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TOWARD DIFFERENTIATION AND INTEGRATION BETWEEN HOPF ALGEBROIDS AND
LIE ALGEBROIDS.

ALESSANDRO ARDIZZONI, LAIACHI EL KAOUTIT, AND PAOLO SARACCO

AssTRACT. In this paper we set up the foundations around the notions of formal differentiation and formal in-
tegration in the context of commutative Hopf algebroids and Lie-Rinehart algebras. Specifically, we construct
a contravariant functor from the category of commutative Hopf algebroids with a fixed base algebra to that
of Lie-Rinehart algebras over the same algebra, the differentiation functor, which can be seen as an algebraic
counterpart to the differentiation process from Lie groupoids to Lie algebroids. The other way around, we pro-
vide two interrelated contravariant functors form the category of Lie-Rinehart algebras to that of commutative
Hopf algebroids, the integration functors. One of them yields a contravariant adjunction together with the dif-
ferentiation functor. Under mild conditions, essentially on the base algebra, the other integration functor only
induces an adjunction at the level of Galois Hopf algebroids. By employing the differentiation functor, we also
analyse the geometric separability of a given morphism of Hopf algebroids. Several examples and applications
are presented along the exposition.
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1. INTRODUCTION

We will describe the motivations behind the ideas of this work and give an algebraic overview on the
classical theory of differentiation and integration in the context of both algebraic and differential geometry.
Thereafter, we will briefly discuss the main results of this paper in sufficient details, aiming to make this
summary, as far as possible, self-contained.

1.1. Motivations and overviews. The main motivation behind the research of this paper is to provide
foundational tools for the formal development of the differentiation and integration in the context of Hopf
algebroids and Lie-Rinehart algebras, both over the same base algebra. Thus, we hereby propose to es-
tablish, in terms of contravariant adjunctions, a relation between these two latter classes of objects, hoping
to leave a paved path for the study of integration problems in this context. Our main results are presented
as Theorems [A] and [B] of this introduction, together with Theorem [C] as an application. The exposition
includes also two Appendices, where we offer alternative approaches and/or clarifications on some topics
we have discussed before in the text.

In the framework of Lie algebras and Lie groups, that is, in the domain of differential geometry, the
notions of “differentiation” and “integration” are involved in the outstanding Lie’s third theorem. Clas-
sically, differentiation means to assign a finite-dimensional Lie algebra to each Lie group (namely, its
tangent vector space at the identity point). Conversely, integration constructs a Lie group out of a given
finite-dimensional Lie algebra (in fact, a connected and simply connected Lie group).

For affine group schemes, that is, in the context of algebraic geometry, both notions are introduced in
a similar way. Specifically, starting with an affine group scheme G, one assigns to it the Lie algebra of
all derivations from the associated Hopf algebra O(G) to the base field, taking as a point the counit of
the Hopf algebra structure of this ring (the identity point). This assignment is functorial and (by abuse
of terminology) can be termed the “differentiation functor”. Conversely, if a Lie algebra is given, then
the finite dual of its universal enveloping algebra acquires a structure of commutative Hopf algebra and
so it leads in a functorial way to an affine group scheme. This procedure might be called the (formal)
“integration functor”.

In a more general “algebraic way”, these two functors induce a contravariant adjunction between the
category of Lie algebras and that of commutative Hopf algebras. More precisely, if k denotes a ground
field, Lie, and CHopf, denote, respectively, the categories of Lie k-algebras and of commutative Hopf
k-algebras, then we have a contravariant adjunction

I :Lie,, ——> CHopf, : £ (D

explicitly given as follows. For every Lie algebra L and Hopf algebra H, we have 7 (L) = U(L)" (the finite,
or Sweedler’s, dual Hopf algebra of the universal enveloping algebr@) and L(H) = Der,(H,k,) (the vector
space of derivations with coefficients in the H-module k via the counit & of H).

