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Abstract

The main aim of this paper is to give a Hopf algebroid approach to the
Picard-Vessiot theory of linear differential matrix equations with coefficients
in the polynomial complex algebra. To this end, we introduce a general
construction of what we call here the finite dual of a co-commutative (right)
Hopf algebroid and then apply this construction to the first Weyl algebra
viewed as the universal enveloping Hopf algebroid of the Lie algebroid of
all vector fields on the affine complex line. In this way, for a fixed linear
differential matrix equation of order > 1, we are able to recognize the as-
sociated algebraic Galois groupoid as a closed subgroupoid of the induced
groupoid of the general linear group along the trivial map, and show that is
a transitive groupoid (i.e., it has only one type of isotropy algebraic groups).
The polynomial coordinate ring of the Galois groupoid turns out to be a
Hopf sub-algebroid of the finite dual of the first Weyl algebra and its total
isotropy Hopf algebra (the bundle of all isotropy algebraic groups) is recog-
nized as the Picard-Vessiot extension of the polynomial complex algebra for
the linear differential equation we started with.
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Introduction

We outline the motivation behind this work and we expound from the literature
a general overview of the state of the art of the subject. After introducing the
necessary notations and notions, we expose with details our main results, with
the aim of making this introduction self contained as much as possible.

Motivation, background and overview

The classical Galois theory of linear differential matrix equations with coefficients
in a differential field has two essential interrelated parts. The first one deals with
the representation theory of the differential Galois group attached to the system,
while the second seeks for the space of solutions. Namely, a simple differential
algebra with the same subfield of constants, which is generated by a fundamental
solution matrix and the inverse of its determinant. Its quotient field of fractions
leads then to a Picard-Vessiot (PV) extension of the differential base field. In this
way, the group of differential automorphisms of this simple differential algebra
coincides with the underlying algebraic set of the Galois group. As it was real-
ized by Deligne these classical results can be obtained by means of Tannaka
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reconstruction process applied to the tensor abelian category of a given finite-
dimensional differential module (or linear differential matrix equation) over the
differential base field, whose subfield of constants is assumed to be algebraically
closed. The PV extension of a given linear differential equation, is then recov-
ered as a torsor over the associated affine algebraic group (the differential Galois
group). This have made it clear that the Tannakian approach to linear differential
equations provides new insight and useful methods. For a complete and exten-
sive survey on the subject, the book [48, §1] can be very helpful.

Several results of the classical theory of linear differential equations over dif-
ferential fields, were genuinely extended to the case of partial differential fields,
A-fields, and the field of higher derivationdl]. A remarkable issue is that all these
new situations can be unified by employing the notion of C-ferential fields
(C is a co-commutative coalgebra with a grouplike element) and the Hopf
algebra approach to its PV theory, as was introduced and studied by Takeuchi
in [45] (see also [3] and the references therein, for a detailed reading). The advan-
tage of this approach is patent when one wants to establish a Galois correspon-
dence in this context, without appealing to any strong assumption on the subfield
of constants. Nevertheless, it can be highlighted that, in characteristic zero, the
notion of C-ferential field (when C is good enough) together with its PV theory,
are in fact implicitly encoded in Deligne’s approach by considering an adequate
Lie-Rinehart algebra over this field, see [11), §9.9].

A more general and sophisticated framework that encompasses somehow
all the previous approaches including the PV theory of difference equations, is
the one proposed by André [2], where he notably makes use of the Tannakain
formalism in certain monoidal categories of differential modules over non com-
mutative differential graded algebras. Roughly speaking, this approach not only
considers a set of derivations (that comes from Lie-Rinehart algebra or from C-
ferential actions given only by primitive elements), but also takes into account
differential operators of higher order. For instance, if we take a C-ferential field
K, where C is the colagebra of divided powers, then one can construct a non
commutative differential graded algebra whose degree zero space is K and de-
gree one space the non symmetric K-bimodule 3 = Homy_(C,K). The fact is
that, in this case, the category of C-ferential K-modules can be identified with the
category of finite dimensional modules over a certain subalgebra of the algebra
of differential operators of K. As anillustration, in the simplest situation of partial
differential fields, this subalgebra is nothing but the iterated Ore
extension K[Y7,d1] - [Yy, 0x], which can be viewed a co-commutative (right)
Hopf algebroid over K.

This simple example makes it patent that Hopf algebroids and groupoids were
implicitly encrypted in the classical theory of linear differential equations with
coefficients in fields. In fact the same situation happens in almost all others ex-
amples, even for non-linear differential equations. Following André B, the idea
of exploiting the advantages that some structured groupoids offer seems to go
back to Malgrange and Cartier. This idea gives actually a birth to what is perhaps

1That is, a field endowed within a fixed Hasse-Schmidt derivation, see for instance [31].
2Yves André - Grothendieck et les équations différentielles. Institut des Hautes études Scien-
tifiques (IHES). YouTube.
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known in the literature as the differential Galois groupoid. In point of fact, Mal-
grange in [27], based on Umemura’s theory [47], introduces a differential Galois
groupoid (a certain Lie groupoid of a foliation) known as D-groupoid, with the aim
of studying (possibly non-linear) differential equations over algebraic varieties
possibly with singularities. It is noteworthy to mention that it is not clear, at least
to us, how the PV theory works in this framework. As we will explain later on,
our approach runs a in different way.

The main motivation of this paper is to explore the possibility of extending the
first part of the classical theory when differential field is replaced by a differential
ring. Our first step is to make use of a construction hereby introduced of the finite
dual commutative Hopf algebroid of the co-commutative Hopf algebroid built
from a suitable Lie-Rinehart algebra (the module of global sections of the tangent
bundle). In the most favourable case (e.g. when the base ring is the coordinate
ring of a smooth algebraic variety), this co-commutative Hopf algebroid coincides
in fact with the algebra of differential operators. Concerning the second part
of the classical theory, that is the PV theory for differential algebras, we follow
Yves André’s approach given in [2]. Although, in [2] no use of groupoids or
Hopf algebroids was made, employing our methods, we are able to recognize the
PV extension of the polynomial complex algebra for any finite rank differential
module, as the total isotropy Hopf algebra (over the base algebra) of a certain
Hopf sub-algebroid of the finite dual Hopf algebroid of the first Weyl algebra.

Description of the main results and the organization of the paper

Given a Lie-Rinehart algebra L over a Dedekind domain A, we construct an
affine groupoid over (the spectrum of) A whose category of A-proﬁniteﬁ repre-
sentations is isomorphic, as a monoidal symmetric category, to the category of
A-profinite right modules over the universal enveloping algebroid of L, that is,
the category of representations of I particular, this applies to the global sec-
tions of any Lie algebroid over an irreducible smooth curve over an algebraically
closed field. For instance, if A is the coordinate ring of the complex affine line
A¢ and L is the module of global sections of the transitive Lie algebroid of vector
tields, then we have a monoidal equivalence between the category of all differen-
tial modules Diff, and the category of A-profinite comodules over a commuta-
tive Hopf algebroid U°, the finite dual of the first Weyl C-algebra U viewed as the
universal enveloping algebroid of L.

Assume now we are given a differential A-module (or equivalently a linear
differential matrix equation) (M, 9) of rank m and consider the smallest category
(M), generated by (M, 0) and its differential dual (M*, 0*), which is closed under
tensor products and sub-quotients. Then, in analogy with the classical differen-
tial Galois theory, we show that there exists an affine algebraic C-groupoid .7,
whose category of finite-dimensional representations is equivalent as a monoidal

3 A profinite A-module stands for a finitely generated and projective A-module.

4For instance, in the case of C-ferential field K, where C is a coalgebra generated by the grou-
plike element and finitely many primitive elements (that is the case of partial derivations fileds),
this category coincides with the category of finite dimensional C-ferential K-vector spaces.
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symmetric category to (M).. We construct the representing algebra of (the objects
of) /¢ as a finitely generated Hopf sub-algebroid U&’M) of U°. Furthermore, we

show that the (fibre) groupoid .7#,(C) is transitive and there is a monomorphism
H0,(C) — 4™ of groupoids, where

G" = (A& x GLyu(C) x AL; AY)

is the pull-back groupoid of the general linear group GL,,(C) along the map
Al — {x}. The algebraic groupoid #,(C), which is unique up to weak equi-
valences, is then termed the differential Galois groupoid attached to the differential
module (M, 9) (or to the associated linear differential matrix equation).

Our approach is, in an certain sense, not the expected one, since we do not
construct a solution space (perhaps a differential algebra over A ®¢ A) whose
‘groupoid of differential automorphismsf coincides with .7,(C). We do, how-
ever, construct a Picard-Vessiot extension, in the sense of André [2], associated
to a differential module M as a quotient Hopf A-algebra of UFM) by the Hopf

ideal generated by the image of the subtraction of the source from the target. In
other words, this is the total isotropy Hopf A-algebra (also known as the isotropy
Hopf algebroid) of LI(O ) and its differential is explicitly computed using both the

differential of A and that of the dual A-module M* (Eq. (78), Proposition [5.5.2).
In this way, we show that any of the isotropy groups of the transitive groupoid
J64(C) is, up to isomorphisms, the group of differential automorphisms of this
total isotropy Hopf algebra (Proposition [5.5.5).

In order to compare our differential Galois groupoid with the one given by
Malgarange, let us consider as above a differential module (M, d) with rank
m = 2. Then the commutative Hopf algebroid of the associated Malgrange’s
Galois groupoid attached to (M, d), which we also called Malgrange’s Hopf alge-
broid, can be described as follows3: Consider the following commutative Hopf
algebroid

HC?’ = C[‘x’ X1, X2, y’ yl’ yz’ y;" det(y;i)_l]a:(zxo,al,az) €N3\{O,€o,€1,€2}

with base algebra C[x, x,, x,], together with its canonical structure of differen-
tial (Clx, x1, x2] ®c C[x, x4, x,])-algebra. Then, the Malgrange Hopf algebroid of
(M, 9) is defined as the quotient Hopf algebroid of #s by a certain differential
Hopf ideall. Thus, as a groupoid in the set theoretical sense, the set of objects
of this Malgrange’s Galois groupoid is given by the underlying set of the affine
space A2 rather than Al, as it would be expected. This means that Malgrange’s
and Umemura’s approaches run in a totally different direction than ours (see Sub-
section [5.6] for more explanations).

The paper is mainly divided in two parts that are organized as follow. The
tirst one, which can be seen as the theoretical part of the paper, aggregates on

3If such an object exists!

®The computation of the structure maps of this class of Hopf algebroids is hereby introduced
(see Subsection 5.6 below).

7Tt is highlighted here that it is not clear to us how to give a consistent method of constructing
a generator set of such a Hopf ideal out of the datum (M, 0) (see Example 5.6.8 below for some
attempts).
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the one hand Sections 1], 2 and B] where we introduce a notion of the finite dual
for non commutative ring extensions, and on the other hand Section ] where we
specialize this construction to the setting of Hopf algebroids. The second part of
the paper is Section [5land represents the application part of the theoretical results
exposed in that first part.

With more details, in Section [I} besides the statement of the general notations
used along the paper, we collect some basic information on Hopf algebroids an
their relationship to Lie-Rinehart algebras. Section [2is devoted to describe those
aspects of the reconstruction process related to corings (or cogébroids, according
to [6]) that will be useful in the sequel, including a review on the bialgebroids and
Hopf algebroids constructed from fibre functors. Principal bi-bundles attached to
pairs of fibre functors are also considered, with the aim of clarifying the Picard-
Vessiot extension constructed in Section 5

The application of the reconstruction process exposed in Section [2 to a mor-
phism of (possibly non commutative) rings A — R leads in Section3]to the (right)
finite dual A-coring R°, and a functor x from the category Ag of A-profinite (see

footnote I3) right R-modules and the category AR’ of A-profinite right
R°-comodules. In contrast with the case of algebras over a field, it is not known if
this functor is an equivalence of categories for a general A-ring R. We construct a
homomorphism of A-bimodules  : R° — R*, where R* denotes the right dual, as
an A-module, of R, and it is shown that, if { is injective, then x : Agp — AR® is an
equivalence of categories (Proposition 3.3.2). A module-theoretical condition im-
plying the injectivity of { are investigated in Proposition As a consequence,
X is an equivalence of categories if A is a right hereditary right noetherian ring
(e.g. if it is a Dedekind domain or a semi-simple Artinian ring).

Section 4! starts by showing that, if (U, A) is a right bialgebroid, then the map
¢ : U° — U* is a homomorphism of A ® A°P-ringsd. In fact, { becomes part of
a canonical structure of left bialgebroid (U°, A). Namely, if we assume that U
is a co-commutative right Hopf algebroid over a commutative ring A, then the
category Ay is monoidal symmetric and rigid, and obviously additive, but it is
not abelian in general (even if A is a Dedekind domain). Thus, the Tannakian
reconstruction from [11} 6] will not produce a monoidal equivalence from Ay
to the category of A-profinite representations of some affine groupoid. How-
ever, we will show that such a reconstruction process gives a commutative Hopf
algebroid structure on the underlying A-coring of U° and, by applying the above
results of Section [3, we obtain that if { : U° — U* is injective, then Ay; is isomor-
phic, as a symmetric monoidal category, to the category AY° of A-profinite right
U°-comodules. This is the main result of Section 4 and it is summarized in
Theorem In particular, this machinery can be applied when U = U(L)
is the universal enveloping algebroid of a Lie-Rinehart algebra L over A, produc-
ing an affine groupoid represented by U° with the ‘same’ representation theory
than L. We also give some sufficient conditions for the injectivity of {. Especially,
we show that ( is injective for every co-commutative Hopf algebroid U whenever
A is a Dedekind domain.

Section Bl develops the aforementioned application of our theory to differen-

8 A°r stands for the opposite algebra of A
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tial modules, as described above, and the main result here is Theorem The
associated PV extension and its group of differential automorphisms, as men-
tioned above, are discussed with details in Subsection 5.5l Besides, in Subsection
b.6, we explicitly describe the structure maps of the commutative Hopf
algebroid attached to what is in the literature known as Malgrange’s groupoid
(or D-groupoid) [27]. We also discuss in this section, using some specific exam-
ples, Umemura’s [46] approach to these groupoids.

The paper was written with the idea of trying to use elementary arguments
whenever it was possible, it contains sufficient details including some technical
computations. All this with the hope of making it accessible to wide range of
audience even from different branches of mathematics.

1 Preliminaries: Bialgebroids and Hopf algebroids

In this section, for the convenience of the reader unfamiliar with Hopf algebroids,
we introduce some basic notions and results concerning this theory. We also fix
some notations and terminology to be used along the paper.

1.1 Notations and basic notions

We work over a unital commutative ground ring K. All additive categories will be
assumed to be K-additive categories, and additive functors between them will be
K-linear. For a category A, the notation X € A means that X is an object of A. The
identity morphism of an object X € A is denoted simply by the object itself or by
the symbol 1x. Algebra means associative and unital K-algebra and the notation
Z(A) stands for the center of an algebra A. We denote by A® := A ®x A’ the en-
veloping algebra of an algebra A, where A" is the opposite algebra of A, whose
elements are distinguished from those of A by using the notation a° € A, for
a € A. For simplicity, the same notation A® := A ®; A’ will be used when K — L
is commutative ring extension and A is an L-algebra. Modules are unital mod-
ules, and (A, B)-bimodules, where A and B are two algebras, are assumed to be
central K-bimodules. We denote by 4Modp the category of all (A, B)-bimodules;
AMod and Modg denote, respectively, the category of left A-modules and the cat-
egory of right B-modules. The corresponding hom-set functors will be denoted,
respectively, by Hom 4.(—, —) and Hom.g(—, —). For every (A, B)-bimodule 4 X,
we denote by X* = Hom_g(X, B) its right dual, while by *X = Homy4.(X, A) its
left dual, which are considered as (B, A)-bimodules with the actions:

bpa: x — be(ax), bpa:x— P(xb)a, forallx € X, p € X*,p € *X,a € A,b € B.
ey
For every algebra A, let add(A 4) denote the full sub-category of Mod 4 whose
objects are all finitely generated and projective (fgp for short) right A-modules;
we also use the terminology right A-profinite modules for the objects in this sub-
category. Given a morphism of algebras 7 : A — R, we denote by 7, : Modr —
Mod,4 and .7 : gRMod — 4Mod the corresponding restriction of scalars functors. It
is clear that, if 77, (R) 4 is fgp we then have a functor 7, : add(Rg) — add(A,).
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An algebra R is said to be an A-ring if there is a morphism of algebras
n : A — R (also called a ring extension). By restriction of scalars, R becomes
an A-bimodule and its multiplication factors through the tensor product over
A, that is, its multiplication can be understood as amap  : R®, R — R. In
this way the triple (R,#,u) can be seen as a monoid in the monoidal category
AMod,. Saying that R is an A®-ring is equivalent to say that there is a morphism
of algebras s : A — R and an anti-morphism of algebras t : A — R such that
s(a)t(a’) = t(a’)s(a), for every a,a’ € A.

Dually, an A-coring [43] is a comonoid object in the category 4Mod,. That is, a
triple (€, ¢, A), where € is an A-bimodule together with two A-bimodule maps,
the comultiplication and the counit A : ¢ — ¢€®, ¢, ¢ : € — A, which satisty
the usual coassociativity and counitary properties. A right €-comodule is a right
A-module M together with a right A-linear map o) : M — M ®,4 € (called right
coaction) such that

(M®sAc)oom = (oM ®a€)oopy, and (M ®,e¢) ooy = M.

A morphism of right €-comodules f : M — N (right colinear map) is right A-linear
map such that (f ®4 €) o opr = on o f. The category of all right €-comodules and
their morphisms will be denoted by Comodg.

We recall from [38], 39} 42} 44] the definition and basic properties of (left, right)
Hopf algebroids. A good survey on the subject is the monograph [5].

1.2 Bialgebroids and Hopf algebroids

Fix A a ground K-algebra, and let V be an A®-ring via a ring homomorphism
n : A* — V whose source and target maps are respectively denoted by s : A — V
and t : A” — V. The pair (A, V) is said to be a left bialgebroid (or V is a left
X a-bialgebra) provided that its category of left V-modules is a monoidal category
and the restriction of scalars functor 0, : yMod — 4<Mod, 0; = (s ® t), is a strict
monoidal functor. In particular, the underlying bimodule 4eV admits a structure
of A-coring, and if we denote by ¢ the given tensor product of yMod and con-
sider two objects X, Y € yMod, then the underlying left A*-module of X¢Y is the
A-bimodule X ®, Y whose left V-action is given by the formula

0.(x®aY) = V1X R4 02Y, )

where A(v) = v] ®,4 vy is the comultiplication of the underlying A-coring of V
(we are using a simplified version of Sweedler’s notation with sum understood).

It is known from [39] Proposition 3.3] that the category yMod is right closed
with right inner hom-functors

homVMod (X, Y) = Homv_(VOX, Y), 3)

where the left V-action of the right hand term is given by the V-bimodule V¢X
whose left V-action is (2) and its right V-action is induced by that of the factor V.
This means that for any object X € yMod, the functor —¢X : yMod — yMod is
left adjoint to the functor Homy_(V¢X, —) : yMod — yMod called the right inner
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hom-functor and denoted by hom ,moq(X, —). This adjunction is easily seen once
observed that Y0X = (VoX) ®y Y is aleft V-linear isomorphism via the map y ® 4
x — (1®4x) ®yy, and it uses the usual Hom-tensor adjunction isomorphism to
get

Homy.(Y¢X,Z) = Homy.((VoX) ®y Y,Z) = Homy.(Y, Homy_(V0X,Z)).

If we want to compute the right inner hom-functors in the category of modules
vMod via the forgetful functor & to the monoidal category 4eMod, then it is better
to resume the previous situation in form of a diagram. So with the previous
notations, we have a commutative diagram

IR

Homy_(Y0X,Z)

Homy _(Y,Homy_(V0X,Z))

0 0
Homge (Y®4X,Z2)— - —— - —— - — — — — — — — +Hom ge (Y, Homy_(V0X, Z))
gl Hom e (Y, Tz)l
Hom 4e_(Y, Hom 4op_(X, Z)) = Hom e_(Y, Homy_(V ® 4op X, Z)),

where the natural transformation Ty : Homy_(V0X,Z) — Homy.(V ® 400 X, Z)
is defined by sending f +— [v ® 40p x — f(v1 ®,4 v2x)]. The dashed arrow is then a
natural isomorphism if and only if T_ is a natural isomorphism, if and only if each
map Bx : V ®up X = VOX sending v ® 4op X — U1 ®4 v2X is an isomorphism of
left V-modules, where in the tensor product V ® ,o» X we have used the bimodule
vVig aor. Now, one can easily see that the maps Bx are isomorphisms if and only
if By is an isomorphism.

