ey).

Proof. Assume that 7 is a sheaf of Hopf ideals, i.e. Z = Ker(F’) for some morphism
of Hopf sheaves F' : H — K. From the flatness hypothesis it follows that Z is
an ideal of the sheaf of algebras 7. Also from the flatness it follows that in the
monoidal abelian category (QA-alg, &),

(6.7) Ker(FRF)=TRH+HRTL,

and therefore (ii) is verified (since F' is a morphism of Hopf sheaves). The proof of
assertion (iii) is trivial.

For the converse, assume that Z satisfies conditions (i)—(iii) and call F : H —
H/Z = K. Then K is a sheaf of algebras, with product ux and unit ux induced by
py and ugy.

It follows from the equality (G.7) that the map (F ® F)oA factors through K
and induces a morphism of sheaves Ax : K - (H R H)/ (TR H+HRI) 2K & K.

From condition (iii) we deduce that e : H — skyscy(k) induces a morphism
ex : K — skyscy(k). On the other hand, since —K = (—=H)/(—Z), it is clear that
oy : —H — H induces a morphism ox : —K — K.

Finally, it is clear that, by construction, the morphisms Ay, ex and ox satisfy

the required commutative diagrams for (IC, Ax, ex, pic, Ui, o) to be a commutative
Hopf sheaf. (I

Proposition 6.73. Let S: 1 H G154 0 be an affine extension
and let H = q. (Og) be the (faithful, commutative) Hopf sheaf associated to S.

Then the poset of closed sub-extensions of S is op-equivalent to the poset of faithful
Hopf ideals of H.

Proor. Let T : 1 H’ G L4 0 be a closed sub-extension of S
and consider Zgr C Og, the subsheaf of ideals associated to G’. Clearly ¢.(Zg/) C H
is a subsheaf of ideals. On the other hand, if we denote by inc : G' — G the
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canonical inclusion, then we have a commutative diagram of sheaves of Og—modules

#

Oc =~ my (Ocxa) = ms(Og & O¢)

l inc, m#, l

iIlC,k (Og/) —G) iIlC,k ((mg/)* (Ogl Xgl)) = inc* ((mG/)* (Og/ X Og/))

where the vertical arrows are the canonical projections induced by the inclusions
G =< Gand G’ x G — GxG. Since Igrwgr = L R Og+ Og R I, it follows that
Oa®ROq = (OG X Og)/(IG/ ROag + Oq IZIIGW). Hence, m., (IG/) C I ®Og +
OacRZIg:.

Also, it is easy to show that Zg C Ker(eg). From the functorial properties of
g«, 1t follows that ¢.(Zg:) is a sheaf of Hopf ideals and, T being a sub-extension,
g+ (Zg) is faithful.

Conversely, given a faithful sheaf of Hopf ideals Z C H, let
T: 1—>Spec(H/I)0—>Spec(’H/I) —A——0

be the affine extension associated to the Hopf sheaf H/Z. If U C A is an affine open
subset, then the canonical projection H(U) — (H/Z)(U) induces a closed immersion
Spec((#/Z)(U)) — Spec(H(U)). Therefore, T is a closed sub-extension of S. [

7. THE CATEGORY Rep(S) AS A CATEGORY OF SHEAVES

If G is an affine group scheme, it is well known that the category of its (left) ra-
tional representations and the category of (right) k[G]-comodules are equivalent —
in the usual notations: Rep(G) = ¥[IM. One can also consider the anti-equivalence
between the category of vector spaces and the category of symmetric algebras (given
by V = Oy (V) = S(VV), the symmetric algebra generated by the dual VV) in order
to produce an anti-equivalence between Rep(G) and the category of kG—comodule
symmetric algebras. On the other hand, it is also well known that the category of
vector bundles over a scheme T is equivalent to the category of locally free, coher-
ent, sheaves of Op—modules, see for example [59, Chapter 13] (see also Proposition
[CH).

In view of the previous remarks, the objective of this section is two-fold:

In the light of Theorem (and in the nomenclature of Definition [B41] and
Remark B.42)), given an affine extension ¢ : G — A we want to establish an equiv-
alence Repy(q) = (Hq M)ﬁn, the category of locally free, coherent sheaves that are
‘Hq—comodules, were Hy = ¢« (Og) is the Hopf sheaf associated to q. Moreover,
we want to extend this equivalence to the graded setting — which involves the en-

largement of the category "¢M to an (enriched) category with graded morphisms.

On the other hand, we also want to generalize Mumford’s equivalence between G—
linearized line bundles and G-linearized invertible sheaves to our context. Whereas
the notion of G-linearized sheaf is well established (see [57), Tag 03LE] and [44] page
30]), we need (again) to develop the notions of graded morphisms between G-
linearized sheaves and of homogeneous sheaves, in order to construct a replacement
for HVBg, (A) (see Definition B.18]).
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7.1. The category of comodules of a Hopf sheaf.

In this section we consider the usual morphisms of sheaves in A-mod that cor-
respond with Repy(g). In the next Section [[2 we extend the equivalence given
below in Proposition [T.3] to categories with graded morphisms (see Lemma [7.22))
in order to obtain Rep(g).