Thus, the unit and counit of adjunction (T)) provide us with a more conceptual way of how to relate Lie
algebras with commutative Hopf algebras (playing here the role of “groups” associated to them). Specifi-
cally, let us denote by ®; : L — L(Z(L)) the unit at a Lie algebra L and by ¥y, : H — I (L(H)) the counit
at a Hopf algebra H. Then it is known from the literature that, in characteristic zero, ®, is injective for
any finite-dimensional Lie algebra L (see Remark [A.T0|for a proof), while, for an affine algebraic group G,
Yo is injective if and only if G is connected (see, e.g., [Ta2, 0.3.1(g)]). It is noteworthy to mention that
®, is not an isomorphism even for some trivial finite-dimensional Lie algebras. For example, in the case of
the one dimensional abelian Lie C-algebra a, the Hopf algebra 7 (a) splits as a tensor product of two Hopf
algebras ([Mol Example 9.1.7]) in such a way that it possesses at least two linearly independent derivations
with coefficient in C; whence ®, is not surjective. However, over an algebraically closed field of char-
acteristic zero, if the given finite-dimensional Lie k-algebra L coincides with its derived Lie algebra (i.e.,
L =1L, L], e.g. when L is semisimple), then ®, is surjective by [Hoc2, Theorem 6.1(3)], and so an isomor-
phism. As a consequence, the restriction I” of the functor 7 : Lie, — (CHopf,)” to the full-subcategory of
all those finite-dimensional Lie algebras L such that L = [L, L], is fully faithful. In view of [DG| II, §6, n°
2, Corollary 2.8, page 263] and [Hoc2, Theorem 3.1], when L = [L, L], L is an algebraic Lie algebra, that

(@ This is also the commutative Hopf algebra constructed as the coend of the fiber functor attached to the symmetric monoidal
category of finite-dimensional L-representations. It is called the algebra of representative functions on U(L) in [Hocll §2].
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is, L = Lie(G) the Lie algebra of a connected and simply connected affine algebraic group G. It turns out
that O(G) is a finitely generated Hopf algebra, it is an integral domain, it has no proper affine unramified
extensions, £(O(G)) = L and, moreover, it can be identified with 7 (L) (see [Hoc2, top of page 57 and
Theorem 4.1]). Therefore, if we corestrict ' to its essential image (i.e., the full subcategory of all those
finitely generated Hopf algebras which are integral domains and have no proper affine unramified extension
and such that £(H) = [L(H), L(H)]), it induces an anti-equivalence of categories. Not less important is
the fact that the adjunction (IJ), when restricted to a certain class of real Hopf algebras (see [Abl Corollary
3.4.4, page 162]), can be seen as a categorical reformulation of Lie groups differentiation and integration.

Now, if we want to extend these constructions to a category wider than that of groups (respectively
commutative Hopf algebras), for example that of groupoids (resp. commutative Hopf algebroids), then
several obstructions show up, specially in the construction of the integration functor (or functors). For
instance, it is well-known (see [Mac|, §3.5]) that to each Lie groupoid, one can attach “in a functorial
way” a Lie algebroid (for the reader’s sake, we included some details in Appendix [A.3)), but there are Lie
algebroids which do not integrate to Lie groupoids. However, we point out that there are conditions which
guarantee the integrability (see e.g. [CE|] and [Fer]).

In the same lines as before, if we want to think of a Hopf algebra, instead of a (Lie) group, then the
closest algebraic prototype of a (Lie) groupoid is a commutative Hopf algebroi(ﬂ However, in contrast
with the case of Lie group@ as far as we know, there is no functorial way to go directly from the category
of Lie groupoids to that of commutative Hopf algebroids. Nevertheless, there is a well-defined functor
from the category of Lie algebroids (overs a fixed connected smooth real manifold M) to the category of
complete topological and commutative Hopf algebroids (with C*(M) as a base algebra), that is, formal
affine groupoid schemes (see [ES| for the precise definition of these algebroids). It is noteworthy that
this functor passes through three constructions: The first one uses the smooth global sections functor
from Lie algebroids to Lie-Rinehart algebras, the second resorts to the well-known universal enveloping
algebroid functor that assigns to any Lie-Rinehart algebra (see for the definition) its universal (right)
cocommutative Hopf algebroid, and the third construction utilizes the notion of convolution Hopf algebroid
[ES]. In this way, a notable observation due to Kapranov [Kal says that the module of smooth global
sections of a given Lie algebroid (as above), can be recovered as the subspace of continuous derivations
(killing the source map) of the attached convolution algebroid. In other words, formal affine groupoid
schemes give rise to an algebraic approach to Lie algebroids integration problem.

Finally, as implicitly suggested above, Lie-Rinehart algebras present themselves as the algebraic coun-
terpart of Lie algebroids and so they become a natural substitute for Lie algebras (in subsection[9.2] we give
new examples of these objects). Moreover, by the foregoing, it is reasonable to expect that Lie-Rinehart
algebras and affine groupoid schemes are closely related, although no adjunction connecting them and ex-
tending the one stated in (T]) is known in the literature. It is then natural to look for an adjunction between
the category of Lie-Rinehart algebras (or Lie algebroids) and that of commutative Hopf algebroids (or affine
groupoid schemes), which could set up the bases of the formal differentiation and integration processes in
this context. The main achievement of this paper is to solve this question in the affirmative. As we will see,
similar difficulties as those mentioned above show up in this setting.