Following [39, Theorem 3.5], a left A-bialgebroid V is said to be a left Hopf
algebroid provided that the functor ) preserves right inner hom-functors. As we
have seen this is equivalent to say that By is an isomorphism. Its inverse induces
then a well defined map By} (— ®41) : V = V @400 V sending v + v ®a0p 0_
(the tensor product is defined using the bimodules v Vi 40r and 1 a0r V). This
map is known as the anti-multiplication and its definition for bialgebras over field
extensions goes back to W. D. Nichols [33] Definition 4.]. Here the inverse map
Byt (— ®4 1) will be referred to as the translation map.

Analogously, an A¢-ring U with source and targets : A — Uandt: A”? —
U, is said to be a right A-bialgebroid whenever its category of right modules is
a monoidal category and the restriction of scalars functor &, : Mody — Mod e
(Or = (s ® t),) is a strict monoidal functor. In this case the category Mody; is left
closed with left inner hom-functors

homModu (X, Y) = HOl’n_u(XO u, Y) (4)

For each object X € Mod;, we have in this case that the functor X¢— is left
adjoint to Hom_;;(X¢ U, —), and the adjunction is given by the natural isomor-
phism

Hom_;(X¢Y,Z) = Hom y(Y ®y (XoU),Z) = Hom (Y, Hom ;(Xo U, Z)).
©)
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The corresponding B-maps in the category Mody; are defined by Bx : X ® 400 U —
Xo U sending x ®4op u +— xU1 ® 4 Uz, where in the first tensor product we have
used in its second factor the bimodule 15 400U;. One can check as before that
U, preserves left inner hom-functors if and only if B;; is an isomorphism. So the
right A-bialgebroid U is said to be a right Hopf A-algebroid provided that By is an
isomorphism. In this case, the translation map ,lel (1®4—): U — U®R 40 U, where
the first factor of the tensor product is the A-bimodule U 4, will be denoted by
U U_ @ qop iy As in [39, Proposition 3.7], the map B,;' (1 ®4 —) enjoys a list of
properties. Here we mention few of them which we will need in the sequel: First
note that B;' (' ®u) = u'u_ ® 400 1, so we have

U, - Quop iy, 4 Datly = U Raoptiy 1 Ratiy2 € (Uigar @uor 10400U) 0U  (6)
s(b) ®aops(a) = n@aRb°) - ®@upn(a®@b°) 4+ € Upgar Qa0 10 400U. (7)

u_uy = s(e(u)) (8)

1®@uru = uguy, — @ gop U, 4 9)

In case A = K which, by our conventions, automatically implies that s = t and
that V (or U) is an ordinary bialgebra, it is well know that V' is Hopf algebra if
and only if By is bijective.

Remark 1.2.1. For a general left A-bialgebroid V, there is no hope of obtaining
from the translation map B,'(— ®, 1) an endomorphism of V which could play
the role of the antipode as in the case of Hopf algebras. Nevertheless, if we
assume that V and A are both commutative K-algebras, then the map
S = (e®4V)o B, (—®41) : V — V,is well defined and gives the antipode
for VH. Conversely, the inverse of By is given by ;' (v ®,0') = v1 ® 4 7 (v2)7/,
whenever V has .# as an antipode. Of course in this case the notions of bialge-
broid and Hopf algebroid are obviously independent from the sides.

Let (A, U) be a right Hopf algebroid. Then the adjunction (B) and the ana-
logue natural isomorphism to T_, give a right U-action on the right A*-module
Hom_40p(X,Y), for every pair of right U-modules X and Y. This action is given

by

fou:X —Y, (x> f(xu_)uy ), where, as before, B;' (1@, 1) = t_ @ op ti.

(10)
Now, fix a right U-module X and consider its left dual *X also as right U-module
with the action (I0) by taking Y;; = Ay, the unit object of Mody;, with right
U-action a.u = e(s(a)u) = e(t(a)u). In this way, we have the following two
canonical maps:

av’'

X0 *X L) A, A HOIII_Aop(X, X) (11)
X Q4 p— ¢(x) 1 1x,

which in turns are right U-linear, by using Egs. (8) and (9). The subsequent lemma
is the version on the right of [5, Proposition 4.40].

9We refer to [34, Appendix A.1] for the precise definition of an antipode in the commutative
case. Such a pair (A, V) of commutative K-algebras is called a commutative Hopf algebroid over K,
see [34, Appendix A.1] for more details.
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Lemma 1.2.2. Let (A, U) be a right Hopf algebroid. Then every right U-module X,
which is finitely generated and projective as a left A-module, admits * X as the right dual
in the monoidal category Mody;.

Proof. Using the maps of Eq.(II), the right dual of X is given by the triple
(*X, ev,j;(1 o db"), where

jx 1 X0 X — Hom por (X, X), (¢ @4 x — [x" = @(x)x]),

is the canonical isomorphism. To show that jx is in fact a right U-linear map, one
use the properties of the comultiplication of the underlying A-coring of U as well

as Eq.(6). [

1.3 Examples of (right) Hopf algebroids.

Any Hopf algebra over a commutative ring is obviously a (left and right) Hopf
algebroid. Below, we list some non trivial examples of Hopf algebroids, specially
the ones with commutative base ring, which we will deal with in the forthcoming
sections.

Example 1.3.1. [34] Assume that the ground ring K is a field and let A be a
commutative K-algebra which is a right H-comodule K-algebra with coaction
0a: A — A®gH, where H is a commutative Hopf algebra. Consider A ®x H as
an (A ®x A)-ring via the following source and target:

s:A— A®xH,(a—a®xl), t=04:A—>ARcH,(a—ag®ay).

Then A ®¢ H is a commutative Hopf algebroid over K, with antipode .77 : A ®x
H — A ®¢ H sending a ® h — ag ® a1S(h), where S is the antipode of H.

Example 1.3.2. Let A be a commutative algebra over a field K of characteristic 0,
and denote by Dery(A) the Lie algebra of all K-linear derivations of A. Consider
an A-module L, whose underlying K-vector space is endowed with a structure
of K-Lie algebra, and let w : L — Dery(A) be a morphism of K-Lie algebras. The
pair (A, L) is called Lie-Rinehart algebra with anchor map w, provided

(@X)(b) = a(X(b)),
[(X,aY] = a[X, Y]+ X(a)Y,

forall X,Y € Land a,b € A, where X(a) stands for w(X)(a). Consider the (left)
A-module direct sum A @ L as a K-Lie algebra with the bracket:

(@X),(6,)] = (X(0) - Y(a), [X,Y]),

forany a,b € Aand X,Y € L. Denoteby 7 : A® L — U(A @ L) the canonical
inclusion into its universal enveloping K-algebra.

As it was expounded in [35] 22| 29], associated to any Lie-Rinehart algebra
(A, L) there is a universal object denoted by (A,U(L)). As an algebra, (L) =
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U(A@L)/I, where I is the two-sided ideal generated by the set {T(a’, 0).7(a, X) —

T(d'a,a'X)|a,a’ € A, X € L}. There are canonical maps

i A=UL), (aa+l) and w:L—-UL), (X X+1).

The first one is an algebra map (whose image is not necessarily in the center),
while the second is a K-Lie algebra map. Both maps are compatible in the sense
that the following equations are fulfilled:

ta(@)u(X) = u(aX),  [u(X), ()] = 1a(X(a)),

forany a € A and X € L. Such equations determine in fact the universality of
U(L).

As observed in [24, §4.2.1], the usual Hopf algebra structure of U(A @ L)
can be lifted to a structure of cocommutative (right) Hopf A-algebroid on U/(L).
The source and target are equal: t = s = 1,. The A-coring structure is an
A-coalgebra structure whose underlying A-bimodule uses the right A-module
structure derived from i,, that is, the A-bimodule U/(L), with two-sided action
au.a = uiy(aa’), foreverya,a’ € Aand u € U(L) (recall that A is commutative).
The comultiplication and the counit of /(L) , are given on generators by

A (X)) = 1(X) ®a Luw) + Luw) @4 1(X), e(u(X)) =0,
A(s(a)) = s(a) @4 luw) = luw) ®as(a), e(s(a)) = a.

forany a € A and X € L. The translation map By ) : U(L) = U(L)x ®4 1U(L)
is given on generators by

s(a)- ®as(a)y = lyu) @as(a),
(X)- @au(X)4 = Luw) ®@au(X) — 1(X) @4 Ly

Example 1.3.3. Here are some basic examples of Lie-Rinehart algebras.

1. The pair (A, Derg(A)) obviously admits the structure of a Lie-Rinehart
algebra.

2. [25] Definition 3.3.1] A Lie algebroid is a vector bundle £ — M over a smooth
manifold, together with a map w : &€ — TM of vector bundles and a
Lie structure [—, —| on the vector space I'(£) of global smooth sections of
&, such that the induced map I'(w) : I'(£) — I'(TM) is a Lie algebra
homomorphism, and for all X,Y € T'(£) and any f € C®(M) one has
(X, fY] = fIX, Y]+ T'(w)(X)(f)Y. Then the pair (C®(M),I'(£)) becomes
a Lie-Rinehart algebra. A Lie algebroid is said to be transitive, provided
that w is fibrewise surjective. In this case, the anchor map w := I'(w) is
surjective.

3. Let (A, 9;)i—1, ... n be a partial differential commutative K-algebra, that is, 9;
are K-algebra derivations of A such that d;od; = d; 009, for every i # j.
Consider the A-module L := ¢ A.0; as a Lie K-algebra with bracket

[a.0;,a'.0;] = a0;(a").0; —a'9;(a).0;, forevery i,j=1,---,n.
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Then L admits canonically a structure of Lie-Rinehart algebra whose anchor
map is given by:

w : L — Derg(A), [a.0; — [a' — a0;(a")]].

Example 1.3.4. Under the assumptions of Example[I.3.2) it is clear that the anchor
map w : L — Derg(A) can be extended to an algebra map Q) : U(L) — Endg(A)
which gives a left U(L)-action on the base algebra A. If we further assume that
A, with this action, is a locally finite left module (i.e. each element generates a
left U(L)-module which is a finite dimensional K-vector space), then A becomes
a right comodule algebra over the usual finite dual commutative Hopf algebra
U(L)’, see Example In this way, as in Example we obtain another
(commutative) Hopf algebroid, namely, A ® U(L)'.

Example 1.3.5 (Base extension). Let (A, ) be a commutative Hopf algebroid and
¢ : A — B be a morphism of commutative algebras. Then (B,B ®4 H ®, B)
admits a structure of commutative Hopf algebroid called the base ring extension of
(A, H) by ¢. The structure maps of this Hopf algebroid are given as follows:

s(b) = b@,1®,1, t(t)) = 10,104V, L (bR, h@,b) = b @,.7(h) @41,

Ab@sh@4b") = Z(b®A h®41) @p (1Qahp@4b"), e(b@ah@4b") = bb'¢p(e(h)).
(h)

2 The reconstruction process, Galois corings and principal bi-
bundles.

We recall in this section the construction of the universal coring from a given fibre
functor [6]. We follow the presentation given in [15]. We also recall the notion of
Galois coring. Roughly speaking, these are corings which can be reconstructed
from their class of right comodules which are finitely generated and projective as
right modules over the base algebra.

2.1 Infinite comatrix corings

Letw : A — add(A, ) be an additive faithful functor (referred to as a fibre functor),
where A is an additive small category and A is an algebra, which is not assumed
to be commutative. Here, add(A 4 ) denotes the category of all finitely generated
and projective right A—-modules. The image of an object P of .4 under w will be
denoted by “P := w(P), or even by P when no confusion may be expected. Given
P,Q € A, we denote by Tpg = Homy(P, Q) the K-module of all morphisms in
A from P to Q. The symbol Tp is reserved to the ring of endomorphisms of P.
Clearly, Sp = End(“Pj,) is a ring extension of Tp via w. In this way, every image
“P of an object P € A, becomes canonically a (Tp, A)-bimodule, and this bi-action
can be extended to the following (T, A)-bimodule map

pr

Tpg @7, P——— 2 Q (12)
t @, pr————tp = w(t)(p),
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since Tpq is already a (Tq, Tp)-bimodule. The dual bi-action is given by the fol-
lowing (A, Tp)-bimodule map

w
Q*P* "

Q" ®1, Trg (13)

0 @1y t———— 7"t = q" o w(t).

For every object P € A, one can define its associated finite comatrix A-coring
P* @1, P with the following comultiplication and counit

Apxg.. p Epkg. P

P* @, P— " P* @ P@oP*®r, P,  P*®, P—s A (14)
PrOapr——"Lup " Onplup @a €, @, p p* O, pr—"p*(p)

where {(ea;, €3,)} C P x P* is any right dual basis for P4. The map Ap-g, p does
not depend on the choice of the dual basis [14, Remark 2.2]. Now consider the
following direct sum of A-corings

B(A) = PP eP
PecA

and its K-submodule J,, generated by the set

{q* ®r, tp—q't@n,p: g €Q', peP, teTpy P,QE A}, (15)

where the products are defined by the pairings of Eqs. (12) and (13). By [15,
Lemma 4.2], J,, is a coideal of the A-coring B(.A). Therefore, we can consider the
quotient A-coring

Z(A):= B(A)/3, = (@ P* ®r, P) /e (16)

PeA

and this is the infinite comatrix A-coring associated to the fibre functor w : A —
add(Aa). Furthermore, it is clear that any object P € A admits (via the functor
w) the structure of a right Z(.A)-comodule, which leads to a well defined functor
X+ A — Comodg( 4.

NOTATION: We will denote by ¢ ®r, p := ¢ @, p + T, for ¢ € w(P)*,
p € w(P) and P € A, a generator element in the infinite comatrix A-coring
Z(A).

Under this notation the comultiplication of Z(A) is given by

A %(A) — %(A) ®a %(A), P* ®TP pr— ZP* ®TP €x,P Xa e;,p ®Tp p, (17)

ap

where {e, p, €} p} denotes a finite dual basis for P4 = w(P) 4. The counit of % (.A)
is

e:H(A) — A, p*Rrp—p (p) (18)
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The above construction is in fact functorial, in the sense that if 7 : A — A’ is
a K-linear functor and w: A——add(Ay)+«— A’ : &' are fibre functors such
that w’ o F = w, then there is a morphism of A-corings Z(F) : Z(A) — Z(A").

There are two typical situations where the above process can be applied.
Namely, starting with a ring extension 7 : A — R and consider the category
Ag of all right R-modules which by restriction of scalars are finitely generated
and projective as right A-modules, the fibre functor is then the restriction of the
forgetful functor 1, : Modg — Mody, thatis, 7, : Ax — add(A,). The associ-
ated A-coring Z(.Ar) is simply denoted by Z(R) or by R°, and referred to as the
(right) finite dual of the A-ring R. This in fact establishes a contravariant functor
from the category of A-rings to the category of A-corings. The basic properties of
the finite dual of a ring extension are presented in Section 3|

The other situation which is somehow dual to the previous one, is that of
an A-coring €, where the small category A is taken to be the category A% of all
right ¢-comodules whose underlying right A-modules are finitely generated and
projective. The fibre functor here is given by the restriction of the forgetful functor
0 : Comodg — Mody, thatis, @ : A® — add(A,). This situation was studied in
(6] 15].

2.2 Review on Hopf algebroids constructed from fibred functors

Starting with a K-linear monoidal (essentially small) category A (the tensor pro-
duct ® of A is implicitly assumed to be a K-linear functor in both factors) with
a monoidal faithful K-linear functor w : A — gMody with image in add(Ay).
Then, one can endow, using multiplication induced form the monoidal structure
(see the formula (22) below), the associated infinite comatrix A-coring % (A) of
equation (16) with a structure of (A ®z A°)-ring, where Tj is the (commutative)
endomorphism K-algebra of the identity object I, and Ty — A is the injective
K-algebra homomorphism induced by w. It turns out that (A, Z(.A)) with this
algebra structure is a (left) bialgebroid. If we further assume that A is a symmetric
rigid monoidal category and that A is a commutative K-algebra, then (A, Z(.A))
has a structure of commutative Hopf algebroid over Ty (compare with [6, Section
7]). For sake of completeness and for our needs, as well as for a non expertise
reader convenience, we review in detail the structure maps of this construction.
This detailed construction is to be used later.

Consider the previous situation: w : A — add(A,), where A is a not nec-
essarily commutative algebra, and assume that the resulting functor, after com-
posing w with the embedding add(A4) — Mody, factors throughout a (strict)
monoidal faithful K-linear functor A — 4Mod A. To avoid some technical prob-
lems, we further assume that A is a Penrose category, in the sense that each of
the K-modules Tpg is a central Tj-bimodule over the commutative K-algebra Ty
(i.e., the left Ty-action coincides with right one). This the case when A is for in-
stance a braided or symmetric monoidal category.

Let us first define an unitary and associative multiplication on Z(A). As
we have seen before, the infinite comatrix coring #(.A) is the quotient A-coring

19This factorization condition is not needed when A is a commutative K-algebra.
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B(A)/J., where
B(A)= P P @, P (19)
pPeA
and J, is the K-submodule spanned by the set of elements as in Eq.(I5). Given
P,Q € A and ¢ € P*,p € Q*, we define (px ) € (P ®, Q)* (remember that
here we are denoting w(P) := P), by

(9x9) : P@sQ — A, (x@ay— plo(x)y)). 20)

We use (20) to define componentwise an associative multiplication on B(.A)
by
P* @1, P4 Q" ®TQQ—>(Q ®4 P)* D1oep Q®a P (21)

P ®r, P ®aq" Q1 q———q"*p* @1y, Oap

To see that the map (21)) is well defined, we used the fact that .4 is monoidal and
that A — 4Mod, is a (strict) monoidal functor. Since Jw is easily checked to be an
ideal of B(.A), we get that the following multiplication is well defined :

(P* @1, p) - (0* @10 9) = (9 *p*) @1y, (R4 P), (22)

for every p* @r, p and q* ®r, q in Z(A). A straightforward computation checks
that this multiplication is associative. Let us show that there is a unit in #Z(.A) for
this multiplication. To this end, observe that there is an injective K-algebra map
Tr — A induced by w. Therefore, one can consider the following well defined
map

n:A = ARy A — %Z(A), [(a’ ®a’) — (ly @ a)|, (23)

where we denote by |, : A — A the left multiplication map sending r +— a’r for
any a’' € A. The element idy ®r, 14 € Z(A) is clearly the unit for the multiplica-
tion (22). As before the source maps: A — Z(A) sends a — #(a ®7, 1°) and the
target t sends a — 77(1 ®x, a°).

The following result could be deduced from [6, Exemple, pp. 5849] and also
from [21, Theorem 2.2.4]. However, a direct application of the former or the latter
will not lead to an explicit description of the structure maps of the constructed
Hopf algebroid. For our needs and for the reader convenience, we give here an
elementary proof of these statements.

Proposition 2.2.1. Let A, A and w be as above. Then the pair (A, Z(A)) admits a
structure of left bialgebroid. Assume furthermore that A is a commutative K-algebra,
A is symmetric rigid monoidal K-linear and that w is a symmetric monoidal faithful
K-linear functor. Then (A, %#(.A)) is a commutative Hopf algebroid over Ty.

Proof. We need to endow the category of left Z(.A)-modules with a monoidal
structure such that the restriction of scalars functor .7 : 54)Mod — 4eMod
becomes strict monoidal. Take two left Z(.A)-modules X, Y. The tensor product
X ®,4Y is then a left module over Z(.A) with the action given by
AMAZA)RXRLY X®R,4Y (24)

(P* ®r, p) @ (X Qay) —— Lo, (P* O, €4,p)X R (€ p D1, )Y,




On the ftinite dual of a cocommutative Hopt algebroid. Applications 69

where we have used the comultiplication displayed in Eq. (17) and the fact that
this map lands in an appropriate Sweedler-Takeuchi’s product. The restriction of
this action to scalars from A° via 5 gives the canonical A-bimodule structure of
X ®,4Y, that is, the action

(@' @pa’).x®,y = (a'x) ®4(ya), foreveryaa' € Aandxe X,yeY.