We begin by writing down the definition of comodule algebra for a sheaf of bi-
monoids in the duoidal category (QA-mod, ® 4,1 ,, K, [5) — or more particularly
for a Hopf sheaf — as considered in Section [6.2] in particular definitions and
0. 27

Remark 7.1. Counsider a bimonoid B = (B, ug, ug, A, eg) in the duoidal category
(QA-mod, ®a,lg ., X s Hg)

(1) A left B-comodule is a pair (F,Y), with F € QA-mod and x : F - BR F a
morphism of sheaves, that satisfies the corresponding commutative diagrams (as in
Definition [6:27)).

(2) A morphism of left B—comodules is a morphism ¢ : M — M’ € QA -mod such
that the diagram

M v M
| |+
BamM—EEY pE M

is commutative.

(3) The category BM of left B-comodules has as objects the B-comodules and as
arrows Homsy (M, M’) the morphisms of B—comodules.
(4) If we take two B—comodules (with respect to the ® monoidal structure) M, M’
their product M ® 4 M’ is also a B—comodule. In other words BM A mod 1S @ ®4—
monoidal category with unit O 4, that is viewed as an object of M via the structure
# ~ Nid , ~

O3 04R04,2—58Bx 04 (see Proposition [6.20]).
(5) A right B—comodule algebra is a right B-comodule (F, x r) such that (F, ur,ur) €
QA-alg and xr € Homy as(F,F X B) with the adequate algebra structure in
F ® B (see Proposition [6.26] and Definition [6.27)).

In explicit terms, we ask the diagrams below to commute — we are using the
notations of definitions and [6.42]

OAi)OA%OA

“Fl lu}-gug

F— \FRB
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(F.B,F.B ~

(FRB) @A (FRB) /S (F@aF) R (B®aB)

X
FouF i (FoaF)BB
#Fl LL; X id
F X FRB

(6) A morphism of left B-comodule algebras from F to F’' is a morphism f €
Homsy, . (F,F’) that is also a morphism in Hom _a1e (F, F').

(7) We denote the category of left (resp. right) B-comodule algebras as Mg 4 _alg
(resp. MgA-a1g>-

As expected, the adjunction between P and Spec gives a correspondence between
actions of bimonoids b : M — A and structures of P(b)-comodule algebras (see
Theorem [6.40] and Proposition [6:49).

Proposition 7.2. Letb: M — A € Sch| A be a bimonoid, v : X — A € Sch| A
and ax an action of b on x (see Definition [0-24] and Example [6.27). Then P(ax)
endows P(x) with a structure of P(b)—comodule algebra.

Conversely, let B € QA-alg be a bimonoid, F € QA-alg and x F - B®F
a B-comodule algebra. Then Spec(X)oTgpec(s) Spec(F) Spec(B) x Spec(]:)N —
Spec(F) is an Spec(B)-action — recall that Aff (Spec(B) x Spec(F)) = Spec(B & F).

In particular, P induces an (op)-equivalence between the following two categories:
(1) b—Sch|,,, A, with objects the pairs (x,ax) where x : X — A € Sch|,,, A and ax
is a b—action on x, and with arrows the b—equivariant morphisms;
(i) POMqa alg, the category of quasi-coherent P(b)-comodule algebras.

Under this equivalence, flat P(b)—comodules correspond to flat b—objects.

Proof. The proof is straightforward and therefore, it is omitted. O

Our objective is to combine Proposition with the well known (monoidal)
equivalences between the category of vector bundles over A, the category of locally
free sheaves of O 4—mod, of finite rank, and the category of the symmetric algebras
generated by these sheaves, in order to describe the category Rep,(q), where ¢ :
G — A is an affine extension, as a category of sheaves with additional structure.

Remark 7.3. (1) Recall that if F € QT -mod, then one can consider the Hadamard
monoidal structure ® and construct S(F), the symmetric algebra generated by F.

(2) It is well known that if 7 € QS -mod is moreover a locally free sheaf of finite
rank rk F = n, then F is a coherent sheaf and Spec(S(F)) is a vector bundle over
T of rank n. Notice also that S(F) is a flat sheaf.

(3) Conversely, if 7 : E — T is a vector bundle of rank n, then P(E) is a
symmetric algebra generated by a locally free sheaf of Or—modules, of rank n.
Namely, P(r) = S(FE), where I'g is the sheaf of sections of the vector bundle F,
FE(U) = F(E, U) = {S U — E:mou= ldU}
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In this way, the restriction of the functors Spec and P gives a monoidal equiva-
lence between VB (T') and ST-alg, the category of sheaves of Opr—module symmetric
algebras generated by locally free sheaves of finite rank.

(4) Taking into account the previous remark, we can produce another useful equiv-
alence of categories: if we denote by CifT-mod the category of (necessarily co-
herent) locally free sheaves of Or—modules, of finite rank, then the functor VB :
Cy¢T -mod — VBg(T), given by VB(F) = Spec(S(FY)) and VB(f : F — F') =
Spec(S(fY)) : S(F"Y) — S(FV) is an equivalence of categories.

Definition 7.4. Let A be an abelian variety. If 5 is a bimonoid in QA -mod, we
denote BMg,, the category of left B-comodules with support on locally free sheaves
of O 4—modules, of finite rank.

We denote B Msa-ale C B M@a-alg the full subcategory of symmetric algebras
generated by the locally free B—comodules of finite rank — notice that if 7 € BMg,,
then the B-comodule structure on F induces a B-comodule structure on S(F) in
a natural way.

We are now in condition to present our first result concerning the equivalence
of the category of representations of an affine extension ¢ : G — A with some
categories of H4—comodules.