1.2. Description of main results. We now give a detailed description of our main results. Let A be a
commutative algebra over a ground field k (usually of zero characteristic). Set CHAlgd, to be the category
of commutative Hopf algebroids with base algebra A and consider its full subcategory GCHAIgd, whose
objects are Galoi@ (see and . The category of (right) co-commutative Hopf algebroids with
base algebra A is denoted by CCHAIgd, (see §2.2).

The first task in order to establish the notion of differentiation and integration in this context and in the
previous sense is to construct a contravariant functor from CCHAIgd, to CHAIgd,. There are two inter-
related ways to construct such a functor. The first one uses what is known in the literature as Tannaka
reconstruction process, applied to a certain symmetric monoidal category of modules (this was mainly

@ Note that Morita theory of Lie groupoids behaves in a similar way as for commutative Hopf algebroids, see [EK] for details.

@ 1n this case for every Lie group we have, in a contravariant functorial way, the commutative real Hopf algebra of smooth
representative functions.

® The terminology “Galois” is motivated by the fact that it extends Galois theory of commutative Hopf algebras, which in turn
extends the classical Galois theory.
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achieved in [EG2] and recalled in §3.3| for the reader’s sake). The second way uses the Special Adjoint
Functor Theorem (SAFT) applied to the category of A-rings. The structure maps of the constructed com-
mutative Hopf algebroid (via SAFT) out of a co-commutative one, as well as its universal property, are
explicitly given in The construction of these contravariant functors is of independent interest and it
constitutes our first main result, stated below as a combination of Proposition|3.6|and Theorem

THEOREM A. Let A be a commutative algebra. Then there are two contravariant functors
(-)° : CCHAIlgd, — CHAIgd,, (-)*: CCHAIlgd, — CHAIgd,.
Explicitly, take a (right) cocommutative Hopf algebroid (A, U) and consider its convolution algebra (A, U™).

There are two commutative Hopf algebroids (A, U°) and (A, U*), which fit into a commutative diagram of

(A ® A)-algebras:
u Uu:

X rd )

where £ is a morphism of commutative Hopf algebroids. Furthermore, the map £ is an isomorphism either
when U is a Hopf algebra (i.e., when A = k), or when it has a finitely generated and projective underlying
(right) A-module.

In contrast to the classical situation, in diagram (2)) neither ¢ nor & are necessarily injective. Its seems
that this injectivity forms part of the structure of the involved Hopf algebroids. For instance, { is injective
for any pair (A, U) where A is a Dedekind domain, ¢ is injective if and only if its kernel is a coideal, and Z is
an isomorphism if and only if (A, U*) is a Galois Hopf algebroid. These and other properties are explored
with full details in

Now denote by LieRin, the category of all Lie-Rinehart algebras over A It is well known from the
literature that there is a (covariant) functor V,(-) : LieRin, — CCHAIgd, which assigns to any Lie-
Rinehart algebra its universal enveloping Hopf algebroid (details are expounded in §2.3).

Our first main goal is to show, by employing Theorem [A] that there are functors:

& : CHAIgdY — LieRin,; &, 7" : LieRin, — CHAIgd?, 3)

which are termed the differentiation and integration functors, respectively, and to establish two adjunctions
involving these functors. In the notation of §E]be10w, we have that

ZL(H) = Der*(H, A,) = {6 :H — A k-linear map | § o s = 0, 6(uv) = e(u)d(v) + s(uw)e(v), Yu,v € 7'(},

this is referred to as the Lie-Rinehart algebra of a given commutative Hopf algebroid (A, ) and its structure
maps are explicitly expounded in Lemma 5.12]and Proposition

Mimicking [DG, II §4], we give an alternative construction of the differentiation functor (Proposition
[A-4]in Appendix[A.T)), which can be seen as an algebraic counterpart of the differentiation of Lie groupoids,
and we examine the case of an operation of an affine group scheme on an affine scheme, providing several
illustrating examples (see Appendix |B| for more details). More examples are also expounded in
where we provide with full details the computation of the Lie-Rinehart algebra of a certain Malgrange’s
Hopf algebroid, that arise from differential Galois theory over the affine complex line. Besides, we show
that there is a canonical morphism of Lie-Rinehart algebras between the latter and the one given by the
global sections of the Lie algebroid of the associated invertible jet groupoid. In analogy with Lie groupoid
theory, when the affine scheme attached to A admits k-points, then we are able to recognise the isotropy
Lie algebras underlying the Lie algebroid .Z’(H) as the Lie algebras of the affine isotropy group schemes
of the affine groupoid scheme attached to (A, #). This is achieved in