This in particular shows that the action is unital. The associativity property of
the action given by Eq. is derived as follows. Take two elements of the form
p* @, pand g* @z, g in Z(A), then

M@ p) (O, 0) @ (x@ay))

= A ((q* * p¥) RToep (q@ap) ® (x ®a y))

- }:ﬁ) (7% % p*) @1y, , (eg,0 @aea,p)x ®a (€ o €5 p) D1y, (7®aP)Y
&p, PQ

= ¥ ((r" Sy ep) @ ©ryep0)x) @4 ({0 p @1, P) (g Brg 1Y)
tJCp,ﬁQ

= AT e oA (7o e Geaw)).

Given Z another left Z(A)-module, the natural isomorphism (X ®,Y) ®4
Z = X®4(Y®42) is clearly an isomorphism of left #Z(.A)-modules. On the
other hand, for any two arrows f, ¢ in 5(4)Mod, it is easily seen, using the above
action, that f ®, g is a morphism in 5 4)Mod.

Now, consider the monoidal unit 4cA as a left Z(.A)-module via the action

pEnpa = pilap) = pra(p) = ¢ (p @y ps(a)) = ¢ (P Er, pt@),

where ¢ is the counit of Z(A). For a left Z(A)-module X, let: : A®, X =
X sending a ®, x +— s(a)x be the canonical isomorphism. Using the action of
Eq.(24), we have

(PO p@oix) = Li(p (aewr) @4 (ep O, p)x)

ap

= ) _p*(aeqp)ewp @, px

ap

= p*a Q1p P X
p* @, ps°(a)x
= p* ®TP p l(a Q4 x)/

which shows that ¢ is left 2(.A)-linear. Similarly, one can show that the isomor-
phism X ®, A = X is also left #(A)-linear. Thus, ;(4)A is the monoidal unit for
the tensor product in 5 4)Mod.

Summarizing, we obtain that the category of left (.A)-modules is a monoidal
category with unit the left module 5 4)A, and the restriction of scalars functor
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1 ¢ gp(4)Mod — scMod is a strict monoidal. Therefore, (A, % (.A)) is left bialge-
broid.

Regarding the commutative case, we need first to introduce some notations:
let us denote by 7p o : P ® Q — Q ® P the symmetry of Aand by (—)": A — A
the K-linear contravariant functor which sends any object P € A to its dual P¥
and any morphism f : P — Q to it dual f' : QY — P". Under assumption,
there is a natural isomorphism y_ : (—)*ow — w o (—)Y, which leads to a
natural isomorphism ¢p : w(P) — w(P")*. Using the action of (I2) and (13), the
naturality of both -y and ¢, reads

po(w(f)p) = ¢p(p) w(f’) (25)

rr(ew(f)) = w(f’)ro(e), (26)

for every morphism f : P — Qin A, p € w(P) and ¢ € w(Q)*. In this way, 7y
and ¢ render commutative the following diagrams

(@(P)) o w(P) S w(PY) (@(P)) X w(P')* L w(P)
4 / IPT / @7)

w(PY), w(P),

where the vertical map is the canonical isomorphism of A-modules, sending
g g7 q7(q)].

Now, consider each of the A-module w(P) as a central A-bimodule, and
denote the evaluation and the dual basis morphisms attached to w(P) by:

evu(p) : W(P) ©aw(P) — A, (p"@ap— p'(p))
db,py : A — w(P) @ w(P)7, (1 — ) exp ®a eZP)'
14
Therefore, the natural isomorphism y rends also the following diagrams
ev db‘,(

w(P) w(P)
w(P)*@4w(P) — A A— w(P)®@4sw(P)*
Y@ aw(P) w(P)®aY

14
14

w(PY) ®4 w(P) w(PY)®4w(P)

14
14

w(evp) w(dbp)
w(P'®P) ——— w(l) @) ——— w(P @ P)

(28)
commutative. Furthermore, ¢ is compatible with the tensor product, that is, for
any pair of objects P, Q € A, we have a commutative diagram:

PrRadg o
——w(P)* @ w(QV) —— (w(QY) ®aw(P¥))”

(w(Q"® PY))*
PraQ J“J(’P,Q)*
w((P®Q))",

w(P® Q) — w(P) ®4 w(Q)

(29)
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where 1o p : (Q® P)” = PY® Q" is the canonical natural isomorphism in the cat-
egory A. The natural transformation <y is also compatible with the tensor product,
that is, we have another commutative diagram:

YPoQ

w(P® Q) w((P®Q)Y)

| [EGSEY

W(P)* @4 w(Q)* 227, (P @, w(QY) — = w(Q @ PY).

On elements, the commutativity of both diagrams of Eqgs. (74) and (30), are
expressed by the following first two equalities:

to,p Youpr (0 *p*) = vp(p") @av0(q%), (31)
bosr(1®ap) = (¢p(p)*d0(@)) 10,0, (32)
(" *p") thq = P *q", (33)

forevery P,Q € A, p € w(P), g € w(Q) and p* € w(P)*,q* € w(Q)*, where we
have used the actions of equations and (13).

Take two elements (p* ®1, p), (7" @1, q) € Z(A) and using equality 33), we
compute

(P* @ p) (0* ®1yq) = (75 %p*) @1, (R4 p)

q* * p*) @1y, T,0(P ®4q), Tp,q is an arrow in A
")
*)

(
(
= (7°*p*)Tp,Q O1py (P ®aq)
(
(

P**q*) @rpo (P ®a9q)
T ®1oq) (p* @1, p),

which means that the multiplication (22) is commutative, and so #(.A) is a com-
mutative (A ®7, A)-algebra. The compatibility of the comultiplication of Eq.(17)
and the counit of Eq.(18) with the multiplication of Eq.(22), are routine computa-
tions using the dual basis properties.

The following map

S RA) — BA), (P B p— ¢ B, 1), (39

which is well defined thanks to the naturality of y_ and ¢_, is our candidate for
the antipode map of the commutative bialgebroid (A, #Z(.A)). Let us check that
< transforms the source to the target and vice-versa, and that it is an algebra map
as well. So, for two elements a,b € A, we have

L

(@@ b)) = (e @y b) = ¢b) @1, 1(le) = by @na = (b @y a).

Hence ¥ os = tand . ot = s. The fact that .7 is a multiplicative map follows
from the following computation: For any two elements (p* ®g,p),
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(7* ®1, q) € #(A), we have

(7 & p) (@ Erg 1))

I (@ p7) Brgp @@ 1))
$(q @4 p) ©1 o0 V(@ P¥)
)
)

g

P4 ®ap) D1 o py(p*
(P(q ®a p) QP® PVeQV ’)/(
¢(

)
(9(q) ®1,, 7(q )) (@(p) @, 7(p*))
L(q* @1y q) S (p* @1, p),

PY > 9(0) Dy, 1P7) DT

I8 I8

which shows that . is a morphism of algebras.
We still need to check that, for every element 1 € %Z(.A), we have

h(hy) = n(e(h) ®1), L(m)hy = n(1©e(h)).

Take h € #(A) of the form h = p* ®r, p, where p* € w(P)*, p € w(P), for some
object P € A, then we have (summation understood)

hly(hz) = p ®Tp €y P)y(e;,P ®Tp p)
p* @1, eq,p) (9(p) ®r,, v(€; p))

(

(

(p* *¢(p)) ®r,_ 0 (€a,p @a (€} p))
(p* > ¢(p)) ®1,_,, w(dbp)(1a)
(p* *¢(p))w(dbp) @1y 14
(w(dbp)* o (p* @4 ¢(p))) @1 1a
(

(

(dby,

(p

I8

=l

db o w(P)* @47%) o (p* @a¢(p))) r 1a
dby, ) © (p* @4 7°¢(p))) @1, 14
db* ) © (p* @49(p )) Q14

)
*®A1/J( ) (dby(py(1a)) @1, 14
= Ty @ 1a = n(e(h) @ 14),

*
(U
*

(U

I8 |

which shows the first desired equality. The second one is similarly obtained (or
can be obtained from the equality .#> = id which is shown below). Lastly, since
the natural isomorphisms 9p : P — (P¥)" in A, satisfy the following equalities

ypvopp = w@p)  w(@p) oppvoyp = idypy, (35)

it is not difficult to show that .2 = id, and this finishes the proof. m
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Remark 2.2.2. Given two symmetric rigid monoidal K-linear categories with sym-
metric monoidal faithful K-linear functors: w : A — add(A) and ' : A" —
add(A), and F : A — A’ a monoidal K-linear functor such that

A 4 Al

add(A)

is a commutative diagram, then there exists a morphism ¢ =: Z(F)
(A, 2(A) — (A %(A")) of Hopf algebroids making commutative the
following diagram of functors:

A%(A)
A > \ z
4

w

P+ (A7) #A)

add(A)

where 0 is the forgetful functor and ¢, is the restriction of the induced functor
¢« = Comody(4) — Comody,( 4 sending any right %(A)-comodule (M, opm) to
the right Z(A’)-comodule

M- Mo, 2(A) X245 Mo, 2(A),

and acting obviously on morphisms.

2.3 Reconstruction and Galois corings

Itis well known that any coalgebra over a field can be reconstructed from its cate-
gory of finite-dimensional right comodules. That is, it is isomorphic to an infinite
comatrix coalgebra. = Over a general base ring, one only obtains an
A-coring morphism which is not always an isomorphism. Precisely, let 2(.A%)
be the A-coring associated to the fibre functor ¢ : A% — add(A,) for some
A-coring €. Then there is a homomorphism of A-corings known as the canonical
map:

can ge : Z(A%) — €, <p* R, p+Iar— (p*®@aC)0 QP(P)) . (36)

Obviously any K-linear functor A — A% induces an analogue morphisms of cor-
ings can 4.
Following the terminology used in [15} 20]:

Definition 2.3.1. An A-coring € is said to be a Galois coring (or £ = ©p yePisa
right Galois comodule) provided can 4¢ is an isomorphism of A-corings.
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This is the case when Comody is an abelian category having A% as a set of gen-
erators [15, Theorem 4.8], which is exactly the situation in the aforementioned
coalgebra case (see [11, Proposition 4.13] for the case of corings over fields). The
case of corings underlying certain commutative Hopf algebroids is of special in-
terest as the following example shows.

Example 2.3.2 (Geometrically transitive Hopf algebroids [6, [13]). Roughly speak-
ing, a commutative flat Hopf algebroid (A, H) over a base field K, is said to be
geometrically transitive (GT for short), provided that the algebra map 7 = s @t :
A ®@x A — H is a faithfully flat extension. The fact that K should be a field is
a crucial condition here. It turns out that GT Hopf algebroid (A, H) is recon-
structed from its A-profinite comodules, that is, from the category A" of the un-
derlying A-coring H, as (the skeleton of) this category form a ‘set” of generators,
see [13, Corollary A (2)]. Indeed, every H-comodule is an inductive limit of
comodules from A*. Besides, any comodule is faithfully flat as an A-module
[13, Lemma 4.3 (b)]. In summary, by applying [15, Theorem 4.8], the canonical
map of Eq. (B6) is bijective and # is a Galois A-coring.

2.4 Principal bi-bundles attached to two different fibre functors

Apart from its own general interest, the material of this section will be used
to clarify the construction of Picard-Vessiot extensions (over the affine line) in
Section 5] In this subsection all algebras are commutative K-algebras over a base
field K and are assumed to have K-points. The category of all commutative alge-
bras over a commutative algebra A, is denoted by Alg,.

We keep the notation of subsection 2.2l and fix a symmetric rigid monidal
K-linear category .A. For our needs it is convenient to assume further that the
endomorphism algebra of the identity object of A is isomorphic to the base field,
that is, Ty = K. For a given (non trivial) monoidal symmetric K-linear faithful
functor w : A — add(A) (ie., a fibre functor), instead of denoting by Z(.A)
the resulting Hopf algebroid from Proposition we will use the notation
Rpaoa(w) := Z(A) in order to specify which fibre functor we are using and over
which base algebra we are working.

Given an algebra map { : A — C, we denote by w ®,4:C : A — add(C) the
extended fibre functor, which sends any object P € A to the finitely generated
and projective C-module w(P) ®, :C.

Assume we are given two fibre functors w; : A — add(A;), i = 1,2. If Ris
an A; ® Ap-algebra, that is, we have an extension s ® t : A1 ® A, — R, then we
have two extended fibre functors, namely, wq ®4, R and wy @, (R. In this way,
we can define the following (A1, Az)-bimodule:

Dreawi(P)” @, wa(P)
jwl,wz

is the subbimodule generated by the set

R ayon, (W1, W2) = (37)

where 7,

1,@W2

{q* Q1o wa(E)(p) = (77 0o wi(t)) @, pl 4" € Wi(Q)", p € w2(P), t € Tpg, P,Q € «4} :
(38)
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Then there are two bimodule maps

x: A — %Alwz(wl,wz), (al — 1o, ®x 1A2> and

ﬁ . A2 — ,@A@Az(wl,wz), <02 — 1A1 ®x |a2). (39)

Our next aim is to show that the triple (%, ,(w1, w2), &, B) admits a struc-
ture of (Za,ea,(W1), Za,04,(w2))-bicomodule algebra which becomes a principal
bibundle (see [17, Section 4] for the pertinent definition) when the involved Hopf
algebroids are geometrically transitive (see Example 2.3.21 and [13, Theorem A]
for more details).

The commutative algebra structure of %4 «4,(w1,w2) is defined in similar
way as in Eq. (22). That is, for two object P,Q € A and elements pj € wq(P)%,
7; € wi1(Q)* and p € wy(P), g2 € w2(Q), we have that

(P] @1, p2) - (9] ®1592) == (P} *47) O1pyy (P2 ®492), (40)

is a well defined multiplication, such that the map a ® B : A; ®x Ay —
R a,01,(W1,w2) is a K-algebra map. Clearly, we have %4, 4,(w1, w2) = Zaca(w),
whenever A} = Ay = A and w; = wy; = w. In case we only assume that
Ay = Ay = A, we denote by (« — B) the ideal of Z4.4(w1,w2) generated by
the set of elements {a(a) — B(a)| a € A}, and by

RBaoalr,w
Q?A(wl,wz) = —AXA( 1 2) (41)

(@ — B)

its quotient A-algebra with extension denoted by ¢ : A — Z4(w1, wy). The equiv-
alence class of element p* ®r, p in this quotient algebra %, (w1, w») is denoted by
[p* @1, p]. When w; = wy, we denote Z4(w,w) := Za(w) (here & and B are
the source and the target maps, respectively, of this Hopf algebroid). Specifically,
Z4(w) inherits canonically a structure of commutative Hopf A-algebra, that is, a
commutative Hopf algebroid with source is equal to the target.

In the general situation we will denote by Isom® A1@ Ay (wz, wl) the functor

Isom® 4 o 4, (w2, w1) : Alg, ., — Sets, (R — Isom® (wy @4, (R, w1 @4, SR))

(42)
from the category of (A1 ® Aj)-algebras to the category of sets, which sends any
(A1 ® Ap)-algebra R to the set of all tensorial natural transformations from the
functor wy ®4, R to wy @4, R (recall that the category A is assumed to be rigid,
so that each of these natural transformations is already a natural isomorphism).
We will employ the same notations for the case A} = Ay = A, that is, we will
denote by Isom® , (wy, wy) : Alg, — Sets the functor which sends any A-algebra
C to the set Isom®(wy ®4 C, wy ®4 C).

Proposition 2.4.1. Keep the above notations. Then the functor Isom® 4,4, (w2, w1) of
equation (42) is represented by the (A1 ® Aj)-algebra X wna,(w1,w2). Assume that
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A1 = Ay = A, then up to natural isomorphisms, there is a commutative diagram

AlgA AlgAXA

ISﬂg‘A(wZ/ w1 KXJ%A(WZI (Ul)

Sets

where the horizontal functor is the canonical one.  Furthermore the functor
Isom® , (wy, wy) is represented by the quotient A-algebra %,(w1,wy) of equation (&).

Proof. The first statement of the proposition is [11, Proposition 6.6]. The rest of
the proof is not difficult and left to the reader. n

Recall that a pair (P, «) is said to be a left comodule algebra over a commu-
tative Hopf algebroid (A,7), when « : A — P is an extension of algebras
and P is endowed with a structure of left H{-comodule whose underlying left
A-module is ,P such that the coaction A : P — H, ®,,P is an A-algebra map.
Right comodule algebras are similarly defined, and bicomodule algebras are nat-
urally introduced. Thus an (H, K)-bicomodule algebra over two commutative
Hopf algebroids (A, H) and (B, K), is a triple (P, a, ) such that (P,«) is a left
H-comodule algebra, (P, B) is a right X-comodule algebra and the left #-coaction
is a morphism of right K-comodules (or equivalently the right K-coaction is left
‘H-comodule morphism).

Definition 2.4.2. ([17, Defintion 4.1]) A left principal (H, K)-bundle (P,a, ) for
two Hopf algebroids (A, H) and (B, K) is an (H, K)-bicomodule algebra, that is,
P is equipped with a left H-comodule algebra and a right K-comodule algebra
structures with respect to the algebra mapsa : A — P resp. f : B — P such that

1. Bis a faithfully flat extension;

2. the canonical map
can' : PRy P = HR4P, pRpp — P(-1) ®a P(O)P/ (43)
is bijective.

A triple (P, «,B) which only satisfies condition (2) is called left pseudo (H, K)-
bundle. Right (pseudo) principal bundles are similarly defined and we use the no-
tation can’ for the corresponding canonical map. For instance, the opposite right
principal bundle of a given left principal bundle (P, &, §), is the bundle (P, B, a)
where the algebra P = P and the coactions are switched (interchanging the
source and the target maps). A (pseudo) principal bibundle is a left and right (pseu-
do) principal bundle. That is, for pseudo bibundle, both can’ and can” are required
to be bijective. If, furthermore, both x and B are faithfully flat, then the bibundle
is principal. For a given flat Hopf algebroid (A, #) it is easily shown that the
triple (H, s, t) is a principal (H, H)-bibundle, see [17, §4] for more examples and
details.
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Now we come back to our situation. Consider as above the algebras
,@Ai®Aj(wi,w]'), for i = 1,2. For an object P € A we fix a dual basis for w;(P) €
add(A;) using the notation {e,xi, o e;i, P},Xi/P, i = 1,2. We also make use of the nota-
tion p; € w;(P) and p} € w;(P)*, for any object P € A. In this way we have the
following well defined maps:

Roaony (W1, 02) —2 g ny (W1, W2) @4y Bty s, (W) (44)

(p?{ ®TP pZ ? 2“2,P p‘T ®Tp elerp ®A2 eZZZ,P ®TP p2>/

where the left Ay-action on %, ,(w>) is given by the algebra map « of equation

(B9), and

Q
%A@Az (wlf 602) —>e%)A1®A1 (Wl) @4, '@A1®A2 (wlrwz) (45)

<pT ®TP pz — Zle,p pT ®Tp eDCLp ®A2 e;kCl,P ®TP p2>/

where the right Aq-action on %454, (w1) is given by the algebra map B of equa-

tion (39).
The following Lemma and its subsequent Corollary are inspired from Propo-

sition 2.4.11

Lemma 2.4.3. Consider (A;, Za.«4.(w;)), for i = 1,2, as commutative Hopf algebroids
with structure maps given as in subsection Then the triple (Za,ea,(w1, w2), &, B)
is an (A ayea,(W1), Rayea,(W2))-bicomodule algebra with left and right coactions given
by equations (44) and (@), respectively. Furthermore, X «a,(w1,w2) is a pseudo
(Zayoa,(W1), R ayen,(w2))-bibundle.

Proof. The first statement is a straightforward verification. As for the last one,
recall the natural transformations 7 and ¢ from equations (25) and (26). We only
give the translation map which leads to the inverse of the canonical map can,
the pertinent verification are routine computations which use the properties of «y
and ¢ already mentioned in subsection For the left one, that is, for can the
translation map is given by:

1
‘@A(wl) L)NQA1®A2 (w1/w2)ﬂ ®A2 ‘@AlQ@Az(wl/ wZ),B

Pl Or, P1—— Ly p PT O, Ca p @, $(p1) O, ¥(e2, )

While for the right canonical map can” the translation map is given by:

r
R a(w2) L>aw%)A1®A2(ClJl,OJz) &4, a'%AlQ@Az(wl/wZ)ﬂ

p; @, p2—— ZDCLP v (€ p) 1,y ¢(p3) @a, €y, p Oy P2
This finishes the proof. m

Over the same algebra, the coaction of equations and (45) are canonically
lifted to the quotient algebras of Eq. (#I) and the Lemma still working in
this case as well.
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Corollary 2.4.4. Assume that Ay = Ay = A. Then the bicomodule algebra struc-
ture of Lemma [2.4.3] induces a structure of (#a(w1), Za(wy))-bicomdule algebra on
R4(w1,wy). Furthermore, Z (w1, wy) is a pseudo (Z.(w1), Za(wr))-bibundle.