Proposition 7.5. Let S: q: G — A be an affine extension. Then:

(1) the equivalence of Proposition [7.9 restricts to a monoidal (op)-equivalence be-
tween Repy(S) and "1Mga_alg, where H, denotes as usual the sheaf of Hopf algebras
associated to q;

(2) the equivalence VB : Cit A-mod — VBo(A) induces an equivalence of categories,
that we also denote VB : "aMg, — Rep,(S).

PROOF. The proof of (1) is a straightforward consequence of propositions B.47] and
[[2 and hence it is omitted.

In order to prove (2), we first observe that if (7, xr) € *sMgy, then Spec(S(F)) =
pe : E — A supports a S-module structure a : ¢ X pg — pg — notice that we
are not applying the functor VB. It follows that pY. : EY — A is a S—module, and
hence P(EV) is a Hq—comodule algebra. But by construction, P(EY) = S(F") and
the corresponding H,—coaction being linear, it restricts to a coaction x, : F* —
H, & FV.

It is easy to see that the functor “take dual” induces an equivalence -V : BMg,, —
BMyn. The proof of (2) is now straightforward, since VB(F) = Spec(S(F¥)). O

If S: ¢ : G — A is an affine extension, in view of Proposition [.5] it makes
sense to define a category of “infinite dimensional” S—modules either as a certain
full subcategory of *a M@a-alg containing Hq Msa-alg or as a full subcategory of
Hq M@A -mod containing HaMagy.

As proposed by V. Drinfeld in [25] (in the context of the definition of an infinite
dimensional vector bundle”), we take the second approach and consider the full
subcategory of Ha M@A4-moa With objects the quasi-coherent, flat sheaves of H,—
comodules, that we denote ™« M@, -mod, as a replacement for VBg(A) — recall
that if F is a coherent flat sheaf of O4-modules, then F is locally free (see [56,
Proposition 2]).
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7.2. Homogeneous sheaves on an abelian variety.

In this section we define the category of homogeneous sheaves on an abelian
variety A. We fix the following notation: if 7' is a k—scheme and F € A-mod, we
define Fr = FROp € Ar-mod — recall that Ap = AxT. Then Fr = pi F Q04,1
p5(Or1) = DI F @04 p Oaxr = DiF, where p; : Ap — A and py : Ar — T are the
canonical projections.

Definition 7.6. (1) If A is an abelian variety and F,G € A-mod, we define the
functor of graded morphisms Homg, (F,G) : Sch®® — Sets as follows: for T' € Sch’?
an element of the set Homg, (F,G)(T) is a pair (f,¢), with £ € A(T) and f €
Homa, -moa(t; Fr,Gr) — recall that the translation ¢, : A7 — Ar is a morphism
of T—schemes and that f is a morphism of sheaves of Ar—modules.

For an arrow j : T/ — T the functor is defined as follows:
Homyg, (F, G)(j) : Homg, (F,G)(T) — Homg, (F,G)(T")

is given by Homg, (F,G)(4)(f,£) = ((ida xj)* f, o j) — notice that foj € A(T") and
that since proteo (ida Xj) = plotes;, then (ida xj)*f € HomsATmod(tZOjfT,, Gr).
(2) If (f,£) € Homg, (F,G)(T'), then the element ¢ € A(T) is called the degree of
(f.0).

The degree maps d(T') : Homg, (F,G)(T) — A(T), d(f,¢) = ¢, conform — by
definition — a natural transformation, that is also called the degree map.
(3) We call Homg(F,G) the subfunctor of Homg, (F,G) given by the elements of
degree zero: i.e. the set Homg(F,G)(T) = {(f,0) : (f,0) € Homg (F,G)(T)} with
f S HOHlAT -mod (‘FTv gT)

Definition 7.7. Let A be an abelian variety and F,G,E € A-mod. We define a
natural transformation o : Homg, (G, ) x Homg, (F,G) = Homg, (F, &) as follows:
given a k-scheme T and (f,¢) € Homg (F,G)(T), (9,b) € Homg (G, E), then f :
tyFr — Gr and tyf @ t;  Fr — t;Gr. Hence, we can define (g,b)o(f,£) =
(goti f, €+ b) € Homg, (F,E).

Remark 7.8. It follows by definition that the degree map satisfies the following
compatibility condition with the composition defined above.

Homg, (G, E) x Homg, (F,G) - Homg, (F, &)
dxdl ld
Ax A 2 A

Notation 7.9. (1) We denote Endg, (F) := Homg, (F, F); notice that Endg, (F)
with the composition of graded morphisms is a monoid functor, with unit egnq,, () (1) =
(id}—T7 O) :

(2) The group functor Autg(F) is the unit subfunctor of Endg, (F); that is, the
subgroup functor of Endg, (F) given (for each scheme T') by the pairs (f,¢) such
that f :t;Fr — Fr is an isomorphism.

(3) We also consider the functor on monoids Endg(F) = Homg(F,F), and the
functor on groups Autg(F) given by the pull back of the inclusions Autg, (F) C
End,, (F) and Endo(F) C Endg (F) — therefore, Auty(F) is the subfunctor of
Autg, (F) given by the elements of degree zero.
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As in the case of vector bundles, it is easy to see that the morphism of degree
zero between two sheaves F,G are in bijection with the morphisms of sheaves of
O pg—modules between F and G.