Oltis noteworthy to mention that for the universal enveloping Hopf algebroid V4(L) of a given Lie-Rinehart algebra (A, L), the
commutative topological Hopf algebroid introduced in [Kol §4.3] and [KP, §3.4], and called the jet space of L, does not coincide with
Va(L)° nor with V4(L)®. However, it coincides with the complete Hopf algebroid constructed in [ES| Proposition 3.17].

© When A = C®(M) is the real algebra of smooth functions on a smooth real manifold, then the category of Lie algebroids over
M can be realised, via the global smooth sections functor, as a subcategory of LieRin4. If, furthermore, M is compact then, by using
Serre-Swan theorem, one can shows that the full subcategory of Lie-Rinehart algebras over A whose underlying modules are finitely
generated and projective of constant rank is equivalent to that of Lie algebroids over M.
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The fact that there are two integrations functors .# and .#’, which in the classical case of commutative
Hopf algebras and Lie algebras coincide, is mainly due to the existence of two different and interrelated ap-
proaches in constructing the finite dual contravariant functor on non necessarily commutative rings hereby
explored. More precisely, the first functor .# is the composition of two functors .# = (-)° o V,(-) and
the second integration functor .#” decomposes as .’ = (=) o V,(-), where (-)° and (-)° are the func-
tors stated in Theorem [A] According to this Theorem, both integrations functors are shown to fit into a
commutative diagram:

Va0

S (=) (Va2

J(-)
where, for every Lie-Rinehart algebra (A, L), the algebra (V4(L))" is the convolution algebra of V,(L)
endowed with its topological commutative Hopf algebroid structure (see [ES]| for the precise notion). In
the above diagram, the natural transformation ¢ is the one defined in Eq. (3I), ¢ is the lifting of ¢ by
the universal property (37), and £ is the natural transformation described in Lemma [4.4] where we also
characterize the injectivity of this map.

The second main result of the paper is the following theorem, which is presented here as a combination
of Theorems [7.1]and [7.2] stated below.

THEOREM B. Let A be a commutative algebra. Then there is a natural isomorphism

Homghaiga, (H, 7' (L)) Homyierin, (L, Z(H)),

for any commutative Hopf algebroid (A, H) and Lie-Rinehart algebra (A, L). That is, the integration func-
tor I’ is left adjoint to the differentiation functor £.

Assume now that the map ¢ of Eq. (B1) is injective for every A-ring R (e.g., when A is a Dedekind
domai. Then there is a natural isomorphism

Homecnaiga, (H, F (L))

Homyierin, (L, Z(H)),

for any commutative Galois Hopf algebroid (A, H) and Lie-Rinehart algebra (A, L). That is, the integration
Sfunctor Z is left adjoint to the restriction of the differentiation functor £ to the full subcategory of Galois
Hopf algebroids.

The unit and the counit of the second adjunction are detailed in Appendix Given a Lie-Rinehart
algebra (A, L), it is of particular interest to consider the following commutative diagram involving both
units and stated in Proposition [A.7] below:

L s Z(ViL))

T o 4)

ZL(ValL)).

As a consequence of Theorem [B| the commutative Hopf algebroid (A, Z(V4(L)*)) (hence its associate
presheaf of groupoids) can be thought of as the universal groupoid of the given Lie-Rinehart algebra (A, L)
with a universal morphism @, : L — Z(V4(L)"). In our opinion, the question if either ®, or ®; is an
isomorphism for a specific (A, L) can be regarded as a first step towards the study of the integrability of Lie-
Rinehart algebras (i.e., the problem of integrating Lie-Rinehart algebr@). Another question that Theorem
[Blintroduces, is to seek for full subcategories of LieRin, and CHAIgd, for which the previous adjunction
restrict to an anti-equivalence of categories.

Let (A, H) be a commutative Hopf algebroid, set 7 = Ker(g) for the kernel of its counit and consider its
quotient A-bimodule Q(H) := I/I*. Then the Kéhler module Qs (H) of (A, H) with respect to the source

@ This is the case when A is the coordinate al gebra of an irreducible smooth curve over an algebraically closed field.