The following is the main result of this section, it is the affine groupoid schemes
version of the similar well known result for affine group schemes (over an affine
scheme). As before, the ground ring K is assumed to be a field. For more notions
and properties of geometrically transitive Hopf algebroids we refer to [6, [13]].

Theorem 2.4.5. Let A be a symmetric rigid monoidal K-linear category with the
endomorphism algebra of the identity object Ty = K. Assume we have two fibre functors
wi: A — add(A;), i = 1,2 (ie., faithful symmetric monoidal K-linear functors) and
consider the associated (# 1, (1), X yen, (w2) )-bicomodule algebra (R a, s a, (w1, w2),
«,B). Then,

(i) if the Hopf algebroid X, a,(w1) (resp., #aysa,(w2)) is geometrically transitive,
then K a,ea,(w1, w2) is a left (resp., right) principal (R a,ea,(W1), Raye s, (W2))-
bundle.

(ii) if Ais an abelian locally finite K-linear category and both functors w; are exact, then
R n,0n, (W1, W3) 15 a principal (Ra,ea, (W1), Rayea,(w2))-bibundle with opposite
bibundle isomorphic to X . a, (w2, w1).

(iii) if, in addition to the assumptions of item (ii), we also assume that w1 = w ®x A,
for some fibre functor w : A — vecty, then % (w1, wy) is a principal (%a(w1),
R a(wy))-bibundle.

Proof. (i) If Za,ca,(w1) is geometrically transitive, then by [13, Lemma 4.3(b)]
every (left) #Z,, -4, (w1)-comodule is faithfully flat as an A;-module. In particular
R p 01, (W1, w2) is faithfully flat as an Aj-module. Combining this with part (i),
we have that %, 4, (w1, wy) is a left principal (Z 04, (W1), Zaye a,(w2))-bundle.
Analogously, if we assume that %4, 4,(w2) is a geometrically transitive Hopf al-
gebroid, then Z,, . 4, (w1, w2) is aright principal (Za,s 4, (W1), Z 4,4, (w2))-bundle.

(i) Under these assumptions the reconstructed Hopf algebroids %4, « 4, (w1)
and Z . a,(w2) are, by [11, Théoréme 1.12] (see also [6, Théoremes 5.2 et 7.1]),
both geometrically transitive. Therefore, part (ii) implies that %, 4, (w1, w>) is a
left and right principal bundle and so a principal bibundle. The opposite bibun-
dle of Z 4, ,(w1,w2) is clearly isomorphic to Za, s 4, (w2, w1).

(iii) We already know form Corollary 2.4.4] that Z,(w1,wy) is a pseudo
bibundle between the Hopf A-algebras Z,(w1) and %Z4(w;). The only remaining
condition is the faithfully flatness of the involved A-algebras. Up to the canoni-
cal symmetric monoidal equivalence of K-linear categories between A and finite-
dimensional comodules over the Hopf K-algebra #x(w) = Zxex(w), we know
that Z4(w1) is a flat A-module and so it is faithfully flat (as the unit splits by
the counit). To show that %, (w1, wy) is a faithfully flat over A, we proceed as in
the proof of [37, Théoreme 4.2.2, page 155], by realising %, (w1, w>) as an induc-
tive limit of an inductive system of finitely generated and projective A-modules
whose transition morphisms are split monomorphisms. m
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3 The finite dual of a ring extension.

In this section we specialize the construction of Section 2] to the case of a ring
homomorphism A — R, which leads to the (right) finite dual A—coring R°, and
of a functor x : Ax — AR’. We will show that, in the case of coalgebras over
a Dedekind domain, our R° is isomorphic to the usual finite dual defined as the
subspace of R* of all linear forms whose kernel contains a cofinite ideal of R.
When R4 is finitely generated and projective, we show that R° is isomorphic to
R*. We also study when R° is Galois and, what is more important, when x is an
isomorphism of categories. All these results are related to the injectivity of a map
R® — R* to be defined below.

3.1 The finite dual coring R°

Given an A-ring R, consider the category Ag of all right R-modules that are
finitely generated and projective as right A—-modules. We define the right finite
dual of the extension A — R as the A-coring R° = %Z(.Ag) described in Section 2]
We know from equation (16) that R° is the factor A-coring B(Agr)/J(Ar),
where
B(AR) = EB p* A1p p
PeAgr

and J(Ag) is the K-submodule spanned by the set of elements as in Eq.(15). The
elements

PR, p=p" @rp+Ia, P EP,pEP,PcAg

form a set of generators of R° as a K-module (and, of course, as an A-bimodule).
Recall that the comultiplication of R° is given by

A°:R° — R° @, R°, p* ®TP p — p* ®TP ey,p Qa e;kc,P ®TP v, (46)
where {e, p, eZ,P} denotes a finite dual basis for P4. The counit of R° is

e :R° — A, p*@rpr——pi(p). (47)

3.2 The functors xy and L

Consider the homomorphism of A-bimodules b : R° ®x R — A defined as the
composite

b:R°®;R=R° A
and let 7g : R — *(R?) be its image under the adjunction isomorphism

Hom 4 (R° ®; R, A) = Hompg (R, *(R?)).

Explicitly,
nr(r)(p* @1, p) = p*(pr). (48)
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Recall that, since R® is an A-coring, we know that *(R?) is a ring with the convo-
lution product. A straightforward computation shows that 7z is an anti-homo-
morphism of rings.

From the well-known (see, e.g [7, 19.1]) functor [ : Comodg. — +(ro)Mod we
get, after composing with the restriction of scalars functor associated to 7y, a
functor

L: .ARO — Ag.

This functor is explicitly given on objects as follows: given a right R°-comodule
oM : M — M ®,4 R°, and using a Sweedler-type notation (summation under-
stood), we define the following right R-action on M

m-r=momi(mr), r€R, om(m) =mgQ@asm} r, my. (49)
Conversely, every object P € Ay is a right R°-comodule with the coaction
Xp:P—P@,sR°, pr—eyp®ae,,@r,p. (50)
This gives the object map of a functor x : Ag — AR". A straightforward com-
putation shows that L o xy = id 4,.
3.3 The injectivity of the map { : R° — R*

Consider the image ¢ : R° — R* of the A-bilinear map b : R° ®; R — A under
the adjunction isomorphism

Hom_4(R° ®x R, A) = Hom_g(R°, R¥)
This homomorphism of (A, R)-bimodules is explicitly given by
{:R° — R, p*®p,p+—— (r—p*(pr)). (51)
Clearly, we have {(p* ®r, p)(r) = nr(r)(p* @1, p), where 5 is the map defined

in Eq.(48).
For each module M , define Bp : M ®4 R° — Hom_4 (R, M) by

Bm(m @4 p* @1, p)(r) = mp*(pr).

Lemma 3.3.1. By is injective for every M 4 finitely generated and projective if and only
if { : R® — R* is injective.

Proof. Observe that, up to the canonical isomorphism A ®,4 R° = R°, we have
that B4 = ¢, which gives the direct implication. The converse is clearly deduced
from the fact that the class of modules M, for which B, is injective is closed
under finite direct sums and direct summands. n

Proposition 3.3.2. If { : R® — R* is injective, then the functor x : Ag — AR" isan
isomorphism of categories.
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Proof. Since we already know that L o x = id 4,, we only need to prove that the
composition x o L is also the identity functor. Let M be an object of AR® with
coaction gpr : M — M ®4 R°. Then L sends M to a right R-module with the
action (49). With this structure, M € Ag, and, therefore, by applying x, we obtain
a comodule xpr: M — M ®4 R°. We need to check that o) = xp and, since Bu
is injective by Lemma it is enough if we prove that By 0 om = Bm © X M-
This follows from the following computation:
(Bam © om) (m)(r) = momy (myr) = mr

(Bum o xm)(m)(r) = eameyp(mr) = mr. n
Proposition 3.3.3. If { : R° — R* is injective, then R° is a Galois A-coring.
Proof. Recall that the canonical map cango : Z(R°) — R° is defined by

canpo (m* A1y, m) = m*(mo)mi‘ ®TM1 my.
Therefore

(cange 0 B(x)) (¥ Fry P) = cangs (77 Fr.p P) = P (e0,0)eLp Ory p = P 7y P

In this way, cango 0 Z(x) = idro. By Proposition B.3.2] x is an isomorphism of
categories and, henceforth, Z(x) is bijective. Therefore, cango is bijective and R°
is Galois. -

Proposition 3.3.4. Assume that for every homomorphism of right R-modules
f P — R* where P € Ag, there exists Q C Apg and an exact sequence of right

Remodules @oco Q-5+ P L5 R, Then 7 : R® — R* is injective.

Proof. For every P € Ag we consider the adjunction isomorphism of (A, Tp)-
bimodules
Homg(P,R*) = P*,  fr(p = f(p)(1))

with inverse

P* — Hom.g(P,R*), ¢+~ (p— (r— ¢(pr)))
Writing P* = Hom g (P, R*), we obtain an isomorphism of A-bimodules

Dpea, P* @1, P

K{f@TQtp—ft®Tpp L fEQH pEP, tETh, P,QE AR}
Up to this isomorphism, { : R® — R* is given by {(f ®r, p) = f(p), for f € P*
and p € P. Assume ), f; ®r, p; € ker(, thatis, }; fi(p;) = 0. Write P = ®;P,
and define f : P — R* and p € P uniquely by the conditions f;; = f; and
mi(p) = p; for every i, where ; : P; — P is the i-th canonical injection. We use the
notation 7t; : P — P; for the canonical projections. Since p € ker f, there exist a

homomorphim of right R-modules ¢ : Q — P and g € Q such that p = g(g). The
following computation

Zfl ®Tpi pi = Zfl Qp, mi(g(q)) = Zfinig ®TQ q=fg ®TQ g =0.

112

RO

finishes the proof. m
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When R, is finitely generated and projective, it is well-known that R* is an
A—coring (see e.g. [5] Proposition 2.11]).

Corollary 3.3.5. If Ry is finitely generated and projective, then { : R°® — R* is an
isomorphism of A—corings.

Proof. Our map ¢ : R°® — R* is injective by Proposition since R is a genera-
tor of Ag. In this case,  is obviously surjective. m

Recall (see, e.g. [41] page 22]) that a ring is said to be right hereditary if every
right ideal is projective as a right module.

Corollary 3.3.6. If A is a right hereditary right noetherian ring, then { : R°® — R* is
injective.

Proof. Recall that, over a right hereditary ring, submodules of projective right
modules are projective modules (see, e.g., [41, Proposition 1.9.5]). Thus, given a
homomorphism of right R-modules f : P — R*, where P € Ag, then Q := ker f
is projective as a right A-module, and, of course, it is finitely generated over
A, since we are assuming that A is right noetherian. Now, apply Proposition
3.3.4 |

Example 3.3.7. Of course, every commutative Dedekind domain A fulfills the
hypotheses of Corollary [3.3.6

Example 3.3.8. Obviously, if A is semi-simple Artinian, then A fulfills the hy-
potheses of Corollary 3.3.6)

Problem 1. Corollaries[3.3.5land B.3.6lrequire “extreme” conditions to guarantee,
by virtue of Proposition that { is injective. More precisely, Corollary
imposes a strong condition on the ring extension A — R, while Corollary [3.3.6]
restricts the kind of ground ring A we are allowed to work with. It would be
interesting, in view of the consequences of the injectivity of { (see Theorem
and Corollary 4.2.4 below), to investigate more general hypotheses (presumably,
module-theoretical conditions) that would imply it.

3.4 Dual coalgebras

Let R be an algebra over a commutative noetherian hereditary ring A. As a gen-
eralization to the case of algebras over fields, it is possible to define a structure of
A-coalgebra over the A—submodule R’ of R* consisting of those ¢ € R* such that
ker ¢ contains an A—cofinite ideal of R (see [1, Theorem 2.8, Proposition 2.11]).
Here, an ideal I of R is A—cofinite if R/ is a finitely generated A-module.

The map { : R°® — R* factorizes through R’. Indeed, for any generator
p* ®1p p € R°, we need to prove that the cyclic right R—-module @R, where
¢ ={(p* @1, p) is finitely generated as an A-module (see [1, 2.3]). Letr,s € R.
Since ( is right R-linear, A is central in R, and by using a suitable dual basis, we
get

(pr)(s) = p*(prs) =Y _p*(eapes,(pr)s) = Y p*(eapses, (pr)) ZP eaps)en, (pr).
Xp

ap
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This implies that ¢r belongs to the A—submodule of R* generated by the finite set
of all p*(ea,—)’s and, hence, ¢R is finitely generated as an A-module.

It follows from Example[3.3.7/that { : R°® — R* is injective. Let T : R° ® R® —
R° ® R° denote the flip map. A straightforward computation shows that the
following diagram is commutative.

RO TA® Re° Q Re°
gl |¢et
R* R* ® R*
K /
(R® R)*

In resume, we have that, if R is an algebra over a commutative noetherian heredi-
tary ring A, then { : R° — R’ is an injective anti-homomorphism of A-coalgebras.

Proposition 3.4.1. Let R be an algebra over a commutative Dedekind domain A. Then
¢ : R® — R’ is an anti-isomorphism of A—coalgebras.

Proof. We need just to show that { : R°® — R’ is surjective. Let ¢ € R’. We
know that the cyclic right R-module @R is a finitely generated A-module. On the
other hand, R C R* and, therefore, ¢R is a torsion-free A-module. Since A is a
Dedekind domain, we get that R is a f{gp A-module. Now, I := {r € R: ¢or =0}
is a right ideal of R and, since pR = R/I, we get that P := R/I is fgp as an
A-module. On the other hand, I C ker ¢, which implies that there is ¢ € P* such
that ¢(r +I) = ¢(r) forall¥ € R. Hence, ¢ = (¢ ®1, (1+1)). n

Remark 3.4.2. The proof of Proposition 3.4.Tworks to prove that if R is an algebra
over a semisimple commutative ring A, then { : R°® — R’ is an anti-isomorphism
of coalgebras.

4 The finite dual of a right bialgebroid, and of a cocommutative
Hopf algebroid.

We show that the right finite dual U° of a right bialgebroid (A, U) is a left bial-
gebroid. When A is commutative, this fact can be deduced from [6, Exemple, pp.
5849], although that construction cannot be directly extended to the setting of a
non-commutive basis A because add(A,) is not a monoidal category. We also
prove that the map ¢ : U° — U* is a homomorphism of A°~rings, when U™ is en-
dowed with the convolution product. Theorem states that the finite dual of
a cocommutative Hopf algebroid with commutative base ring is a commutative
Hopf algebroid. This could also have been deduced from [6, Example, pp. 5849],
we include an elementary proof. Our approach could be useful to treat specific
examples. This will be illustrated in the last section. Theorem also con-
tains our main contribution in this section, namely, a sufficient condition to get
a monoidal equivalence between the category of the A—profinite modules over
a cocommutative Hopf algebroid over A and the A—profinite representations of
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its associated affine groupoid via the finite dual construction. This equivalence
works in a non necessarily tannakian context.

4.1 Duality for bialgebroids

Let U be a right bialgebroid over a (possibly non commutative) K-algebra A, and
consider U as an A-ring via its source map s : A — U. Consider the fibre func-
tor s, : Ay — add(A,) as in Section [2] and the corresponding right finite dual
A—coring U° as in Subsection Our aim is to endow U° with the structure of
a left bialgebroid over A in such a way that the map ¢ : U° — U* defined in
Eq.(51) becomes a morphism of A*-rings. Here, the right convolution ring U* is
an A°-ring via the homomorphism of rings

Z: A — U, (a @b’ — [u— ae(t(b)u)] ) (52)

Lemma 4.1.1. Let (A, U) be a right bialgebroid. Then U° admits a structure of A*-ring
such that { : U° — U™ is a homomorphism of A®-rings.

Proof. Observe first that A € Ay, where the right U-module structure is given
by the action
au = e(t(a)u) =e(s(a)u). (53)

With this right U-module structure, it is clear that A is the identity object of
the monoidal category Ay;. Now, as in Eq. (23) of subsection 2.2} the element
idp ®r, 1 € U° is the unit for the multiplication (22), and we have that

A — U, (@eb)— (8, 0), (54)

is a homomorphism of rings (the associated source and target are denoted by s°
and t°, respectively) where the endomorphism ring T4 of Ay is the commutative
subalgebra of A defined by

Ta = {a € Z(A)| ae(u) = e(t(a)u), forevery u U} (55)

Recall that the map { sends p* @1, p — [u — p*(pu)]. In order to see that it is
a homomorphism of A°-rings, let us check first that it is unital. So,

Con(a®b’)(u) = {(la @1, b)(u) = lo(bu) = ae(t(b)u) = {(a®b°)(u), Yu € U.

Hence { o = ¢, where ¢ is the map defined in Eq.(52). Now, using the above
multiplication Eq.(22), we have

(@ p). @ onn) @) = (@ p) Ery,, 14p)) ()

(@ *p")((q@ap)u)
= (q"*p*)(qu1 @4 pua) = p*(q"(qu1)(pu2))
= p ((pu2)(t(q" (qu1))))-
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On the other hand, using the convolution multiplication defined by the coring
U 4e, we have

L7 B, )+ T Brg ) (W) = L7 B, p) (807 @, ) (1))
= {(p* @, p) (9" (qu1)u2)
= p'(p(q"(qui)uz)) = p*(p(uzt(q*(qu1))))
= p"((pu2)t(q"(qu1))).
Henceforth, { is multiplicative, and this finishes the proof. [ ]

Proposition 4.1.2. If (A, U) is a right bialgebroid, then (A, U°) is a left bialgebroid.

Proof. We know that U° is constructed from the monoidal category A;; and the
forgetful functor w = s, : Ay — aMody, that is, we have that U° = Z(Ay) as
in the notation of subsection Therefore, we can apply the first statement of
Proposition [2.2.T| to obtain the claim. ]

Remark 4.1.3. There is a kind of symmetry in Proposition &.1.2 This means that
given a left bialgebroid (A, V), using it target map t : A — V and it associated
category VA of left V-modules which are finitely generated and projective as
A-modules via the fibre functor .t : yMod — add(4A). The reconstruction
process of Section 2lleads to a right bialgebroid (A4, Z(V A)) := (A,°V).

4.2 Duality for Hopf algebroids

In this subsection we assume that (A, U) is a left Hopf algebroid over a commu-
tative K-algebra A, and the underlying A-coring of U is co-commutative. Bialge-
bras over field extensions studied in [33, 8] and those over a commutative algebra
studied in [36], as well as the universal algebras of Lie algebroids or, in general,
of Lie-Rinehart algebras (Examples[1.3.3 and [1.3.2), are all examples of this class
of left bialgebroids.

It is easily checked that, under the current assumptions, the source of U is
equal to its target (i.e., s = t). This fact will be implicitly used in the sequel. Recall
that for such a bialgebroid (A, U), the category Ay consists of right U-modules
whose underlying A-modules are finitely generated and projective, using either
the functor s, or ts.

Proposition 4.2.1. Let (A, U) be a co-commutative right Hopf algebroid over a commu-
tative algebra A. Consider the category Ay with the fibre functor s, : Ay — add(A).
Then Ay is a monoidal symmetric and rigid category with s, a strict monoidal fibre
functor.

Proof. First observe that, since t = s, each object in Aj; is a central A-bimodule.
On the other hand, for every pair of objects P, Q € Ay the flip map 1p,g : P ®4
Q — Q®y4 P, sending p ®, g — q @4 p is actually an arrow in Ay, since U is co-
commutative. The rigidity of Ay is immediate from Lemma and the duals
are described as follows: For every arrow f : P — Q in Ay, its A-linear dual
map f*: Q" — P* is clearly an arrow in the same category .4;;, where P*, Q* are
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objects of Ay by the action of Eq.(10). Thus, P* is a dual object in Ay for an object
P € Ay, and the duality is given by the following arrows in Ay
ev:P*OP=P*"®,P — A, (P* Rap > P*(p))/
db: A — IJ<>IJ>)< = p®AP*, (1 — e,X,P®Ae::’P), (56)

(respectively called evaluation and dual-basis) where {e, p, €} p} is a dual basis for
P. The rest of the proof is now clear. m

The main results of this section are the last two parts of the following theorem.

Theorem 4.2.2. Let (A, U) be a co-commutative right Hopf algebroid over a commuta-
tive algebra A. Then

1. (A,U°) is a commutative Hopf algebroid over T 4.
2. The functor x : Ay — AY’ is strict monoidal and preserves the symmetry.