Remark 7.10. Let F,G € A-mod. Then the functor Homg(F,G) is represented
by the k-vector space Hom g _mod(F,G). In particular, Endg(F) is a smooth scheme
on monoids. Indeed, the k—vector space Homy .imod(F,G) represents the functor
T +— Homay -mod (F7, G7)-

Definition 7.11. As in Definition [3.I8 we consider the monoidal category V =
Func(Sch®, Sets) and we define the V—category Ag, -mod, that is called the category
of sheaves on A with graded morphisms, with objects the sheaves of O4—modules
and with hom-object Homg, (F,G) € V, with composition defined as above. In
other words, for 7 and G sheaves on A, Homa,, -mod(F,G) = Homg, (F,G).

We define the full subcategory QAg, -mod C A, -mod of quasi-coherent sheaves
of O a—modules with graded morphisms with objects the quasi-coherent sheaves of
O g—modules.

Similarly, we define the subcategory () Ag, -alg of quasi-coherent sheaves of O 4~
algebras with graded morphisms by taking as objects the quasi—coherent sheaves of
O -algebras, and if F,G are two objects, then Homa, .aig(F,G) is the subfunctor
of Homg, (F,G) given by (f,¢) € Homau,, _aig(F,G) if f : t;Fr — Gr is a morphism
of O4,—algebras (over the T—scheme Ar).

Remark 7.12. Call Ag-mod C A, -mod the wide subcategory of A,y -mod with
morphisms between F, G the functor Homg(F,G). It is clear that the usual category
A-mod = 04 —mod is equivalent to Ag-mod (see Remark [.T0). Similarly for the
analogous situation but in QA-mod and QA-alg with respect to QAg-mod and

QAj-alg.
Clearly, Endg(F) is the kernel of the morphism of functors on monoids d :
Endg, (F) = A, and Auto(F) the kernel of d : Autg, (F) — A.

Remark 7.13. As in the case of vector bundles, if 7, 7' € Ay, -mod, then Homyg, (F, F')
is a fpqc sheaf.

In particular, when we deal with locally free sheaves of finite rank we have the
following equivalence result:

Lemma 7.14. In the above situation, the equivalence VB : Cyy A-mod — VBy(A)
extends to an equivalence VBg, : Cip Agy -mod — VB, (A).

PROOF. Fist, we observe that if F € CiA-mod and T is a k-scheme, then
VB(Fr) =2 VB(F)r. Indeed,

Spec(S((fT)v)) = Spec(S((p’{]:)v)) = Spec(S(p*{(]—'v))) = p] (Spec(S(fv))),

where the second of the above chain of equalities is due to the commutation of
pullback with duals and the third by the commutation of base change with Spec
(see [2] and [59][Thm. 17.1.3, Ex. 17.1.F)] respectively). In other words,

VB(Fr) 2 VB(F)r = (rF xid : VB(F) x T — Ax T).
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Next we show that for all F € CjyA-mod and b € A(T') we have the commutation
relation VB (t; (Fr)) = t; VB(F)r:
VB(t; Fr) = Spec(tzS(}'}/)) =t (Spec(S((pT]:)v))) =
t; VB(Fr) = (£ VB(F))

where we used again the commutation of duals and pullback for locally free shaves.

T’

Once we have the identifications above, it is clear that the equivalence VB :
Ci¢A-mod — VB (A) induces a natural isomorphism between the functors Homg, (F, G)
and Homy, (VB(F), VB(G)).

Indeed, if T is a k—scheme, then the family of bijections (indexed on ¢ € A(T))
given by

HOIHAT -mod (tz (]:T), QT) — HOIIIO (VB (t?]‘—T) s VB(QT)) = HOIHQ (tz (VB(]:)T) R VB(Q)T) R
combine into a bijection

{(£,0): f € Hom, ... (t;(Fr),Gr), L € A(T)} — Homg, (VB(F), VB(G)).

The family of bijections above (indexed on T') conform the seeked natural trans-
formations. g

Remark 7.15. As an immediate consequence of Lemma [[.14] we have that if
F € CiyA-mod, then Autg (F) is a smooth group scheme of finite type and the
degree map d : Autg(F) — A is an affine morphism of group schemes, with kernel
Auto(F), since Auty, (F) = Autg, (VB(F)).

It is an open question whether Autg (F) is a group scheme or not if F €
QA -mod. However, we have the following description.

Lemma 7.16. Let A be an abelian variety and F € A-mod. Then Auto(F) is a
smooth affine group scheme, and the degree map d : Autg,(F) — A is a morphism
of fpgc sheaves, with kernel Autg(F).

PROOF. Recall that Endg(F) is a smooth monoid (see Remark [[10), and that
Auto(F) is its unit group. It follows from [23] I1.3.7] that Endo(F) is the limit in
the category of monoid schemes of a family M; of finite type; therefore, Autg(F)
is the limit of the unit groups G(M;). Since G(M;) C M; is open by [23] 11.3.6], it
follows that Autg(F) is an open subscheme of Endg(F).

It is clear that Autg (F) is a sheaf for the fpgc topology (e.g. by descent for
morphisms). Moreover, Auto(F) is a subsheaf and the quotient morphism 7 :
Autg, (F) — Autg, (F)/ Auto(F) is a torsor under Auto(F), in view of [23] I11.4.1.8].
Now is clear that d factorizes through 7. O

Definition 7.17. Let A be an abelian variety. A sheaf F € Ay -mod is homoge-
neous if the degree map d : Autg (F) — A surjective in the fpqc topology.