®) This problem can be rephrased as follows: Given a Lie-Rinehart algebra (A, L) where L is a finitely generated and projective
A-module, under which conditions is there a commutative Hopf algebroid (A, H) such that L = Z(H) as Lie-Rinehart algebras? See
Remark for more discussions.
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map is shown to be given, up to a canonical isomorphism, by:
Q(H) = H 0 QH), (4 : H — QUH), [u— u; @, 7' (w)])

where i* is the morphism that plays the role of the universal derivation and n* : (H — Q(H) is the left
A-modules morphism which sends u — (u — s(e(u))) + I°.

The subsequent one is the third aforementioned main result, which deals with the notion of separable
morphism between commutative Hopf algebroids with same base algebra:

TueoreM C. Let (id ¢) : (A, K) — (A, H) be a morphism of commutative Hopf algebroids. Assume that
Q(H) and Q(K) are finitely generated and projective A-modules. The following assertions are equivalent
(a) Q(¢) is split-injective.
(b) ZL(¢) : L(H) > L(K) is surjective.
(c) Dery*(¢, —) : Der,*(H, —) — Der. (K, ¢.(-)) is surjective on each component.
(d) Der,*(¢, H) : Dery*(H, H) — Der,* (K, H) is surjective.
(e) H Ry QU (K) = Q(H) : h Qi w > hQ(¢)(w) is split-injective.

The assumption made in this theorem are, of course, fulfilled whenever the total algebras H and K are
regula@ In analogy with the affine algebraic groups [[Abl page 196], a morphism of Hopf algebroids is
called separable if it satisfies one of the equivalent conditions in Theorem[C]

Lastly, we would like to mention that the construction of the finite dual for commutative Hopf algebroids,
which are at least flat over the base algebra, is also possible in principle. Thus, the construction of a
contravariant functor from a certain full subcategory CHAIgd, to CCHAIgd, is feasible in theory. Pushing
further the investigation in this direction, one can be tempted to construct, for instance, a certain analogue
of the hyperalgera (or hyperalgebroid) for an affine algebraic k-groupoid and subsequently establish results
similar to [Abl Theorems 4.3.13, 4.3.14] for a flat commutative Hopf algebroid. We will not go on this
topic here as, in our opinion, this deserves a separate research project.

1.3. Notation and basic notions. Given a (Hom-set) category ¢, the notation C € ¥ stands for: C is an
object of €. Given two objects C, C’ € €, we sometimes denote by Hom (C, C’) the set of all morphisms
from C to C’. We work over a base field k (possibly of characteristic zero). All algebras are k-algebras and
the unadorned tensor product ® stands for the tensor product over k, ®,. Given an algebra A, we denote by
A¢ = A® A® its enveloping algebra. Bimodules over algebras are understood to have a central underlying
k-vector space structure. As usual the notations ,Mod, Mod, and 4Mod, stand for the categories of left
A-modules, right A-modules and A-bimodules, respectively.

Given two algebras R, S and two bimodules zM; and z Ny, for simplicity, we denote by Homy_ (M, N),
Hom _g (M, N) and Homy_g (M, N) the k-vector spaces of all left R-module, right S-module and (R, S)-
bimodule morphisms from M to N, respectively. The left and right duals of M are denoted by *M :=
Homg_ (M, R) and M* := Hom_5 (M, S), respectively. These are (S, R)-bimodules and the actions are
given as follows. Forevery r e R, s € S, f € "M and g € M*, we have

sfr: M — R, (m — f(ms)r); sgr:M — S, (m o sg(rm)). (®)]

For two morphisms p,q : A — B of algebras, we shall denote by ,B, B, and ,B,, the left A-module, the
right A-module and the A-bimodule structure on B, respectively. In case that only one algebra morphism is
involved, i.e. when p = g, for simplicity, we use the obvious notation: 4B, B, and ,B,.

For an algebra A, a left (or right) A-linear map stands for a morphism of left (right) A-modules, while an
A-bilinear map refers to a morphism between A-bimodules. For such an algebra A, an A-ring is an algebra
extension A — R, or equivalently a monoid in the monoidal category (,Mod,,®,,A). Given an A-ring
R, we will denote by Ay the full subcategory of right R-modules whose underlying right A-modules are
finitely generated and projective.