3. If ¢ : U° — U* is injective, then X is an isomorphism of symmetric monoidal
categories.

Proof. (1) This part follows from Propositions and and the Hopf al-
gebroid structure maps are explicitly given as follows. The algebra structure is
given by the multiplication of equation (22) and unit the algebra map 7 of equa-
tion (54). The the comultiplication is the algebra map

A U° — U@ U°, p* @, pr—) P @r,eap®ael,@r,p,  (57)

ap
where {e, p, €; p} denotes a finite dual basis for P4. The counit of U° is
€U — A, p*Qrp—p*(p) (58)
and the antipode is the algebra map
S U — U°,  (p* @1, p— P(p) R, p*), (59)

where ¢ : P — (P*)* is the canonical isomorphism of A-modules, as in subsec-
tion2.2]

(2) Let P,Q be two objects in Ay;. Then the right U°-comodule structure of
X(P®,4Q), is given as in (B0) by the coaction:

Ox(Po,0) ' P®4Q — P®,Q®,U°,
(p ®a qr— Z(etx,P Q4 eﬁ/Q) ®a (e;k(,P * eE'Q) ®TP®AQ (P Xa (/]) >

where {eqp, € p} and {egg, € o} denote as above the dual basis of Py and Q4.

On the other hand, the tensor product x(P) ®4 x(Q), in the monoidal subcate-
gory of right U°-comodules AY”, has the following comodule structure:

Qx(P)2ax(Q) * P®,Q— P®,Q®.U°,
<P Qaq— Zp(l) ®aq1) DaP2)q(2) )
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Now, using equation (50) and the commutativity of the multiplication of U°, as
given in (22), we get that ¢, (p)z,x(Q) = Qx(Po,0)- Therefore, x(P) ®4 x(Q) =
X(P ®4 Q), for any two objects P, Q in Ay;.

The identity object of Ay is the right U-module A with action a.u = e(au),
foranya € A and u € U. The image by x of this object has the right coaction
0x(A) A — A®,U° sending a — 1®,4 1 ®r, a. Thus, by equation (B4), we have
04(a) = t°(a), for every a € A. Hence, X(A) = (A,t°) the identity object of the
monoidal category AY". We have then shown that x is a strict monoidal functor.
Lastly, since both monoidal categories .A;; and AY° have the flip as symmetry,
one trivially obtains that x is a symmetric monoidal functor.

(3) Follows from Proposition[3.3.2] [ |

Corollary 4.2.3. Let (A, U) be a cocommutative right Hopf algebroid over a Dedekind
domain A. Then the category Ay is isomorphic, as a symmetric monoidal category, to

AW,
Proof. This is deduced from Corollary [3.3.6land Theorem 4.2.2] ]

We also get the following consequence of Theorem [4.2.2] whose geometri-
cal interpretation is that, under suitable conditions, given a Lie-Rinehart algebra
there is a groupoid with the “same” representation theory (see Example for
details on the Hopf algebroid attached to a Lie-Rinehart algebra).

Corollary 4.2.4. Let L be a Lie-Rinehart algebra over a commutative ring A, and let
U (L) denote its universal enveloping Hopf algebroid. If C is an injective map (e. g. if A is
a Dedekind domain), then the category of A-profinte right U (L)-modules is isomorphic,
as a symmetric rigid monoidal category, to the category of A-profinite right comodules
over the commutative Hopf algebroid U (L)°.

Remark 4.2.5. Starting with a commutative Hopf algebroid (A, V), then, by Propo-
sition we know that (A, V°) is a right bialgebroid. The fact that (A, U°) is

actually a right Hopf algebroid can be shown using the tecniques developed in

[21]. In analogy with the classical situation of Hopf algebra over fields, it stills

then to check that U° is a co-commutative A-coring. It seems that in general,

there is no direct way of proving this property. However, it can be derived under

some assumptions, which are always fulfilled in the finite case (i.e., when V4 or

AV are finitely generated and projective). Precisely, if we assume that the map

¢ : V° — V* of subsection [3.3land the canonical map

Yy v* XA vVt —s (V Rasa V)*,
(77 p) x4 @ B @) — [u@acav s p"(pu) a7 (g0)] ) (60)

(here x 4 is the Sweedler-Takeuchi’s product [42} 44]), are injective and that V4
is flat, then one can deduce, from the following commutative diagram, the co-
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commutativity of the comultiplication A° of the A-coring V°

yo d

A° (V®aea V)*

Ixal /V

Ve XAVO—>V* XAV*

Following the observations of Example [3.3.5 the duality stated in [36, Proposi-
tions 3, 4] (see also [23} 9, 40]), is now a particular instance of the one established
hereby.

5 Application: The finite dual of the first Weyl algebra, differen-
tial Galois groupoid and PV extensions

In this section, we illustrate our methods by treating, in an exhaustive way, the
universal Hopf algebroid of the transitive Lie algebroid of vector fields over the
complex affine line Al. In other words the first Weyl C-algebra. We first show
that the category of differential modules is a Tannakian category (in the sense
of [11]) which is identified with the category of comodules over the finite dual
with underlying finitely generated free C[X]|-modules. Second we show that
for a fixed differential module (M, 0), this finite dual contains a commutative
Hopf algebroid denoted by U, whose category of comodules comodufM) with

finitely generated underlying modules, is equivalent, as a symmetric monoidal
C-linear category, to the full subcategory (M), of differential modules which are
sub-quotients objects of tensor products of (M, d) and its dual (M*,0). In anal-
ogy with the classical differential Galois theory over C(X), the associated affine
algebraic groupoid of Uy, is then termed the differential Galois groupoid attached
to (M, 9) (or to the linear differential matrix equation defined by (M, d)). We
also combine our result with those of [2], in order to give an explicit description
of a Picard-Vessiot extension of (C[X], %) for (M, d). In the last subsection, we
compare our approach with that of Malgrange [27] and Umemura [46], and give
several illustrating examples.

5.1 The Hopf algebroid structure of the first Weyl algebra

Let A = C[X] be polynomial ring in the variable X over the field of complex num-
bers, and consider its (noncommutative) ring of differential operators
U = C[X][Y, %], that is, the first Weyl algebra. We shall consider U as free
right A-module with basis {Y" },cn, and with left action given by the rule aY =

Ya + aa—f(, for every a € A. This algebra is clearly isomorphic to the universal right
Hopf algebroid of the transitive Lie algebroid (A, Derc(A)), see Example
The structure maps are

AY) =1R,Y+Y®41, eY) =0, andY_-®,Y; = 1R,Y —-Y®,1.
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We are interested in describing the relationship between the category of co-
modules over the finite dual U° and the category of differential modules over the
differential ring A. To this end, we will apply Theorem to the pair (A, U).
But, first let us make the following general remark.

Remark 5.1.1. Theorem[.2.2]applies for any ring of differential operators A[Y, 4],
for 6 any K-linear derivative of A. In particular, Corollary leads to a monoi-
dal equivalence of categories between the category Diff, of A—profinite differ-
ential modules and the A—profinite representations of the affine groupoid repre-
sented by the finite dual of A[Y, J], whenever A is a Dedekind domain (e.g. the
coordinate ring of an irreducible smooth curve over C). If A is not a field, Diff ,
will probably fail to be abelian, as the example of C[X][Y, ] shows by taking

I(f(X)) = Xajg(}f) for all f(X) € C[X]. What makes the Weyl algebra so special
is that, in this case, Diff , is abelian.

5.2 Differential modules Diff, as a Tannakian category

In all what follows a right A-module M will be considered as central (or symmet-
ric) A-bimodule, that is, we have ax = xa, for every x € M and a € A. Recall that
a differential right module over the differential ring A is a finitely generated right A-
module equipped with a C-linear map d : M — M such thatd(xa) = dx.a+da.x,
for every a € A and x € M (here da denote da(X)/0X). The C-linear map 9 is
called the differential of M.

Every differential module is in fact free of finite rank as an A-module: if
x € M is a torsion element, then ax = 0 for some nonzero a € A. It follows that
(0x)a + xda = 0, whence (dx)a? = 0. This shows that the (C-finite dimensional)
torsion submodule {(M) of M is indeed a differential module. This is only possi-
ble when t(M) = 0 (see, e.g. [4, Lemma 4.2]).

Using the notation of Section [2] the category Ay is in this case the category
of all differential modules over A, equivalently linear differential matrix equations.
If we denote by {ey, ..., e, } any basis of M over A, the differential 9 is then given
by a matrix mat(M) = (a;;) € My, (A) such that

m
aei = — Ze]'aﬁ. (61)
j=1

The minus sn in introduced, not only for historical reasons, but also for compu-
tational oneg'!. So if we identify an element y € M with its coordinate column in
A™, we have

11 As we will notice in subsection 5.5} this depends on considering the principal bibundle struc-
ture of a Picard-Vessiot extension or its opposite bibundle, see Remark[5.5.7
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Thus ker(0) is the solution space of the following linear differential matrix equa-
tion
U 21
: = mat(M) : . (62)

In analogy to [48] §2.2] we denote by Diff, the category Ay;. A morphism of
differential modules f : (M,d) — (N,0) is an A-linear map f : M — N which
commutes with differentials, thatis, do f = f o 0.

Next we list the properties of Diff,. First, we know from Section [ that the
category Diff , inherits a monoidal symmetric structure from the category of right
U-modules. In this case, the tensor product of two objects (M, d), (N, 9) in Diff,
is again a differential module with differential map

3:M&,N — Ma4N, (a(x ®ay) = 3(x) ®Ay+x®A8(y)> (63)

By Lemma Diff, is then a monoidal symmetric and rigid C-linear category
with identity object (A, 9). The forgetful functor (which going to be a fibre functor
in a Tannakian sense) is given as in subsection 2.1l by the restriction of scalars
functor w = 7, : Diff, := Ay — add(A), where 4 : A — U is the canonical
ring extension. Observe that w is a non trivial functor in the sense of [11] since
we know that w(A,d) = A and that Spec(A) # @. Moreover, Diff, is a full
subcategory of the category Mody; stable under finite limits and colimits. Hence,
it is an abelian category. All the aforementioned properties of the category Diff ,
are well known facts, and can also be obtained as described above. We summarize
these properties of Diff, in the following lemma.

Lemma 5.2.1. The category Diff, is C-linear abelian and the functor w : Diff, —
add(A) is strict monoidal C-linear faithful exact functor. Moreover, we have an isomor-

phism of rings Endp;g , ((A, 8)) =~ C.

Remark 5.2.2. Observe furthermore, that Lemma and [6, Proposition 2.5]
imply that Diff, is a locally finite category over C, in the sense that each object is
of finite length and the Hom-vector spaces are finite dimensional C-vector spaces.
This in particular implies that the endomorphism ring of any differential module
is a finite dimensional C-algebra. Therefore, the centre of the endomorphism ring
of any simple object in Diff,, coincides with the base field C. Thus, the category
Diff, of differential modules is a separable category in the sense of [6, Définitions
page 5847].

Remark 5.2.3. Let (M, 0) be a differential module with rank(M) = m. Denote
by M := ker(d) the C-vector space of solutions in A of the equation (62). Then,
there is an isomorphism of C-vector spaces

Hompg, ((A,9), (M,9)) = M°.

Therefore, by Remark 5.2.2, we know that dimc(M?) < oo. In fact we have that
dime (M?) < m.
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Apart from the above structure, the usual linear algebra operations are also
permitted in the category of differential modules. For instance, the exterior

powers AY M of a differential module M, are again differential modules with
differential given by

d
Xy A Axg) = Y X1 A AOX A A Xy,
i=1

such that the canonical linear map M = M Rp @ M —> /\dM is a
differential map, i.e. a morphism in Diff,. Similarly one can endow the sym-
metric d"-powers Sym’(M) A-module with a differential, for a given differential
module (M, 9).

The internal hom-functors, as given for the general case of Eq.(), are explicitly
given, in the case of Diff,, by the hom-functors Hom,(M, N) whose differential
is defined by the formula

al:M— N, (x s (3)(x) = al(x) — Z(ax)), (64)
for every | € Hom, (M, N). Thus, up to isomorphisms, we have
hompoed, (M, N) = Hom, (M, N).

In particular, the vector space Hom;(M, N) is identified with the A-linear maps
whose differential is zero. The differential of the dual module is given then by

20: M — M, ((g)(x) = d9(x) — p(3())), (65)

for every ¢ € M* and x € M.

5.3 The commutative Hopf algebroid attached to the first Weyl algebra

Next we state some properties of the commutative Hopf algebroid (A, U°) con-
structed from U by applying Theorem First, we know from Example[3.3.7]
that the canonical algebra map ¢ : U° — U* defined by equation (51) is injective,
where U* is the right linear dual of U endowed with the convolution product.
This fact will be implicitly used in the sequel.

Proposition 5.3.1. Let A = C[X] and U = A[Y,d/9X] its differential operator al-
gebra. Then the commutative Hopf algebroid (A, U°) is a Galois A-coring. In partic-
ular the category Diff , is isomorphic to the full subcategory AY° (described in subsec-
tion [2.1) of the category of right U°-comodules. Furthermore, we have an isomorphism

End comod, o ((A,t)) = C of rings.

Proof. The first statement is a direct consequence of Proposition 3.3.3l The parti-
cular cases are immediate from Proposition[3.3.2land Lemma m

The subsequent contains further properties of the Hopf algebroid (A, U°).
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Corollary 5.3.2. Let A = C[X] and U = A[Y,d/9X] its differential operator algebra.
Then the commutative Hopf algebroid (A, U°) enjoys the following properties:

(i) The algebra map n° : A ®c A — U° induces on U° a projective (A @c A)-module
structure.

(ii) There is an isomorphism of symmetric monoidal C-linear categories
Diff, = comodye, where comodye denotes the full subcategory of right
U°-comodules with finitely generated underlying A-modules.

(iii) Every right U°-comodule is projective and faithfully flat as an A-module. In par-
ticular, the modules U3 and oU° are projective.

(iv) Any right U°-comodule is a filtered limit of subcomodules in comodyjo.

Proof. (i), (ii). We know from subsection that (A, U°) was constructed from
the pair (Ay,s«), or up to the isomorphism of Proposition 5.3.7] from the pair
(Diff,, w) of Lemma 5.2.1l By applying Deligne’s Theorem [6, Théoremes 5.2,
7.1], we have from one hand that the functor w induces the equivalence sated in
(ii) which proves this item. From another hand, we have that the Hopf algebroid
(A, U°) is transitive and also separable by Remark[5.2.2l Therefore, it is geometri-
cally transitive by [6, Corollaire 6.7], which by definition [6, Définition page 5845]
means that U° is a projective (A ®¢ A)-module, and this shows part (i).

(iii). It follows directly from [6, Proposition 7.2], while item (iv) follows from
[6, Proposition 6.2]. [ |

Remark 5.3.3. By [15, Theorem 5.7] and Corollary [5.3.2(iii), the category of right
comodules over the Hopf algebroid (A, U°) admits Diff, as a generating set of
small projectives if and only if the direct sum @ pc pige, M is a faithfully flat right
module over the ring @, N ¢ pigs , Hom (M, N) with enough orthogonal idempo-
tents (i.e. Gabriel’s ring of Diff,). Both equivalent conditions are fulfilled by
Corollary 5.3.2(iv).

5.4 The differential Galois groupoid of a differential module.

Fix a differential module M € Diff, with a dual basis {e;, €] }1<i<,. We set

det(er, ... em) == Y (—1)¥@e 0 @4 @ueeq) € M, (66)

ocESy

where S, is the permutation group of m elements, sg(c) is the signature of o and
M®" .= M®, - ®4 M denotes the m-fold tensor product of the A-module M.
We also denote

detyy := ejy %+ *e} ®TMW det(ey,...,em) € U°, (67)
where, as in equation (20), the A-linear map ej, - - - x e is defined by

ey ko ke] MO — A, (xl R Ra X »—>e;§1(xm)---ef(x1)).
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Lemma 5.4.1. Keeping the previous notations, we then have

(i) As an element in M®m, the differential of det(eq, ..., em) is
ddet(ey, ..., e,) = tr(mat(M)) det(ey, ..., em),

where tr(mat(M)) is the trace of mat(M);

(ii) (e;*---*ei‘)(det(el,...,em)> = 1L

Proof. Both part (i) and (ii) are routine computations by using the formulae (63)
and definitions. The details are left to the reader. n

A crucial consequence of this lemma is the subsequent.
Lemma 5.4.2. The element dety of Eq.(67) is invertible in the algebra U°.

Proof. Let A" M* be the m-exterior power of the dual module M* of M. This is a
free A-module of rank one and basis e] A --- A e, with differential
dle; A---Ney) = —tr(mat(M))e; A --- Aey, where as before tr(mat(M))
denotes the trace of the matrix mat(M). Thus, the module A" M* is an object
in the category Diff,. By Lemma 5.4.1(i), we define the following differential
map

A — (AN"MH) @, M, (1 — (ef A---Net) @adet(er, ... em) ),
1 m

which we consider as a morphism in the category Diff ,.
Now let us check that

-1
det];[l = (e;*. oxe] Or o det(el,...,em)) = (e A Nepy)* ®r

e (G A Aegy).

(68)
So we compute their multiplication:

epx o oxef ®r o det(er, ... em) . (€] Ao Aey)* ®T \m pge (e N---Nepy)

= ((e’{/\---Ae;)**(e;* ®r e’{A---Ae;)@Adet(el,...,emD

) -
* €] ) (AMM*)@ g MOm ((
- <(6T N Nep)*x (el x - xef ) T(amm)e g m&m (f(1)>
ey

= eXN - ANeb )t x (ef, x
1 m m

f ®TA

The A-linear ma XN Net ) x(ef k- xer € A* is defined b
p 1 m m 1 y

ek *e}‘)(det(el,...,em)>
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which shows that

e xoxef @ o det(er, ... em) . (6] Ao Nep)* @1

e (€A Aey) =1

and this finishes the proof. m

Remark 5.4.3. Similar to the context of commutative Hopf algebras, a grouplike
element ¢ in a commutative Hopf algebroid is always an invertible element with
inverse . (), its image by the antipode. In the particular situation of Lemma
it is easily seen from equation (68) that

A(detyl) = (6 A Aej)* ®r

o @A) @ G A NG B GA A

= dety] ®adety.

which shows that deif;/l1 is a groulike element, and so is dety;. Therefore, we have
that
S (detpy) = dety . (69)

On the other hand, the structure of right U°-comodule over A4 which corre-
sponds to this grouplike element and, up to an isomorphism, is the right
U°-comodule structure of A" M* deduced by applying Proposition is given
by the coaction A — U°,a — det;/lla. This corresponds to the differential module
(A4, 0M) with differential

M:A— A, (a — —tr(mat(M)) a + 811). (70)

(@]
For a given M, let Uy be the (A ®c A)-subalgebra of U° generated by the
image of M* ®r,, M via the canonical map M* ®r,, M — U°. It is not hard to
(@] -
see that U, is generated as an (A ®c¢ A)-algebra by the set {e*f Rr ei} for
] M ) <ii<m
any given a dual basis {e;, e/ }1<j<, as above.

o
Proposition 5.4.4. The subalgebra U, is in fact a sub-bialgebroid of U°, which contains

the element dety; defined in Eq. (67). Furthermore, its localized algebra lOIM [det;/}] is a
Hopf subalgebroid of U°.