In view of Lemma [[.16 it follows that the Autg (F) is a quasi-compact group
scheme, the sequence

Aut gy (F) - 1—>Aut0(]—‘)—>Autgr(}')L>A—>O

is an affine extension. In particular d is a quasi-compact, faithfully flat morphism
of group schemes.
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Example 7.18. (1) Clearly, the structure sheaf O4 is homogeneous.

(2) It is clear that under the equivalence VBg, : CirAgr -mod — VB, (A), homoge-
neous sheaves correspond to homogeneous vector bundles (see Remark [TT5]).

Definition 7.19. We define Ay, -mod, the category of homogeneous sheaves on A,
as the full subcategory of A-mod with objects the homogeneous sheaves on A.
Similarly, we define the category QA -mod of homogeneous quasi-coherent sheaves
of O4—modules as the full subcategory of QA-mod with objects the homogeneous,
quasi-coherent sheaves on A, and Cjy Ay -mod C QA -mod the full subcategory of
locally free, homogeneous, sheaves of finite rank. We denote Q) Ay, -alg the category
of homogeneous quasi-coherent sheaves of O o—algebras.

As in Definition B. I8 we define the V—categories Ap g -mod, QAp g -mod, Cip Ay, gr -mod,
Ay gr -alg and Q Ay, g, -alg as the full subcategories of Ay, -mod, Q Ay, -mod, Ciy A,y -mod,
Ay, -alg and QQA,, -alg where on each situation the objects are limited to the ho-
mogeneous sheaves.

Lemma 7.20. Let F,F' € Apgr -mod be two homogeneous sheaves. Then the
homogeneous vector bundle Ryom,(F, 7y = Autg (F') x Auto(F') Homg (F, F') repre-
sents Homg, (F, F').

Moreover, Riomg(F.7) = LHomo(F,F) = Autg, (F) x Auto (F) Homy(F, F') €
HVBo(A).

ProoF. We replicate the proof of Lemma

Let ¢ : Autg, (F') x Homg(F, F') — Homyg,(F, F') the morphism of fpqc sheaves
given by composition. Then clearly ¢ is Auto(F)—invariant, and therefore induces
a morphism of fpqc sheaves ¢ : Riom, (F,7/) — Homg, (F, F').

Let y1 : T'— Autg (F') x Homo(F, F') and ys : T — Autg, (F') x Homg(F, F’)
be such that ¢(T)(y1) = ¢(T)(y2) € Homg, (F,F')(T). Define f; := p1(T)(y;) €
Autg (F')(T), €5 = dopr(T)(y;) € A(T), g; = p2(T)(y;) € Homo(F, F')(T") and
@(T)(y;) = (fi09;,4;) € Homge(F, F')(T), for j =1,2.

By hypothesis we have ¢ = {3 and fiog1 = f20 g2, but since the f;’s are invert-
ible, we get go = f; "o fiog1, and obviously fo = fio(fy 'of1)~! with fy'of1 €
Auto(F)(T).

On the other hand, given (f, () € Homg, (F, F')(T'), since the sequence

1 — Auto(F') = Autg (F') > A —0

is exact there exist h : T/ — T fpqc and g : T" — Autg (F’) such that dog =
loh = {|,. In particular, g : t;ﬁl Fr: — Fp is invertible, therefore fog=! €
T/

Homg(F, F')(T"), g € Autg(F')(T") and ¢(g, fog™*) = (f,£)],,, showing that ¢ is
locally surjective. Since both sides are sheaves on the fpqc topology, they turn out to
be isomorphic and Ryom,(r,#/) represents the functor Homg, (F, F') (see Lemma
B.24). The claim for Lyom,r,7/) follows in a similar way. The isomorphism of
representing schemes is now obvious. O

Remark 7.21. Let F Ay -mod be a homogeneous sheaf. Then Autg, (F) is a quasi
compact group scheme and form the proof of Lemma above we deduce that
Ltiom,(F, 7y represents the functor Homg, (F, '), regardless on whether F” is ho-
mogeneous or not. Similarly if 7’ is homogeneous, then Riom(F,7/) Tepresents
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the functor Homyg, (F, F’), regardless on whether F is homogeneous or not. The
existence of a geometric structure for Homg, (F, F') when neither of the sheaves is
homogeneous (i.e. the representability of this functor) remains open.

We finish this paragraph studying the relationship between homogeneous vector
bundles and homogeneous sheaves — in particular, we present the correspondence
between homogeneous vector bundles and homogeneous locally free sheaves of finite
rank as an equivalence of categories.

Lemma 7.22. In the above situation, the equivalence VB : Cyy A-mod — VBy(A)
restricts to an equivalence VIB%|Clf Ay, -mod : CigAn-mod — HVBy(A). Moreover,
VB¢, a, moa €xtends (as an equivalence) to VBg : Cig Ap gr -mod — HVBg,(A).

PRrROOF. The result follows immediately from Lemma and Remark O

Corollary 7.23. A wvector bundle E — A is homogeneous if and only if P(E) €
C SA-alg is homogeneous, and this happens if and only if its corresponding coherent,
locally free sheaf Fg is homogeneous.

In particular, if H is a flat Hopf sheaf, then any coherent H—comodule is homo-
geneous.

PRrROOF. This a direct consequence of Lemma [7.22] and Proposition ([

7.3. Linearization of sheaves.

We begin by recalling the definition of the category of G-linearized sheaves
(see [44] page 30] and [57, Tag 03LE]). We work over schemes defined over k and
the sheaves will be in general quasi—coherent Ox—modules but the definitions can
be performed for general Ox—modules.