Proof. The first statement is immediate, since we already know that

A(e;k ®TM Ei) = ;e]* ®TM e Xa EZ ®TM e;,

where A denotes the comultiplication of U°. Since A is already mu1t1p11cat1ve,
We get a coassociative and multiplicative A-bimodule map A : UM — LIM Ra
UM. Observe that we are using that A is a principal ideal domain and that U° is

torsionfree over A on both sides. The fact that dety; € Uy clearly follows from
the formula of the multiplication in U° displayed in (22).
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[¢]
Next we show that the antipode of U° restricts to Uy, [det;/jl], since we already
(@]
have by Lemma .42 the inclusion Uy [det,}] C U°. Denote by u;j the generating
elements e} ®r,, ¢j, fori,j =1,...,m, and by det, the determinant det s of Eq.(67).
Recall that the (j, i) cofactor of the matrix (4ij)1<ij<m is then defined to be

Uji = (1) Z (_1)Sg(g)uj1t7(]'1) W 10 (m)
ceP(ji)

where P(j, 1) is the set of all bijections from {1,...,m}\ {j} = {1 < -+ <jm-1}
to {1,...,m} \ {i}, and sg(o) is the signature of o viewed as a permutation in

Sm-—1. Clearly, each of the v;; is an element in the (A ® A)-subalgebra U ;. Writing
down this element using the notation of Eq.(66), we get

v = (—1) Je;fm_l o *e;.kl ®TM®11171 det(e1,...,€,...,em),
Y . . .
where det(eq,...,€;,...,en) is the resulting determinant of the vector (ey,...,en)
after removing the component ¢;, see Eq.(66).
Define now the following morphism in the category Diff,, by the composi-
tion

db®m-1@ M*
.M —

(M® M*)®n1 @ M —5 M®n1® (M*)®n s M®n-1® (/\m M*),
wheredb : A -+ M ®4 M* is the coevaluation map of Eq.(56) up to the differential
isomorphism M ® , M* = Hom, (M, M), the second map is the flip, and the third
one is obvious. On elements, h" acts by

h" () = Z (ex, ,®a...Qaek) P4 (8;1/\"'/\672
Ky K1

A),

m—1

for every ¢ € M*, where each of the index k; runs the set {1,...,m}, for each of
thel =1,---,m — 1. Reordering the indices, we obtain

W' (er) = (—1)idet(er, ..., ¢, ... em) @a (el A+ Aeh). (71)

Using this equality and the above notation, we show that

v(ej) = [(—1)]}3};71 *eeexep k(ef Ao A e;)*] o h™, (72)

where as above ¢y : M — (M*)* is the canonical isomorphism. Now, we compute
det, ! Vi & (] A Nep)* @1y (€7 A Ay
(_1)1-1-] 6;1—1 N *671 ®TM®m71 det(el, A 2 TR ,€m)

@

— (—1)] e;.km_l ST *e;_kl * (ET A A 67;1)* ®TM®111—1®/\7}1M* hm(e?)

= (=1) ef L Keeexe K (ef A Aep)*h™" @1, . €F)

@
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Thus, we have
det;l TS YM(ui]'). (73)

This with Eq.(69) show that .7 is restricted to the localization U [det,'], and this
completes the proof. n

From now on, we denote by Up,, := Uy det, '] the Hopf sub-algebroid of U°
stated in Proposition

Fix a differential module (M, d) € Diff, with a dual basis {¢;, e} }1<j<y, and
keep the above notations. Given two positive integers k,I, we denote by
TEN(M) = M®! ®, (M*)®* which we consider as a differential module
using the tensor product of Eq.(63). We denote by (M), the full sub-category of
Diff, of finite sub-quotients differential modules of M. Thus, an object (X, )
of Diff, belongs to (M), if it is a quotient of the form X = X,/Xj, where
X1 C Xp C @ T*Y(M) (finite direct sum). Since Diff, is by Lemma an
abelian category, a differential module (X, 0) belongs to (M), if and only if it is a
sub-object of an object finitely generated by those T*"(M)’s.

Let us denote by wy,, : (M)s — add(A) the restriction of the fibre func-
tor w : Diff, — add(A), and by (A, Z((M).)) its associated commutative
Hopf algebroid defined in Proposition see also Eq. (16) and Remark .l
Since (M), is a symmetric rigid monoidal C-linear abelian, locally finite cate-
gory and w),,  is an exact faithful functor, we have that (A, Z((M):)) enjoys
similar properties (i)-(iv) of Corollary 5.3.2l Thus, (A, Z((M).)) is a geometri-
cally transitive Hopf algebroid, see Example and [6} [13]. In particular we
have that the fibre functor w),,  induces a symmetric monoidal equivalence of
categories (M); =~ comody((u),) to the category of Z({M);)-comodules with
finitely generated underlying A-modules. On the other hand, the embedding
(M), — Diff, = Ay which commutes with the forgetful functors, leads to the
canonical map

¢ (AR(M).)) — (AU°), (" @, p+ Ty, — P" On P+ Jay)
(74)
The following is our main result of this subsection.

Theorem 5.4.5. The morphism displayed in equation (74), induces an isomorphism
X ((M)) = Upy, of Hopf algebroids, where Uf,,, is as in Proposition Conse-
quently, we get that the equivalence of categories stated in Corollary[5.3.2(ii), rectricts to
a symmetric monoidal C-linear equivalence of categories:

xX: (M), — comodu(oM),
where comodu(oM) is the full subcategory of Uf,, -comodules with finitely generated un-
derlying A-modules.

Proof. The map ¢ is clearly an injective morphism of Hopf algebroids. We then
identify Z((M).) with its image. Consider now the (A ®¢ A)-subalgebra fIM

12In the notations of subsection 2.4} this is Z((M) ) = Zaca(w).



On the ftinite dual of a cocommutative Hopt algebroid. Applications 97

[e]
of U° described in Proposition Any generic element in Uy of the form

ef ®r1,, ¢; obviously belongs to the subalgebra % ((M)., ), whence &M CZ((M).),

as M is a differential module in the subcategory (M),. The determinant dety;
of equation (67) and its inverse given by equation (68), are both elements in

Z({(M)). Therefore, Uf, = Uy det,}'] € Z((M).,).

Conversely, take an object N in (M), of the form N = M, ), for some positive
integers, k, 1. Consider (N, gy) as a right U°-comodule, via the isomorphism x
(see subsection 3.2). Denote by

C(N) := D Im(f)

f €Homyo (N,U°)

the A-subbimodule of coefficients of N. By Corollary 5.3.2((iii), U3 and 4U° are
projective modules, and so by [16, Example 2.5], we can apply [16] Proposition
2.12]. Therefore, C(N) C U, since we have on(N) € (N ®4 T)(N ®4 Ufy),
where T : Uf, < U° is the canonical injection. The same inclusion holds true:
C(N) C Ug,), if we take N = @, T*" (M) a finite direct sum. Taking a sequence
X1 € X5 € N of differential modules, with N as before, we get by [16| Proposition
2.12] that

C(X1) CC(X2) CCN) CUS,, C(Xa/X1) € C(Xa) € C(N) C U,

Henceforth, any object in (M), is a right U, ,-comodule (under the isomorphism
X)- Now, take an element of the form p* ®r, p € Z((M)s), thus P is an object
in (M).. We know that P is a right U{,,-comodule, and so p*(p(0))pa) € Uf
Up to the canonical isomorphism cango of equation (36), we have the equality
p* @1, p = p*(P(0))P(1), which shows that p* ®1, p € Uf,. Therefore, Z({M).) C
Uy

( I)n summary, we have an isomorphism (A4, Z((M).)) = (A, Ug,) of Hopf
algebroids. This leads to the following commutative diagram of symmetric monoi-
dal categories:

(M), —— Diff, = Ay

1R

174

X

12
>

~=_ !

comodjjo “————— comodyjo
U(M) u

which shows the stated equivalence of monoidal categories. m

Let (M, 0) be a differential module over A and consider the attached Hopf al-
gebroid (A, Uf,) of Theorem 5.4.5 Denote by 7, : Alg. — Grpds its associated
presheaf of groupoids and let .#,(C) be its fibre at Spec(C), that is, the char-
acter groupoid of (A,U,,). We know that (A, Ug,,) is a finitely generated Hopf
algebroid (i.e., both A and U(OM) are finitely generated C-algebras), thus, 77, is an
affine algebraic C-groupoid scheme in the fpqc (fidelement plate quasi-compacte)
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topology. Moreover, the category of comodules comodu(oM) is identified with the

category of C-representations of the groupoid 7, see [11].
In comparison with the classical case of differential Galois theory of fields (see
[48, Theorem 2.33]), we have by Theorem [5.4.5]the following definition:

Definition 5.4.6. Let (A, Uf,,) and 7, be as above. Then the character groupoid
64(C) is referred to as a differential Galois algebraic groupoid of (A, d) for the differ-
ential module (M, 0) (see Remark[5.4.8/below for a brief discussion on the unique-
ness of this groupoid).

Next, we observe that, always for A = C[X], any differential Galois groupoid
is transitive as an abstract groupoid. First we observe that, for any differential
A-module (M, 9), U(OM) as a Hopf algebroid over C, satisfies similar conditions
(i)-(iv) of Corollary5.3.2l Thus, U, is a geometrically transitive Hopf algebroid
over C, so that 7, is a transitive groupoid scheme in the sense of [11], see also
[6, 13]. Since 7#,(C) # @, we have by [13, Corollary B] that .7#,(C) is a transitive
groupoid in the set-theoretical sense (i.e., a groupoid in sets with only one con-
nected component, or equivalently, the Cartesian product of the source and the
target maps leads to a surjective map). In other words, .73,(C) posses only one
type of isotropy group. In the sequel we will show that the isotropy type group
of 74,(C) coincides with the so called differential Galois algebraic group of the dif-
ferential module (M, 9) following the terminology of Y. André [2, §3.2.1.2], (see
Example for more terminologies).

Now, we proceed to show that .7;,(C) is in fact a sub-groupoid of the induced
algebraic groupoid of the general linear group GL,,(C) along the map Al — {x}
(the algebraic set with one point), where m is the rank of M. So let {e;, e} }1 <i<m
be a dual basis for M. Consider the coordinate ring C[X;j, dety '] of the complex
general linear group of order m with indices i,j € {1,---,m}. Recall that this a
Hopf C-algebra with structure maps:

m
A(Xi]') = ZXik X4 Xk]', E(Xi]') = 51']', S(Xl]) = det}_(lY]'i, (75)
k=1

where J;; is Kronecker’s symbol, and where Yj; is the (j, i ) cofactor of the matrix
(Xij). This is also a differential C-algebra, where the differential is given by

I Xijh<ijem = (Xi<ijem = mat(M) (Xij)1<ij<m, (76)

and the differential of dety ' is by extension d(dety!) = —d(detx)dety?. Extending
this differential to the tensor product algebra A ®c C[X;;, det;(l] via the map:

a(ﬁl Re Xl]) = da Q¢ Xi]' + a Q¢ E)Xl]

we will consider this tensor algebra as a differential algebra and obviously an
extension of (A, 9).

The base extension of the Hopf algebra C[Xj;, dety'] via the algebra map
C — A (see Example [1.3.5), leads to the commutative Hopf algebroid



On the ftinite dual of a cocommutative Hopt algebroid. Applications 99

A ®c C[Xjj, dety %' ®c A which is isomorphic to the polynomial (A ®¢ A)-algebra

(A ®c A)[Xjj, dety 11, Furthermore, there is a surjective map:

Pu: (A® A)[Xy, dety!] ————— UQ, (77)

1]1
Xijl 67 ®TM e;,

of commutative Hopf algebroids. The affine algebraic groupoid attached to the

Hopf algebroid (A ® A)[Xj;, det '] is also transitive. Thus, (A, A® A) [Xij, dety'])

is geometrically transitive Hopf algebroid over C, see [13, Theorem A]. Its char-
acter groupoid is easily computed and it is given by:

Pa—> Al
—h— Ac

gm: AL x GL,(C) x Al T,

where the source and target are, respectively, prsz and pry the third and first pro-
jections, the identity map sends x — i1(x) = (x, I,5, x), where I, is the identity of
GLy,(C). The multiplication and the inverse maps of this groupoid are given by:

(x,a,v).(y,b,2) = (x,ab,z), (x,a,y)_1 = (y,a_l,x).

This is clearly a transitive groupoid, and so there is only one type of isotropy
group, namely, each of them is isomorphic to the general linear group GL,(C).
The groupoid ¢™ is in fact the induced groupoid of the groupoid (with only one
object) GL,,(C) along the map Al — {x}, see [13, Example 2.4].

Now, using the morphism of equation (77) we claim the following corollary,
where the particular claim can be compared with [2, Théoreme 3.2.1.1(ii)].

Corollary 5.4.7. There is a monomorphism of affine algebraic groupoids
H01(C) —— 9™ . In particular, any isotropy group of 7, (C) is identified with a closed
sub-group of the algebraic group GLy,(C).

Next, we discuss the uniqueness of the differential Galois groupoid and give
a motivating example.

Remark 5.4.8. Keep the above notations and assume that there is a flat Hopf
algebroid (A, H) over C with H finitely generated as an algebra, such that there is
a symmetric monoidal C-linear equivalence of categories (M), =~ comody, to the
category of right H-comodules with free of finite rank underlying A-modules.
Assume further that (A, #) is geometrically transitive (see Example 2.3.2] and
[13], or equivalently that the associated affine C-groupoid scheme .77 is transi-
tive). Then by Theorem 5.4.5in conjunction with Deligne’s Theorem [6, Theorem
5.2], there is a symmetric monoidal C-linear equivalence of categories Comody; ~
Comod Uy of all comodules (i.e., the extension of the previous equivalence to the

ind-objects categories). Therefore by [17, Theorem A], there is a two-stage zig-zag
of weak equivalences connecting (A, H) and (4, Up,)), that is, they are weakly
equivalent Hopf algebroids. Therefore their character groupoids should be also
weakly equivalent, meaning that .74,(C) and 7 (C) are weakly equivalent affine
algebraic groupoids. This means that, in contrast with the classical case of differ-
ential Galois theory where the Galois group is unique up to isomorphisms, in this
framework the differential Galois groupoid is unique up to weak equivalences.
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Example 5.4.9. Let (M,0) be a differential module whose underlying module
M = A.mis a free A-module of rank one, endowed with the differential matrix
mat(M) = a € A, thatis, d(m) = a(X)m. Then the Hopf algebroid Uf,,, is gen-
erated as an (A ®c A)-algebra by the invertible element det); = m* ®r,, m. Thus
Ug,, is isomorphic to the Hopf algebroid (A ®c A)[T, T~1] = A®cC[T, T '] ®c
A, which is induced by the Hopf C-algebra C[T, T~!] (the coordinate algebra of
the multiplicative group).

Remark 5.4.10. As we can realize in Example[5.4.9] the differential d(m) = a(X)m
does not influence the Hopf structure of Uf,,. In other words, taking a different
differential (e.g., d(m) = b(X)m, for some b # a € A) will leads, up to canoni-
cal isomorphism, to the same Hopf algebroid (A ®¢ A)[T, T~!]. Thus, the Hopf
structure of Ug,, does not take into account the differential of (M,d). This is
perhaps why in the more general context of [2, 3.2.2.2] the algebraic group
attached to the (isotropy) Hopf A-algebra Ug, /(s —t), is referred to as the
intrinsic differential Galois group of (A, d) for (M, ).

As we will see in the next subsection, it turns out that in the case we are inter-
ested in, that is, the case of linear differential matrix equations over the complex
affine line, the differential d of the module M endows this Hopf algebra with a
structure of simple differential algebra and converts it into a Picard-Vessiot ex-
tension of (A, d) for (M, 9d).

5.5 Picard-Vessiot extensions for linear differential matrix equation, after
André

In this subsection we will perform the Picard-Vessiot theory for the particular
case of polynomial algebra A = C[X]. In order to do so, we will use our results in
combination with the general theory established in [2] for differential noetherian
commutative rings with semisimple total ring of fractions. Precisely, we give
a complete description, using results from subsection 2.4}, of the Picard-Vessiot
algebra attached to a differential module (M, 9) (or to a linear differential matrix
equation) and observe that the outcome, in this particular situation, is not far
from the classical situation of differential vector spaces over differential fields.
We refer to [2, Définition 3.4.1.1] for the definition of the Picard-Vessiot exten-
sion of a commutative differential algebra which we are going to use in the sequel.
Recall that our differential algebra A = C[X] is endowed with the usual differen-
tiation d = d/0X and the A-bimodule of differential forms ()! (the notation is that
of [2]) is a central one which is a free A-module of rank one (i.e., Q' = Derc(A)*
is the A-linear dual of the module of derivations Derc(A)). Thus, we are in the
situation which is referred to in [2] as situation classique. Besides, we will im-
plicitly use the symmetric monoidal equivalence between the category of free
A-modules of finite rank with connections (for the previous (2') and the category
of representations of the Lie-Rinehart algebra (A, Derc(A)), that is, the category
Ay in the notation of sub-section 5.2} where U is the first Weyl C-algebra of A.
Let us fix a differential module (M, d) over A of rank m, with dual basis
{ei, €] J1<i<m and a differential matrix mat(M) = (a;;)1<;,j<m- Consider as before
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the attached C-linear abelian category (M), and its associated Hopf algebroid
(A, Ugy,,) over C, constructed as in subsection 5.5 It is well known that this cat-
egory admits a tensor generator (e.g., the differential module M & M*) and have
a fibre functor over Spec(A) # @, namely, the forgetful functor w = wpy,, :
(M), — add(A). Then by applying [11, Corollaire 6.20], the category (M),
admits a fibre functor over the base field C, which we denote by w' M)y —
vectc. On the other hand, since (M), is a neutral tannakian category over C, we
have that the dimension of the C-vector space w’(M) is the rank of the underly-
ing A-module of the differential module (M, 9), that is, dimc (w'(M)) = m, see
[11, Théoréme 7.1]. Let us then denote by {v;, v} }1 <<, a dual basis for the vector
space w'(M).

Similar to the classical situation of linear differential matrix equations over a
differential field, and as it was shown in [2, Théoreme 3.4.3.1], the existence of
w’ is a fundamental step in building up the Picard-Vessiot extension of (A, d) for
(M, d). Next, we will show, however, that the existence of w’ comes for free with
the information encoded in the Hopf algebroid structure of the pair (A, Uf,).
This will provide us with a more conceptual way in overcoming that fundamental
step in the Picard-Vissiot theory for our situation.

As we already mentioned, the Hopf algebroid (A, U(,,) is geometrically tran-
sitive over C and we know that .#’(C) # @, so we are in position to apply [13,
Theorem A]. Therefore, for any point x € AL, we can consider the associated
isotropy Hopf C-algebra U, , which is by definition (see [13, Definition 5.1 and
Lemma 5.2]) the base extension Hopf algebra (C, U(OM),X = C,®, U(OM) ®aC,),
where C, is C viewed as an A-algebra via the C-algebra map x : A — C. It turns
out that [13, Theorem A] implies that the canonical Hopf algebroid extension
x: (A, UG,) — (C, UG, ,) is a weak equivalence, which means that the induced
functor x, : Comodu(oM) — ComoduzaM) _ establishes an equivalence of symmet-

ric monoidal categories. Henceforth, the full sub-category of finite-dimensional
comodules comoduzaM) (i.e., the full sub-category of rigid objects) is equivalent,

as symmetric monoidal category, to the category comoduzaM). Thus, by Theorem

we conclude that (M), is equivalent, as symmetric monoidal category, to
comod Uy In this way we have a chain of symmetric monoidal C-linear faithful

and exact functors:

Wy (M), — X comodye — s comodye . —2— vecte
x ® @~ M) @ (M), x ’

where O is the forgetful functor. In summary, the previous observations assert
the following, see also the proof of [11}, Corollaire 6.20, pages 163-164].

Corollary 5.5.1. There is a point x € Al such that w' = w,, up to a canonical natural
isomorphism. In particular, the extended fibre functor w' ®c A : (M), — add(A) over
A is naturally isomorphic to w.

So far, we have two fibre functors the extension p := w’ ®¢ A and the restric-
tion of the forgetful functor w := wy ), : (M)s — add(A), we are then in the sit-
uation of subsection Therefore, by Theorem we can consider the princi-
pal (Zawa(w), Zasa(p))-bibundle (Zaga(w, p), &, B), which is lifted to a princi-
pal (Za(w), Z4(p))-bibundle (Z4(w, ), 1), over the quotient Hopf A-algebras,
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see Eq. (I). Combining this with Theorem and Corollary we have
that the first principal bibundle is isomorphic to a trivial bibundle (Ug,, Uf,,)-
bibundle % (Ug,,), namely, to the unit principal bibundle attached to U, see
[17].

Now we consider the quotient algebra P := Zu(w,p) = Zagalw, )/
(e — B) with the canonical algebra extension ¢t : A — P and denote by [f] the
equivalence class of an element f € Zag a(w, ). Define the map

3: P — P, ([p* ®1, (p ®c a)] — [ap* ®1, (P ®c a)] + [p* B, (P Oc 3“)})1
(78)
where P € (M), p* € P*, p € w'(X) and a € A, and where we have used the
differential of the duals as in given by Eq. (65).

Proposition 5.5.2. Keep the above notations. Then the pair (P, d) is a differential alge-
bra which enjoys the following properties:

(i) themap v : (A,0) — (P,d) is a morphism of differential algebras;

(i) (P,9) is a simple differential algebra which is a Picard-Vessiot extension of (A, )
for (M, 9);

uo
(iii) P is isomorphic to the quotient Hopf A-algebra & ;

(iv) there is a surjective map

Pt A[Xyj, dety '] P (79)

Xij [e?‘ ®1,, (0} Bc 1A)] = fij

of differential algebras over (A,d). In particular, P = A[X;;, dety']/J as a
differential algebra over A, where J is a maximal differential ideal. Furthermore,
P is generated as an A-algebra by the entries of the matrix F = (fij)1<i j<m and

det ! with differential 9F = mat(M) F (i.e., F is a fundamental matrix of solu-
tions of the linear differential matrix equation (62)).

Proof. The first claim and item (i) are easy verifications. Part (ii) follows from
[2] Lemme 3.4.2.1(ii)] by combining Proposition 2.4.Tland Theorem [2.4.5(iii) with
[2, §3.2.2.1]. As we have seen before, using Theorem [5.4.5 in conjunction with
Corollary we get an isomorphism U, & Zaxa(w, p) of Hopf algebroids.
So part (iii) is obtained by going to the quotient Hopf A-algebras, that is,
by considering the extended isomorphism of Hopf A-algebras Ug, /(s —t) =
Rapalw, p)/{s—1t) =P.

The first claim of part (iv) is a direct consequence of part (iii) once taking
into account the surjective morphism of Hopf algebroids given in Eq. (77). The
particular statement is a direct implication of the first claim in this part and item
(ii). The last claim of (iv) follows from the following computation:
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which shows that dF = mat(M) F and this finishes the proof. ]

Now we focus on the structure of the group of differential algebra automor-
phisms of a Picard-Vessiot extension. As before we consider (P,d) a Picard-
Vessiot extension of (A,d) for (M,d) and denote by Aut,, ((P,9)) the group
of differential A-algebra automorphisms, that is, an element in this group is an alge-
bra automorphism ¢ : P — P such that 0 ot = 1 and d 0 0 = 0 0 d. In this way,
we obtain a functor valued in groups:

Aut, 5 ((73, a)) : Alg. — Grps, (C — Aut(ascasc) ((7:’ ®C,0® C))),

whose fibre at Spec(C) is the starting group Aut 4 5 ((P,9)).

Our next task is to prove that this in fact is an affine algebraic group. Namely,
we show that is isomorphic to each of the isotropy groups of the differential
Galois groupoid .#,(C). The proof will be done in several steps. First, we
know from the definition of the Picard-Vessiot extension that the fibre functor
w' @ (M), — vectc is naturally isomorphic to the fibre functor ¥ : (M), —
vectc, which sends any differential module N € (M), to the finite-dimensional
C-vector space ker(0"“4”) the kernel of the differentiation of the differential mod-
ule N ®, P, see [2, Lemme 3.4.2.1] for the proof of this fact. Let us denote by
V = k(M) and by {v;, v} }1<i<m a dual basis of this vector space. Notice that,
as we have seen before, dimc(V) = rank(M) = m. We will make the following
choice for this basis v; = Z]- € ®a fji, foreveryi =1,---,n. The following lemma
will be implicitly used in the subsequent one.

Lemma 5.5.3. Let k, 1 be a positive integer. Then, for any objet X € (M), we have a
monomorphism of C-vector spaces @y, T*) (k(X)) — @y T* (X @4 P) (finite direct
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sums), which is extended to a monomorphism
By T*Y (K(X) ® C);> DBy, TV <X R4 P& C)

of C-modules, for any C-algebra C.
Proof. It is immediate by using the fact that « is a fibre functor. m

We refer to [12, Chapitre II. §1. n° 3] for the definition of the stabilizers
sub-functors occurring in the following claim which can be compared with
[2, Théoreme 3.5.1.1].

Lemma 5.5.4. There is a monomorphism of functors Aut , , ((P,9)) < GLc(V) =
GLc(w'(M)). Moreover, the image of Aut, , ((P,9)) is contained in Stab{x(N)}, the
stabilizer of every sub-object N of a finite direct sum @y | T™) (M) in the category (M)..
In particular, the image of Aut®(w') containts that of Aut , , ((P,9)).

Proof. Let C be an object in Alg. and ¢ € Autiaccoec) ((73 ®RC,0R® C)) We set
0,'=Ms7)y:VaC—->VaC

which by definition is a well defined C-linear automorphism. This gives the
stated morphism of functors. The fact that this is a monomorphism can be
obtained as follows: Take two automorphisms v and 9’ and assume that 0, =
0. Using the basis {v; ® 1c}i<ij<im of the free C-module V @ C, we get that
'y(f]'i ®1c) = 'y’(f]'i ® 1¢), for every pair of indicesi,j = 1,--- ,m. Thus y = v/, as
they are (A ® C)-algebra maps. As for the second claim, take C and vy as before
and consider a monomorphism N < @ ;T*)(M) to a finite direct sum in the
category (M) . Denote by W = (N, so up to a canonical natural isomorphism,
we have the following commutative diagram of C-modules:

G TE) (M@ 47)

@k,l T(W)(M Ra PR C) @k,l T(k'l)(M &a P® C)
\ GBk,ITU('[)(QW) \
D T (Ve C) D T (Ve C)
), N®ay \-/
Ne,P®C N@,P&C
W®C-—————— - - - - ———— - SW®C

This implies that the front rectangle is commutative as well. Therefore, the
action given g, stabilizes x(N) ® C and shows the claim. Lastly, the particular
consequence is a direct application of [2, Théoreme 3.2.1.1(iii)] combined with
the previous statement. ]
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Proposition 5.5.5. Let (P, d) be the above Picard-Vessiot extension of (A, d) for (M, d).
Then, we have an isomorphism Aut , , ((P,9)) = Aut®(w’) of affine group schemes.

Furthermore, the attached affine algebraic group Auta ) ((P,9)) is isomorphic to each
of the isotropy groups of the algebraic groupoid 7¢,(C) of Definition [5.4.6

Proof. The last claim is a direct consequence of the first one in conjunction with
Corollary In order to prove the first statement, we only need to check
that (the image of) Aut”(w’) is contained in the image of Aut, , ((P,d)) by the
monomorphism of LemmaB.5.4l So take an object C in Alg. and a natural iso-
morphism ¢ € Aut®(w’)(C). Consider then the C-linear automorphism ¢ and
its associated invertible m x m-matrix (c;;);; with coefficients in C. Now, define
the following (A ® C)-algebra map:

Ye: P®C—P®C, (afi]'®cn—>;afil®cﬂc).

It is not difficult to check that 7z € Aut(sscanc) (P®C,0®C)). We still have to
check that ¢ e = ¢m and this follows form the following computations: For each

i=1,---,m, we compute
Q'Yé<vi®1c> = QV@‘(Zej ®Afji®1c) = (M®A ’)’g)(ZEj ®Af]'i®1c>
] )

= L e®ufp®c = ) v = ) (01®@1c)c

ji! ! ]
= gM (vi ® 1C) 7
which shows the desired equality and finishes the proof. n

Proposition [B.5.5 suggests a terminology for the algebraic group
Auta) ((P,9)), thus, we can refer to this group as the differential Galois isotropy
group of (A, ) for the differential module (M, 9).

Example 5.5.6. Let (M, d) be a differential A-module of rank 2 with differential

0 a
~\0 0
Hopf algebroid U, is generated as an (A ® A)-algebra by the set

matrix mat(M) ), for some non-zero polynomial a € A. The associated

{e?‘ Q1 e]}K_ . Now, by considering the following differential morphisms
<i,j<
A— M, <1»—>e1); M—s A, ((Zl)»—wz)

2

(these are morphisms in the category (M).), we show that f1; = f»» = 1p and
f21 = 0. Therefore P is generated as an A-algebra by the element f15. Since, we
already know that there is a non constant polynomial b € A such that 0b = a, we
have another morphism in the category (M), namely, the one given by

t:A— M, (1»—> (ez—elb)).
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Using, this morphism, we have the following equalities in the algebra Uy,

€] ®r, 62 = €] Qr, (e2—e1b) +ef @r, e1b
e; ®r,, t(1a) +ej @1, e1b
ejt®r, 14 +e] ®r,, e1b
= —b|1A 1, 1a+e€7 Q1) e1b

Passing to the quotient A-algebra P = UG, /(s — t), this implies that f;, = 0.
Thus P = A and the differential Galois isotropy group is a trivial group in this
case.

Remark 5.5.7. Observe that the opposite principal bibundle (Zaza(p, w), B, &)
of the principal bibundle (Zaz a(w, ©), &, B) (see Theorem and [17, Section
4]) provides us with another Picard-Vessiot extension of (A, 9d), although, as an
algebra it will be generated by a fundamental matrix of solutions F satisfying
doF = —Fmat(M), which is obviously not a matrix of solutions for the system (62),
but it is for the differential module (M*,d). This, explain the why of the minus
sign in the differentiation of equation (61) and of the use of columns instead of
rows in the formulation of the system (62). On the other hand, since P is a simple
differential A-algebra and A its self is so, we can show by elementary arguments
that /P has no non zero divisor (see also [2, Proposition 3.4.4.4]), and so consider
its total field of fractions 2(P). In this way, we will end up with a differential
field extension C(X) — 2(P). If the field of constants of 2(P) coincides with
C, then the extension 2(P)/C(X) can be referred to as the Picard-Vessiot field
extension for (M, 0).

Lastly, as we have seen along the previous subsections, the results as well as
the examples described therein, present a strong resemblance with the classical
case of the differential field C(X).

5.6 Comparison with Malgrange’s and Umemura’s differential Galois grou-
poids

In this section we compute the Hopf algebroid structure of the coordinate ring
of what is know in the literature as Malgrange’s groupoid (or D-groupoid) for
some special cases, and illustrate the differences between this groupoid and our
approach.
Before going on, the following notations are needed. For any positive integer
n € N\ {0}, we denote by €, €1, - - - , €, the elements (1,0,...,0),(0,1,0,---,0),
-,(0,-+-,0,1) € N"*1, respectively. Given such an integer n, we define the
following function

NG g N
(kll RN ,kn) }—)kl + 2k2 +3k3 + -+ nkn = k(k1,"',kn)'

We denote by k(n) := (k")"!({n}) the inverse image of {n} by the function
k". Thus elements of k(n) are n-tuples (ky,--- ,k,) € IN" of integers such that
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n = ki + 2ky + - - - + nk,. For instance, we have

= {1} k(2) = {(0,1);(2,0)}, = {(0,0,1);(1,1,0); (3,0,0)},
— {(0,0,0,1);(1,0,1,0); (2 1 0,0); (4,0,0,0); (0,2,0,0)}, - - -

Let A = C[X] be as before the one variable polynomial complex algebra and
{x0, ¥n}neN be a set of independent variables over C. Consider the following
commutative polynomial C-algebra

1
H = C[x()/y()/yl/' o Yn, oo /_]/
i

which we also denote by H. There are two algebra maps
s:A—H, <X»—>x0:=x> and t: A —H, <X»—>y0::y) (80)

so that we can consider the A-bimodule ;.. Moreover, we have the following
algebra maps:

s%t A ) SHt ®A sHt

Alx) = x®a1, Aly) = 1®ay,

! k k 2\ Kn
(81)

Thus, for n = 1,2, 3, 4, the image by A of the variables y,’s reads as follows:

A1) =1 ®ay1, AW2) =12 ®@ay1+ Y @av2,
Ays3) =Y3 @ay1 + 3Y1v2 @ay2 + y‘;’ ®Ra Y3,
A(Ys) = Ya @ay1 +4y3y1 @ a2 + 6Y2yT a3 +3Y5 @ay2 + Y1 ®aYa,

It is by construction that A is actually a morphism of A-bimodules. There are
other A-bimodule morphisms which are given as follows:

S
SH ————H,s

S(x) =y, Sy =x )=y, and

n!

Tkt Wkt

() (5 ()" omrz2

n!
(82)

S (yn) =
(n,0,+,0)#(k, kn) € k(n)

for instance,

L) =y L) = -y, F(ys) = —ysy;* +3ysy;>,
S (ya) = —yay; > + 10ysy2y7 © — 153y, 7,



108 L. El Kaoutit - ]. Gémez-Torrecillas

And

H— A
e(x) = X, ely) =X, e(y;) =1, and (83)
e(yn) = 0, forevery n>2.
The C-algebra H is a differential algebra with differential given by:

)

o(x) =1, o) =y, 6(Yn) = Yuy1, forn>1

Thus, we have
6 = L + ) i1
= 37 i:0y1+1 ayl
We will consider H as an (A ® A)-algebra using the C-algebramap 7 :=s®t:
A® A — H given by equation (80). It is by construction that H is via # a faithfully
flat (A ® A)-bimodule. The following proposition can be seen as the algebraic
counterpart of the “universal” geometric groupoid constructed in [27] and [46].

Proposition 5.6.1. The pair (A, H) admits a structure of geometrically transitive com-
mutative Hopf algebroid over C, whose comultiplication, counit and antipode, are given
by equations (&1), B3) and (82), respectively. Furthermore, (H,?d) is a differential
extension of (A, d) via the source map.

Proof. The last claim is clear. As for the proof of the first one, there are differ-
ent ways to achieve it and the details are left to the reader. One way could be
the use of direct computations, using a certain kind of induction, to show that
these maps are compatible (i.e., they satisfy the pertinent commutative diagrams
for the definition of a commutative Hopf algebroid, see for instance [17, 3.1]
or [13, 3.2]), since we already know that the stated maps are obviously C-algebra
maps. Another way, is to show that the associated presheaf .77 of the pair (A, H)
of C-algebras lands in fact in groupoids. To do so, one need to think of the vari-
able yg = y as if it was a function on x and the monomials y;" as if they were
formal derivative %. In this way the compositions in the fibre groupoids are
given by the chain rule of derivatives, and the inverse is by thinking this time
that x is a function on y and using its derivative, see [30, 46]]. Lastly, the fact that
(A, H) is geometrically transitive follows from the fact that # is a faithfully flat

extension, as we have mentioned above, and from [13, Theorem A]. [ ]

Remark 5.6.2. Let (A, H) be the Hopf algebroid of Proposition 5.6.Tand consider
the sub C-algebra H, := C[x, Yo, Y1, - , Yr, yil] of H, for eachr € IN '\ {0} and set
Ho = Clx,y0] = A® A. Itis clear from the definitions that the structure maps
given in equations (81), (83) and (82), when restricted to H, (denoted by s,, t,, €,, A,
and .¥,), leads to a Hopf algebroid (A, H,). Thus, the family {(A, H,)}ren is a
family of Hopf sub-algebroids of (A, ) and the canonical inclusions H, — H,4
give an inductive system of Hopf A-algebroids such that

H = lim ().

relN
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In order to clarify the connection with our approach, it is convenient to explain
the idea which relates these Hopf algebroids with the Lie algebroids of jet vector
bundles of the tangent bundle of Al.

Notice first that each of the algebras H, is clearly the coordinate ring of a
complex variety which we denote by | and H is the coordinate ring of a variety
denoted by J,. This means that we have a family of groupoids (Lie groupoids
indeed) {(J;, A{)},_,, with “prolongation” the groupoid J&, = lim (JF). The
later is the Zariski open set of the infinite dimensional analytic space C x CN
defined by the sequences (X, i, )., with y; # 0 (referred to in the literature as the
Lie groupoid of invertible jets).

Following the general idea of [27, 3.2], if we consider the Lie algebroid Lie(]")
of the groupoid | (i.e., the relative tangent via the source (or target) map), then
Lie(]) is identified with ], T, the jet vector bundle of order r of the tangent bun-
dle T of Al. In this way, the module of global sections of the associated coherent
sheaf is isomorphic as (right) A-module to the differential operators bimodule
Diff,(A) of order r (see [32] Definition 9.67] for the definition of this A-bimodule).
The general construction of the Lie algebroid structure of the jet bundles for
a given Lie algebroid can be found in [10} 4.1], the explicit formulae for the bracket
on the global sections of these jet bundles is detailed in [27] page 478]. It is note-
worthy to mention also that these constructions can be performed in a purely
algebraic way by using Lie-Rinehart algebras and their jets (or differential opera-
tors), in the sense of [32].

In relation with the constructions we have seen so far, we can easily check
that he Hopf algebroid H; = C|x,yo,y;""] is isomorphic to U, for a given dif-
ferential module (M, d) of rank one, as was mentioned in Example For a
higher order, that is, for r > 2, it is possible that the Hopf algebroid H, can be re-
lated to the finite dual of the co-commutative Hopf algebroid V,(L,) the universal
enveloping algebroid of the Lie-Rinehart algebra L, := I'(],T) the global sections
of the Lie algebroid of jets bundle of order r of the bundle T (see Example[1.3.3(2)).

In summary it seems that with our approach (and also that of [2]) we only can
treat the study of a system of linear differential equation associated to a repre-
sentation of a given Lie algebroid (or Lie-Rinehart algebra, which in the situation
of the present section is I'(TAL) the global sections of the tangent bundle), and
we are not able to analyse a system of partial differential equations attached to
the jets of order higher than 2. This perhaps can be seen as a disadvantage of
our approach, however, with this approach we are able also to study a system of
linear differential equation attached to differential module with rank higher than
2 without being forced to change the base algebra (i.e., without being forced to
increase the number of the coordinates system), which is the situation adopted
in [27, page 493]. To be more precise, let us consider a differential module (M, 0)
over (A, d) of rank m. In comparison with [27], the underlying module M can be
considered as the global sections module of a trivial vector bundle of the rank
m over Al, that is, we have M = T'(E) (or E in the notation of [27]), where
E = C™ x C. The differential structure map d on M, is then interpreted as a
flat connection V on the vector bundle E (recall here, as in [27], were are in the
case of smooth connected spaces). Following [27, 5.3, page 493], (here we take the
discrete subset Z = @ of A}), the corresponding Hopf algebroid whose quotient
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leads to the description of the differential Galois group of V (or to the associated
one dimensional foliation without singularity, as Z = @), is the one with the base
algebra Ocm ¢, since the Lie groupoid of invertible jets has the space C"* x C as
the space of objects. Such a Hopf algebroid is given by the following differential
polynomial algebra

Hcm+1 =
C [xOI xl/ X, /xm/yO/ylz T /ym’yilx’dEt(yiej)_l}

i/jzlr"'/m; 119 eNm+1\{O/€0/'“/€m},

(85)

viewed as an Hopf algebroid with base algebra C[Xo, X1, -, Xm], see Exam-
ple below where we illustrated the construction of this Hopf algebroid for
m = 1. Therefore, if we want to employ the method of [27] for studying a dif-
ferential module of rank m > 2 over A = C[Xj], then we are forced to use the
Hopf algebroid of equation (85) as a Hopf algebroid over C[Xo, X3, - - - , Xi|. This
shows that our approach is somehow different from that adopted in [27], since all
our Hopf algebras and Hopf algebroids have for the base algebra the polynomial
algebra with no more than one variable, i.e., the algebra A.

Next, we introduce the notion of Malgrange Hopf algebroid which is the coor-
dinate ring of what is known in the literature as the D-groupoid, or Malgrange
groupoid. We will treat only the case of Hopf algebroids of over the polynomial
algebra A, that is, Hopf quotients of the above Hopf algebroid Hc, since this is
the case we are interested in this section.

Recall first that a Hopf ideal of a given Hopf algebroid (A, H) is an ideal Z of H
such that the pair of algebras (A, /Z) admits a unique structure of Hopf alge-
broid for which the morphism (id 4, 1) : (A, H) — (A, H/Z) becomes a universal
morphism of Hopf algebroids. That is, any morphism (id,, ¢) : (A, H) — (A, K)
of Hopf algebroids such that Z C ker(¢), factors through (id 4, 71) by a morphism
of Hopf algebroids. This in fact is a naive definition which only consider sub-
groupoids of 7 with same set of objects .74. The strict definition is a pair of
ideals (Z,,Z;) of the pair of algebras (A, H) satisfying pertinent conditions; since
we will not use this general notion, we will not go on to the details.

Here is the promised definition:

Definition 5.6.3 ([27,/46]). Given (A, H) as in Proposition 5.6.1with .7 the asso-
ciated presheaf of groupoids. A Malgrange Hopf A-algebroid over C is a quotient
Hopf algebroid of the form (A, H/Z), where T is a differential Hopf ideal, that is,
a Hopf ideal Z with §(Z) C Z, where 0 is the derivation of equation (84). Obvi-
ously the pair (A, H/Z) defines a presheaf of groupoids which we denote by .%#7,
and for every commutative C-algebra C we have that .#7(C) is a sub-groupoid
of #(C). Thus, J#; is a sub-groupoid of /. An alternative terminology and
the one which can be found in the literature, is to say that 77 is a D-groupoid (or
Malgrange groupoid over Al) defined by the Hopf ideal Z (see also [19], where the
notion of Hopf algebroid or that of presheaf of groupoids were not specified).