Let G be a group scheme with m, eg the multiplication and the unit of the group,
assume X a G-scheme with an action a : G x X — X.

In order to simplify notations, we display the following (rather obvious) commu-
tation relations:

(1) ao(idg xa) = ao(m x idx) : G X G x X — X and ao(eg x idx) = ps :
Spec(k) x X — X (that is, a is an action).

(2) Ao P23 = P2o (ldG ><a) :GxGExX — X, Wherepij : Xl XXQXXg — Xl XXJ'
denotes the canonical projection.

(3) pa2o(idg Xp2) = peo(Mm X idx) =p3: G X Gx X — X and pao (e¢ X idx) =
p2 : Spec(k) x X — X (that is, the canonical projection ps is trivial action).

Definition 7.24. Let G be a group scheme, X a G-scheme and F a sheaf of
Ox-modules; denote the G—action of Gon X by a: G x X — X.

A G-linearization of the sheaf F (or a linearization compatible with the action

a: Gx X — X) is an isomorphism of sheaves of Ogx x—modules ® : a*(F) — p5(F)
such that:
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(1) The diagram below is commutative:

(ide xa)*a*(F) = (m x idx)*a*(F) — 4@

(m x idx)*p3(F) = p5(F) = psap5(F)

(idg xa)*(®)

(idg xa)p5(F) = p33a™(F)

(2) The pullback by the morphism of schemes eg x idx : Spec(k) x X — G x X of
the diagram @ : a*(F) — p3(F) yields (eqg x idx)*(®) =id: F — F.

Remark 7.25. Conditions (1) and (2) of Definition are the same than the
“cocycle condition” stated originally in GIT [44] §1.3].

Next we define the category of G-linearized sheaves for a G—scheme X with a
fixed action ¢ : G x X — X.

Definition 7.26. If ¢ : G x X — X is an action of the group scheme G on
the scheme X, define G-Q X -mod, the category of G-linearized sheaves for the
G-scheme X, as having:

(1) as objects: the pairs (F, ®), where F is a sheaf of quasi-coherent O x—modules
and ® a linearization of F as defined above;

(2) as morphisms: the morphisms from (F,®) to (F',®’), are the morphisms
f € Homgx -mod (F, F') such that the following diagram is commutative

a*(F) —2— p3(F)

a*(f)l lpé(f)

@ (F) = p3(F).

Definition 7.27. Let S: ¢ : G — A be an affine extension. Then G acts on A by
ag = so(gxida) : GXx A — A. An S-linearized sheaf or g—linearized sheaf is a pair
(F,®), where F a quasi-coherent sheaf of O4-modules and ® : a; (F) — p5(F) is
a G-linearization compatible with a,.

Given two ¢-linearized sheaves F, F’, then a morphism of q-linearized sheaves
is a morphism f : F — F’ of G-linearized sheaves with respect to a,.

The category q- QA-mod of quasi-coherent g—linearized sheaves has as objects
the quasi-coherent g-linearized sheaves, as morphisms Homg 4 -moda(F,F’) the
morphisms of ¢-linearized sheaves. We denote q- Ciz A-mod C g- QA-mod the full
subcategory with objects the locally free sheaves of finite rank.

Remark 7.28. Let S: ¢ : G — A be an affine extension.

(1) Tt is easy to see that kernels, images, cokernels of homomorphisms of g-linearized
sheaves as well as tensor products and symmetric powers (for the Hadamard monoidal
structure ® 4) of g-linearized sheaves inherit g-linearizations in a natural way.

(2) Clearly, if F € Cit A-moa is ¢-linearized, F" inherits a g-linearization in a natural
way.
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(3) If X is a G—scheme of finite type and f : X — A is a G-equivariant mor-
phism, then a ¢g-linearization on F € QA-mod induces a G-linearization on f*F €
QX -mod (see [35] p. 94]).

(4) A direct generalization of the considerations in [44] §1.3] shows that a ¢
linearization in F € @ SA-alg induces a G-action a : G x Spec(F) — Spec(F),
such that the following diagram is commutative

G x Spec(F) —— Spec(F)

AxA—— 3 A

In other words, a g-linearization of F induces on Spec(F) a structure of g-module in
the duoidal category (Sch |, A, X, I3, x4, Ix ) — that is, an action a : ¢ x Spec(F) —
Spec(F).

Conversely, if z : X — A is a ¢-module, then the action a : ¢ X  — x induces a
g-linearization on P(x).

In [35] p. 94] the reader will find a proof (where G is assumed of finite type) that
is valid in our context.

(5) In particular, we deduce from (2) and (4) that if a sheaf 7 € CjyA-mod admits
a g-linearization, then it induces a structure of g-module on VB(F). Conversely,
if (1: E — A) € Repy(S), then the action a : ¢ x 7 — 7 induces a g-linearization
on P(m). It is easy to show that if f € Homg cy;4-mod(F,G), then VB(f) €
Homg (VB(F),VB(G)), and that we have an equivalence between g- CifA-mod and
Repy(S).

We proceed now to establish the notion of graded morphisms of S—linearized
sheaves. Before doing so, it is convenient to set some equalities between different
pull-backs involved it the mentioned definition.