Remark 5.6.4. As we have seen before, it is by construction that the Hopf alge-
broid (A, #H) of Proposition is geometrically transitive in the sense of [13],
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see also Example 2.3.2 Therefore, the associated presheaf of groupoids .77 is a
transitive groupoid scheme in the sense of [11]. It is noteworthy to mention that,
taking a Malgrange groupoid %7 associated to a differential Hopf ideal Z, even if
J defines a transitive groupoid scheme, it is not necessarily that this the case for
7. That is, the (A ® A)-module ‘H /Z does not necessarily have to be faithfully
flat. Henceforth, Malgrange Hopf algebroids fail in general to be geometrically
transitive.

In the subsequent we give examples of Malgrange Hopf algebroids and
describe, in some cases, Umemura’s method [46] dealing with the study of certain
partial differential equation.

Example 5.6.5 ([46]). Let Z be the ideal of H generated by the set {y1 — 1, s }n>2-

Since 8% (y1) = yg.1, forall k € IN*, 7 is a differential ideal of . Let us check that
is also a Hopf ideal. We know that

Ay1 —1) = —1)@a1+104 (11 —1) € HOAT+TIR4H,

and by using the formula (81I) with n > 2, we conclude that A(Z) € H ®,Z +
7 ®4 H. On the other hand, we have ¢(y; —1) = 0 and &(y,) = 0, whence
¢(Z) = 0. Concerning the image of Z by the antipode, we have that . (y; — 1) =
y;' —1=y;'(1-vy1) € Z, and by induction employing equation (82), we get
S (I) C I. Therefore, (A, H/T) is a Malgrange Hopf A-algebroid which can
be shown to be isomorphic to the Hopf algebroid (A, A ® A). The associated
groupoid is just the fibrewise groupoid of pairs ([13, Example 2.2]) and not the
action groupoid ([13, Example 2.1]) of the additive on it self, as was claimed in
[46| page 446], since obviously none of the images of x, y is a primitive element in

H/L.

Example 5.6.6. ([27, 3.5]) Consider A with the derivation Xd/9X. As we have
seen in Remark [5.1.7] in this case the category Diff, fails to be an abelian cate-
gory. Thus, the classical Tannakian theory fails too, when considering the Lie-
Rinehart algebra L = A.(X0d/0X). Following [27], this is due perhaps to the
fact that associated D-groupoid is not a reduced one. Let us check this by com-

puting its coordinate ring, and compare Umemura’s [46] method with this case.
Consider then the Hopf algebroid (A, H) of Proposition 5.6.T| with differential as
in equation (84), and take the differential ideal Z generated by {Jk(xyl -y) }k>0
(as we have mentioned before we thing of 1 as if it was the first derivative of y
with respect to the variable x). Let us check first that 7 is a Hopf ideal. So, by the
formula

5n+1(xy1 - y) = NYp41+ XYn42, n >0
we have that

e(xy1 —y) = 0, and ¢(8"(xy1 —y)) = 0, foranyn;>1
whence ¢(Z) = 0. As for the image of Z by the comuplitplication, we have that
Aaxyr—y) = (1 —y) @ay1 + 1@, (xy1 —y) €T@aH+H®DLT,

A(S(xy1 — ) = Axy2) = XY2 ®ay1 + XY @ays =
XY @ay1+ (Xy1 —Y)Y1 Qa2 + Y1 @axyp €EZ R4 H+H®4Z,
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and
A <52(xy1 - y))
A(y2 + xy3)
= Y @uv1 F Y2 Quya + XY D4 Y3+ 3xY1Y2 @4 Y2 + XY3 DA Y1

= (y2+xy3) @ava+ (xy1 — ¥) ®ays + v @a (xy3 +y2) +
3xy1y2 @ayy €EL QA HAHRAL

Seeking for a general formula of A (5 "(xyy — y)) and using induction shows that
A(Z) CZ®4H+H ®4Z. Concerning the image by the antipode, we have

Sp—y) =y —x = —(wm -y €L,
Z(8Gan—y)) = 7 (x2) = —y(vavi®) = (w1 = Y)yi*v2 — xyay2 € Tand

5”(‘52(9% —y)) = Y(szrxys) = —(y2+xy3)y; +

(e =) (vs — vy )y +Bxa(vayi ) €7,

and one can also show, using a kind of induction, that . (5” (xy1 — y)) € I, for

any n > 3. Thus Z is a differential Hopf ideal and so (A, H/Z) is a Malgrange
Hopf algebroid. Since xy, € Z and none of the elements x, y, belong to Z, the
algebra H /Z is not reduced.

Now, we come back to Umemura’s method as promised. Following [46], if we
use the universal Taylor morphism,

L Cl) — CllZ), ar— ¥ LW

where the differential is 9 = x%, then we can see that the image of x satisfies

the equality ¢(x) = xExp(Z), and so x af-,(;c ) = t(x). Moreover, ¢ can be extended

to an algebra map ¢ : H — A[[Z]] by sending y — 1(x), x — x (i.e., the power
series (x,0,---,0)) and t(y,) = ag‘x(f), for n > 1. Thus, ¢(y;) = Exp(Z) and
t(y,) = 0, for n > 2. Henceforth, we have a morphism « : H/Z — A[[Z][} of
(A ® A)-algebras, which is, of course, not injective nor a differential morphism.
Thus there is no hope in obtaining an analogue result to the one claimed in [46,
Proposition 6.1] for this case, and so Umemura’s method only works for some
specific cases. This is due perhaps to the fact that the morphism x does not take

into account the whole system of equations

(n—1)y™ —xy*) = 0, for n >0, (86)

in the sense that the images of y,, by x are zero up to degree 2.

13Note that the [-adic completion of this algebra map leads to a morphism of complete Hopf
algebroids over A, where A is considered as a discrete topological ring, see [18].
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There are observations which should be highlighted here with respect to what
we have seen so far. The previous power series algebra can in fact be seen as
the convolution algebra of the co-commutative Hopf algebroid U, that is, we
have U* = A[[Z]] where U is the universal enveloping algebroid of the Lie-
Rinehart algebra A.d and where the universal Taylor map ¢ is nothing but the
target map for the (A ® A)-algebra U* (this is in fact a topological commutative
Hopf algebroid, see [18] for more details). In this way, it is not clear, at least to us,
if the commutative Hopf algebroid H /Z can be identified with the finite dual of
a certain co-commutative Hopf algebroid. According to what was explained in
Remark[5.6.2] an answer to this question can be perhaps performed by using not
only the finite dual of the universal enveloping algebroid of a given Lie-Rinehart
algebra, but also the finite duals of the universal enveloping algebroids of the
attached jets Lie-Rinehart algebras of any order. In this direction, it is perhaps
possible that one could also establish a certain Picard-Vessiot theory for the sys-
tem of equation (86). On the other hand, if we allow solutions of the system (86)
to be with coefficients in the localized algebra C[X*!], then the system can be lin-
earized and one can try to employ directly the theory we have developed hereby
in order to solve this new linear system.

In the following remark we illustrate the difference between the approach to
the Galois groupoid of Definition and the one introduced by B. Malgrange
in [27] (see also [46]).

Remark 5.6.7. Let place ourselves in the context of [27] 5.3] by taking the analytic
smooth connected curve X to be the affine complex line Al and set as before
A = C[X] its coordinate ring. This is indeed the case we are treating in this sec-
tion. Now given a Malgrange groupoid 77, as in Definition defined by
a differential Hopf ideal Z, then, following [26] 27], the attached Galois groupoid
has & as the space of objects and an arrow is a germ of local diffeomorphism
g:(X,p) — (X,g(p)) from an open neighbourhood of p in X’ to an open neigh-
bourhood of g(p) in X, such that g is a solution of the differential equations gen-
erating the ideal Z. The structure groupoid is the one induced from the groupoid
Aut(X') of germs of local diffeomorphisms (étale Lie groupoid in fact, see [28,
Example 2.5(4)] for details). Therefore, for a differential module (M, 9) of rank
one over (A, d), the Galois groupoid () (C) of Definition 5.4.6 have the same
set of objects as the Galois groupoid attached to a Malgrange groupoid .#7, for
a given differential Hopf ideal Z (notice that there are case when this two Galois
groupoids coincide, for instance, when 7 is the differential Hopf ideal (y,),>2).
For a differential module with rank m > 2 over A, the situation is totally
different. Precisely, let us consider such a differential module and consider as
in Remark [5.6.2] the associated locally free vector bundle (E, 7) of constant rank
m over X. Following the procedure of [27, 5.3], in order to define the Galois
groupoid Gal(F) (notation of [27, 5.2]) of the foliation F attached to (E, 7r) (and
given by the connection V corresponding to the differential 0 of M), one has to
consider a Malgrange Hopf algebroid extracted form a certain differential Hopf
ideal Z; of the Hopf algebroid H»+1 of equation (85). The existence and the con-
struction of this differential Hopf ideal, or equivalently that of the Malgrange
groupoid Kz, is guaranteed by [27, Théoréme 4.5.1]. Indeed Z; is the largest dif-
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ferential Hopf ideal for which the germs of sections of F are solutions. In this
direction, the Galois groupoid () (C) still having Al as set of objects, while

the Galois groupoid Gal(F) has the space A" (the analytic variety underlying
the bundle (E, 7r), see [27, page 493]) as a set of objects. This at first glance shows
that ) (C) is not isomorphic to Gal(F), it is not clear, however, at least to us,
if they are weakly equivalent in the sense of Remark[5.4.8

As we have seen in Remark [(5.6.7, perfunctorily our differential Galois
groupoid attached to a differential A-module is different from the one introduced
by Malgrange in [27]. It seems that the two approaches are also far from being
similar. Specifically, let (M, d) be a differential A-module of rank 2. If we want
to study the system of linear differential equations attached to (M, d) by using
Malgrange’s Hopf algebroids, then the ‘universal” Hopf algebroid described in
Proposition is useless, since no isotropy group of the attached presheaf of
groupoids will provide us with an algebraic closed subgroup of GL,(C). Besides,
even for differential modules of rank one, like for instance the one considered
in Example it is not clear how to construct a differential Hopf ideal of this
Hopf algebroid form this differential module (apriori the defining ideal should
be the differential ideal generated by y; — xy which is clearly not a Hopf ideal,
nor the one generated by z; — xz, where z = y — x and z; = Z/).

On the other hand, the “universal” Hopf algebroid of Proposition (or the
one defined by any reduced algebraic variety as the coordinate ring of invertible
jets [27, 146], like the one in Example 5.6.8), leads to partial differential equations
defined by given differential Hopf ideals. This means that this approach and its
methods of studying these equations goes somehow in the contrary direction of
what is traditionally done in the differential Galois theory of differential fields
(unless perhaps one is interested in founding partial differential equations at-
tached to some dynamical system and providing its groupoid of “symmetries”
[46,130]). More precisely, usually one considers, in the first step, a system of (alge-
braic) differential equations as an initial data and look for a representation over
a certain Lie algebroid (i.e., Lie-Rinehart algebra) which defines such system of
equations. In the second step, one seek for a Picard-Vessiot extension of the differ-
ential base algebra as a formal solution space of the starting system of equations.
Furthermore, if we want to use Malgrange’s Hopf algebroids, then it is not clear
from [27] or [47], how to construct a Picard-Vessiot extension, in the sense of [2],
associated to the system of equations defining a differential Hopf ideal.

In summary, our (algebraic) approach to differential Galois theory over dif-
ferential rings seems to be different form the (geometric) one adopted in [27,47],
although, there are some similar aspects between the two approaches.

In the following example, we give a map of bialgebroids involving the
underlying bialgebroid of the Hopf algebroid of Proposition Besides, we try
to mimic the method employed in [46, Example 5.1], for the case affine complex
plan (by taking a certain sub Lie-Rinehart algebra of the Lie algebra of deriva-
tions of the coordinate ring), and arrive to the conclusion that this method doesn’t
behave well in this case, which in some sense bears out the above explanations.

Example 5.6.8. In this example we compute the structure maps of the Hopf alge-
broid describe in Proposition but for two variables instead of one. That is,
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a Hopf algebroid over C|xo, x1] the coordinate ring of the affine plane. The quo-
tients by differential ideals of this ‘universal” Hopf algebroid lead to Malgrange
Hopf algebroids which allows the study of systems of certain algebraic partial
differential equations with two variables. Let {xo, X1, i« }i=01.4c N2 D€ @ set of
independent variables over C. To simplify the notations we will adopt the fol-
lowing one:

Yio:=y;, fori=0,1;
Yie; = Yijs fori,j = 0,1; and where €y = (1,0), e = (0,1);

Vie °= Yian,y ~Wherea = (a1,ap) € N?\ {0,€p, €1}

Then we have a family of variables:

X0, X1, Y0, Y1/
Yoo, Y10, Yo1, Y11/
Yi11, Yio2, Yi20, Yi12, Yi21, Yios, Yizo, -+« - - - ,1=0,1.

As before, we think of y; as functions of two variables xo, x1, and y;; their first

ol \
partial derivatives g and Yy, 4, are their higher derivatives ﬁ In this way

Xp~ 0%
the determinant det(ylj) can be viewed as the Jacobian of the function (yo,y1) in

two variables x(, x;. We consider the following commutative C-algebra

K:=H2=C [xo, X1, Y0, Y1, Yij, det (yij) ™~ ,ymm]

i,j=0,1,a= (&, ap) EN?, |a|>2

This is a (B ® B)-algebra where B = C|x, x1] is the polynomial algebra with
two variables. Clearly it is a free (B ® B)-module. The source and the target are
s(x;) = x; and t(x;) = y;, for every i = 0, 1. The algebra K is a partial differential
algebra extension of (B, d/dxp, d/0x1) via the source map. The partial derivations
of K are given as in [27, page 470] by

oP .
P = ox; Zay Yjlate)r 1=0,1,

for any polynomial function P € K.
Next, we illustrate the Hopf algebroid structure of the pair (B, ). The counit
is the map which sends:

e(x;)) = e(y;) = x;, foralli=0,1;
e(yij) = dij (Kronecker symbol ), foralli,j=0,1;
€(yip) = 0, foralli=0,1anda € IN\ {0,€q,€1}.

The comultiplication and the antipode are given as follows:

A(yij) Zyzk®Ayk]/ fori,j=0,1.
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While for any i = 0,1, we have

A(yin) = Yi2o ®s YooYor + Yit1 @s Yooy11 + Yit1 @s Y1oYo1 + Yioz @s Y10Y11
+Yio ®p Yo11 + Yi1 Op Y111,

Alyin) = Yioo ®s Y31 + Y1 s Y11¥01 + Yio @5 Yooz + Yit1 ®s Yoryi1
+Yior @5 ¥ + Vi1 ©s Yi02,

A(yio) = Yioo ®s Yo + ¥i1 ®s Y10¥00 + Yio @ Yo20 + Yit1 ®s Yooy
+Yin2 @ Yio + Vit ®s Y120,

the antipode is given by:

S (x;) =y;, foralli,j=0,1;
L (yij) = det(yij)_l(—l)i“yﬁ, foralli,j=0,1,

and for a € IN? such that |«| = 2 and for any i = 0,1, we have

S (yim) det(yi;)* = (yooy11 + yioyor) <<V(yi0)y011 + y(yn)ym)
— Y10¥00 <Y(yi1)y1oz + y(yio)yooz) — Y1101 <e7(yio)y020 + y(%‘l)ylzo)/
7 (Vioz) det(yij)* = 2yooyon (5’(%‘0)%11 +ey(yi1)y111)
~ Yoo (ry(%l)yloz + y(%‘o)yooz) — Yo (Y(yio)yozo + 5”(%‘1)%20),
7 (Vino) det(yi;)* = 2y11910 (V(yio)yon + 5”(%’1)}/111)
~ o (5” (Vir)y102 +-7 (yio)y(m) ~h (V (Vio)yozo + -7 (yﬂ)ylzo)-

For higher degrees, that is, for « € IN with || > 3, one can use the higher partial
derivative Chain rules for both comultiplication and the antipode. We have that
(B, K) is a geometrically transitive Hopf algebroid.

Assume we are given on B the following derivation é(xp) = 1 and é(x1) =
xox1 (in other words we are considering the sub Lie-Rinehart algebra of Derc(B)
generated by 8—20 and xpxq aixl). As we will observe below, this Lie-Rinehart alge-
bra can be used to seek the solutions of the linear differential equation y’ = xoy
over the polynomial algebra C|[xg].

From the definition of §, we have that 6"(x1) = pn(x0)x1, for any n € N,
where the sequence polynomials {p,(xo) }»>0 in x, satisfies the following non
homogeneous recurrence:

Pn+1(XO) — xOpn(xO) + Pn(xo)/f n Z 1’ (87)
po(xo) = 1

Following the method of [46] and by using the universal Taylor map

i: B — B[[Z]] sending b — Y >0 Mn(!b )71, we can conclude the following par-
tial differential equations:

di(x) _ , 9i(xo)
90 " oxg

di(x1)
8x1

= 0, X1 = i(xl). (88)
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On the other hand, extending J to the B[[Z]] by putting (Z) = 0 and considering
the derivation s = %(J + %) on B[[Z]], we have that i : (B,5) — (B[[Z]],d)
is a morphism of differential algebras, so that the equation dei(x1) = xpi(x1)
holds true. Therefore, B[[Z]] contains a solution of the above linear differential
equation (up to a certain scalar).

Now, if we want to use equations (88) with the purpose of guessing a differ-
ential Hopf ideal and construct a Malgrange Hopf algebroid according to Defini-
tion (this is the method adopted, for instance in the example expounded in
[46} §5]), then the adequate set of generators seems to be {yoo — 1, yo1, X1y11 — Y1}
and their higher partial derivatives: aﬁf (Yoo — 1), af (o), 97" (x1y11 — 1), k, I, m >
1, i = 0,1. Unfortunately, this is not the case, since the differential ideal J
generated by this set, only leads to a structure of bialgebroid on the quotient
B-bimodule K/ J. This is due to the fact that 7 is not stable under the antipode
of I, as one can check from the equality .% (yo1) = det(yi]-)_lylo. Nevertheless,
we still have a morphism K/ J — B[[Z]] of (B ® B)-algebras, and one can also
construct a morphism H — K/J of bialgebroids, sending y; — y11 + J and
Yn = Yi(n—1n + J for n > 2, where H is the Hopf algebroid of Example 5.6.5
It is noteworthy to mention that it is also possible that X/J becomes a Hopf
algebroid after localizing on certain denominator set.

In case of dimension two, that is, for a differential module (M,0d) over
A = C[xo] of rank 2 with matrix M := mat(M) = (a;j)1<ij<2 € M2(A), the
previous method can be described as follows. Assume this time that J is a deriva-
tion of the polynomial complex algebra C = Clxo, x1, x2], sending, xo — 1,
Xi = Y<j<o AijXj, for i = 1,2. In this case the Hopf algebroid to be considered is
the pair (C, ), where W is the commutative polynomial algebra

- _ —1
W = Hes = Clxo, X1, X2, Y0, Y1, Y2, Yij, Yier A€t (Yij) " ]i j—0,1,2, « € N\ {0, e0.61,62}

whose structure maps are given as above, by thinking of the y;’s as if they were
certain functions on the variables xg, x1, xo. The equivalent recurrence of the re-
currence given in equation (87), is the following recurrence on 2 x 2-matrices with
entries in C[xo]

_ /
{Mn+1 = ML+ My M, n>1, (@)

My = D,

where the notation M), stand for the matrix whose entries are the derivations
of the entries of M,,. Employing the universal Taylor map i : C — C|[[Z]], this
means that, we have

di(x;) _ al(]{ﬂ)

. I
Bx] =0 1!

Z", forany i,je {1,2},

where, for any n > 0, the coefficients al@ are the entries of the matrix M. Using

the recurrence system of (89), we end up with the subsequent system of partial



118 L. El Kaoutit - J. Gomez-Torrecillas

differential equations

Zg(;foo) =1, 2’8(;10) =0, 31'8(;20) =0,
) o, %ml_, 90)

i(x;) = Y2, xkaggg;> fori=1,2.

The corresponding differential ideal .7 is the one generated by the set:

{yoo — 1, y01, Y02, Y10, Y20, Yi — X1Yi1 — xzyiz}izl .

The quotient leads here also to a bialgebroid over the algebra C and it is not
clear, up to now, how to relate this bialgebroid with the Hopf algebroid U(OM) of

subsection 5.5 attached to (M, d).
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