Remark 7.29. (1) Let §: ¢ : G — A be an affine extension and F € QA-mod
a quasi-coherent sheaf of O4—modules. Let T be a k—scheme and £ : T — A a
T—point. From the equalities of morphisms G x A x T' — A:

Pi1o ((lq X ldT) = Qgo P12

P1oPp23 = P20oPi12
p2opi2(ide Xte) = propase (idg xte) = protsopas
and the equality
teo (ag X idr) = (ag X idy)o (idg Xte) : G X AXT - Ap = A X T

we deduce — in the same order — the following equalities of sheaves of Ogx ax7—
modules (recall that Fp = piF):

(ag x id7)"(Fr) = pia(agF) = ag(F)r
P33 (Fr) = pi2(p3(F))
Pss(te)* (Fr) = (idg xte)*pss(Fr) = (ide xte) iz (p5(F))
(ag % idg) "t (Fr) = (ide xte)* (a3 F)r)

(7.1)
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(2) In the situation above, suppose now that F is linearized with respect to aq,
and consider the action aq x idy : G X A x T — A x T. Then the linearization
map @ : azF — p;F € Ogxa induces (by applying pj5) a linearization map on
Fr € QAr—mod given as: pjy® : (aq x idy)*Fr — pssFr. In what follows we
will sometimes write ® r instead of just ®, specially if there is more than one sheaf
under consideration.

If we take a T—point £ : T'— A, and apply to the above linearization for Fr, the
functor (idg xt,)* we obtain a linearization for t; Fr € QA7 -mod as:

(idg xt)*pia(®r) : (ag X idr)" (te)* (Fr) — pas(te)” (Fr).
This is an easy consequence of the formulae established just above.

Definition 7.30. Let S: ¢ : G — A be an affine extension and F, 7’ € QAg -mod
two g-linearized sheaves. The functor of graded morphisms of q-linearized sheaves
is the subfunctor Homy. g, -mod(F,F') C Homg, (F, F’) given as follows: (f,£) €
Homg, (F, F')(T') belongs to Homg_ga,, -mod (F, F')(T) if the following diagram of
sheaves on the T-scheme G x A x T' is commutative

(ide xte)"pi2(®F)

(ag x idr)*t; (Fr) P33ty (Fr)
(aqudT)*(f)l lpés(f)
D
(ag x idz)* (F}) ner p3s(F})

where we used the equalities (Z.1]).

Definition 7.31. Let S: ¢ : G — A be an affine extension. The (enriched) cate-
gory q- QAg: -mod of g-linearized (or S-linearized) sheaves with graded morphisms
has as objects the S-linearized sheaves and as morphisms the functor of graded
morphisms of S—linearized sheaves.

We finish this section by showing the relationship between the concepts of ho-
mogeneous and S—linearized shaves.

Lemma 7.32. LetS: q: G — A be an affine extension and F a S—linearized sheaf.
Then F is homogeneous.

Conversely, let F € Ap-mod be a homogeneous sheaf. Then F admits an
Autg (F)-linearization.

Proof. It £ € A(T) then there exists a fpqc morphism f : 7/ — T and g € G(T")
such that gog=fo f. Let ar : G X AXT - AxTandap : Gx AXxT — AxT'
be the actions induced by a,. Then the linearization @ : a;(F) = p3(F) € Ogxa
induces a G-linearization

Vs aip (Frr) = pig(Frr) € Ocxaxt

via the G—equivariant morphism pgo (idg X f) : AX T’ — A — here we use remarks

(2) and [28(3)).
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Now consider the following commutative diagram of T’—schemes:

id g g AxT
P23
(gop2,idaxrr)

(7.2) AxT GxAxT teof

ooy AxT

It follows from diagram (7.2)) that ¥ : a¥, Fr» — pisFrs induces an isomorphism
¥ (gop2,idaxr ) ap Fr = tgoeFrr — (gope,idaxt ) pisFr = Fr.

It follows that (¥, lo f) € Autg (F)(T") and is such that d(¢, lo f) = lo f. We
deduce that d is surjective in the fpqc topology, and therefore F is homogeneous.

In order to prove the converse, assume that F € QA -mod is homogeneous. Then
Autg,(F) is an affine extension of A. In particular, d : Autg (F) — A is a fpqc
morphism, and it follows from the homogeneity applied to the Autg, (F)-point d
that there exists an isomorphism ¢ : t3Faut,, (F) = Faut,, (F)-

Let 0 : Autg(F) x A — A x Autg,(F) be the switch morphism. Then aq =
protgoo : Autgr(]:) x A — A. Since ]:Autgr(]:) = pT‘F S QAAutgr(]:) -mod, it
follows that ¥ = o*¢ : ajF — psF € Q(Autg(F) x A)-mod is the secked d-

linearization. O

7.4. The category of sheaf representations of an affine extension.

Definition 7.33. Let S: g : G — A be an affine extension of the abelian variety
A.

(1) The category q- QAp gr-mod (or S- QAp gr-mod) of sheaf representations of
S is the full subcategory of QAp g -mod(S) with objects the quasi-coherent, flat
S-linearized sheaves — recall that, by Lemma [[32), the S—linearized sheaves are
homogeneous.

(2) We denote as g- Cig Agr -mod C S- QA - -mod the full subcategory of coherent,
flat (necessarily locally free) sheaves — in other words, the objects of q- Ci¢ Ay, -mod
are the sheaf representations that are locally free, of finite rank. We will denote
also S- Cig Agr -mod = g- Ciy Agy -mod.

(3) The subcategory q- QAp-mod C S-QA, o -mod is defined by taking as mor-
phisms the pairs (f,0) € Homs. g4, ,, -mod(S)(F,G) belonging to Homg(F,G). We
will also denote S- QA -mod = g- QA -mod.

(4) The subcategory q- CjfA-mod = S- CiyA-mod C q- QA, -mod is defined as the
full subcategory of coherent sheaf representations (i.e. locally free of finite rank) of
S with morphisms the pairs (f,0). Notice that q- CifA-mod can be seen also as a
subcategory of g- Cif Agy -mod.

Definition 7.34. A S—sheaf representation F is rational if there exists a filtered
system of coherent subrepresentations F, C Fg C F, of finite rank n,, such that
F = colimg, F,. In relation with the categories considered in Definition when
we restrict the objects to the rational sheaves, we add the prefix r to the notations
e.g. we write rq- QA g -mod, etc.
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Theorem 7.35. Let S: ¢ : G — A be an affine extension. Then the equiva-
lence of categories VBg, : CiAgy -mod — HVBg,(A) (see Lemma[7.29) induces an
equivalence S- Ci¢ Agy -mod = Rep(S).

PROOF. By Remark [[.28) we have that VB CitA-mod — HVB((A4) induces an
equivalence S- CiyA-mod = Rep,(S). Hence, we only need to show that if F, F’ €
S- CirA-mod are g-linearized sheaves, then VBg, : Homg, (F, ') — Homg, (VB(F), VB(F"))
restricts to a bijection Homs. ¢y, 4,, -mod (F, F') = Hompgep(s) (VB(F), VB(F')).

Denote (7 : F — A) := VB(F) and (' : F' — A) := VB(F'). Let T be a k-
scheme and (f,¢) € Homg, (F, F')(T). Let ap : G X F — F and ap/ : G x F' — F'
be the g-actions on VB(F) and VB(F’) induced by ® r and ® £, the ¢g-linearizations
on F and F' respectively. Consider the morphisms aqr = aq X idr : G X Ap =
GXAXT 5 Ar=AxT,apr =a1 xXidpr : GXx Fr =GXx FxT — Ap and
mpr =7 X idy : Fr — Ap. Then, from the cartesian diagram of T—schemes

afF,T

Gx Fp ———— Fr

idg X TrTJ/ lﬂ'T

GxAp — 2T A

where mp = 7 x idy, we deduce that (f, ) is G—equivariant if the following diagram
of T-schemes is commutative:

id
GxFTG—Xf>G><F:’F

(7.3) aml lam

Fr— P

WTJ/ lﬂr
AT % AT

where we consider the T-structure given by projection on the last coordinate.

Taking into account that ¢so (7 X idr) = (7' x idr)o f, we deduce that the com-
mutativity of Diagram (Z3) is equivalent to the commutativity of the diagram:

(idg xte)" pio(P¥)

(aq x id7)*t; (Fr) P33ty (Fr)
(aqxidﬂ*ml lp%(f)
: * (Tl Pi2(®5) * /
(ag x idr)*(F7) p3s3(Fr)
where VB(f,€) = (f,£). In other words, (f,¢) € Homs_ ¢y a,, -mod (F, F'). 0

Combining Proposition and Theorem [[35] we get the following:

Corollary 7.36. Let S: ¢ : G — A be an affine extension and H, its asso-
ciated Hopf sheaf. Then the equivalences VB : "aMg, — Repy(S) and VB, :
Ci¢An gy -mod — HVBg, (A) induce equivalences

Ha Mﬁn = Rep(S) =~ S- C]fA -mod. O
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We would like to extend now the equivalence ®«Mg, = ¢-CiA-mod to the
category of rational sheaf representations. First, we need to establish the notion of
rational comodule.

Definition 7.37. LetH be a Hopf sheaf on the abelian variety A. A H—comodule
F is rational if there exists a filtered system of coherent flat sub-comodules F, C
Fz C F, of finite rank n,, such that F is the filtered union of the subsheaves F,;
that is, F = colim, Fyu.

Notice that since the limit of flat modules is flat, a rational H—comodule is
necessarily flat.

We denote by "M, Age-mod C HM A, -mod the full category of rational H-comodules,
and by "M, A -moa C HMTAg,r _mod the wide subcategory with the same objects and
morphisms Ker d, where d : *M Ay, -mod —+ A is the degree map. In other words,

Homwp,, ... (F.G)(T) = {(f,0): (f,0) € Homum,, _poa(F, G)(T)}.

Proposition 7.38. Let S: ¢ : G — A be an affine extension and Hq the associated
Hopf sheaf. If (F,®r) € q-QA,-mod, then F admits a structure of (rational)
H4-comodule.

Conversely, if (F,xr) € HaM, A -mod then F admits a structure of (rational) S—
sheaf representation.

ProOOF. Let (F,®r) € g-QA,-mod, and (Fo, o = ¢|,.,. ) be a filtered system
5 Fa

of coherent S—sheaf subrepresentations with colim F, = UF, = F and (aq)a :
G x Spec(S(FY)) — Spec(S(FY)) the associated S-action (see Theorem [T3H). By
Proposition [T (aq) induces a structure of H,—comodule xx, : F, = Hq R F, C
M, B F. Since this association is of functorial nature, it follows that is F, C Fg,
then xr, = x7,|- . It follows that the family xr, induces a structure of H,—
comodule x 7 : F = colim F, — H, ® F, such that X]-‘|]_-a = XF.-

The proof of the converse is similar and therefore is omitted. O
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