The dual notion of A-ring is that of A-coring. Thus, an A-coring is a co-monoid in the monoidal category
(4Mod,, ®,4, A) of A-bimodules. That is, an A-bimodule € with two A-bilinear maps A : € —» € ®, € (the
comultiplication, sending x to x; ®, x, with summation understood) and € : € — A (the counit) subject to
the co-associativity and co-unitarity constraints. A right €-comodule is a pair (M, 0),), where M is a right
A-module and gy : M — M ®, € is a right A-linear map which is compatible with A and ¢ in a natural

©) For instance, regular functions of an algebraic smooth variety.
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way (i.e. (0y ®4 €) 00y = (M ®4 A) 0 oy and (M ®, €) o o) = idy). There is an adjunction between right
A-modules and right €-comodules given on the one side by the forgetful functor &' : Comods — Mod,
and on the other one by the functor — ®, € : Mod, — Comod; (see e.g. [BW, §18.10]). For a given
A-coring € we denote by A® the full subcategory of right €-comodules (M, o)) such that (M, 0,) is a
finitely generated and projective right A-module. For a given A-coring (€, A, £) we have an A-ring structure
on *C called the left convolution algebra of €. This structure is given by

(f * &)(x) = g(x1 f(x2)), Leg=¢e and  (afb)(x) = f(xa)b (6)
forall f,g € €, a,b € A and x € €. Analogously, one can introduce the right convolution algebra € of €.

Remark 1.4. Recall that given two A-corings € and © we can consider the new A-coring

(OR300
CoD:=
Span, {fach®d —c®adb | a,be A,c € €,d € D}

which is a coring with respect to the following structures

alcOd)b = c©adb, Acod)=(c,0d)®,(c,0d,), g(c 0d) = g:(c)ep(d),

where the notation is the obvious one. We point out that €D has been obtained by applying [Tall, Theorem
3.10] to € and © endowed with the T'|S and the S|R-coring structures respectively whose underlying multi-
module structures are given by (t® s)c(t’ ® s’) = tsct’s’ and (s®r)d(s'®r') = s'rdsr’,where R=S =T = A
andr,7” €R,s,s €S, t, €T,ceCandd e D.

RemMark 1.5. Notice that given an A-coring €, we may consider the A-coring €°? with structures given by
A(c*?) = ()™ &4 (e)™, g(c)=&(c) and  bca = (ach)™, (N
where c*? denotes ¢ € € as seen in C°P.

Let A be a commutative algebra, we denote by proj(A) the full subcategory of the category of (one
sided, preferably right) A-modules whose objects are finitely generated and projective. In addition, being
A commutative, these right A-modules will be considered as central A-bimodules. For a given morphism
of commutative algebras ¢ : A — B we denote by ¢. : Modz — Mod, the restriction functor between the
categories of right modules.

2. HopF ALGEBROIDS AND LIE-RINEHART ALGEBRAS: DEFINITIONS AND EXAMPLES

A Hopf algebroid can be naively thought as a Hopf algebra over a non-commutative ring. In the present
paper we are going to focus on the distinguished classes of commutative and cocommutative Hopf alge-
broids (i.e. those that have a closer connection with algebraic and differential geometry), instead of dealing
with them in the full generality. Therefore, and for the sake of the unaccustomed reader, we will recall in
the present section the definitions of these objects together with some significant examples, that is to say,
the universal enveloping Hopf algebroids of Lie-Rinehart algebras.

2.1. Commutative Hopf algebroids. We recall here from [Ra, Appendix A1] the definition of commuta-
tive Hopf algebroid. We also expound some examples which will be needed in the forthcoming sections.

A commutative Hopf algebroid over k is a cogroupoid object in the category CAlg, of commutative k-
algebras, or equivalently, a groupoid in the category of affine schemes. Thus, a commutative Hopf algebroid
consists of a pair of commutative algebras (A, H), where A is the base algebra and H is the total algebra
with a diagram of algebra maps:

S

)

A=———H 2 H e, H, 8)

where to perform the tensor product over A, the algebra # is considered as an A-bimodule of the form ,H,,
i.e., A acts on the left through s while it acts on the right through ¢. The maps 5,7 : A — H are called the
source and target respectively, and n:= s®t: AQA > H ,a® a' — s(a)t(a’) is the unit, & : H — A the
counit, A : H — H ®, H the comultiplication and S : H — H the antipode. These have to satisfy the
following compatibility conditions.
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e The datum (,H,, A, &) has to be a coassociative and counital coalgebra in the category of A-
bimodules, i.e., an A-coring. At the level of groupoids, this encodes a unitary and associative
composition law between morphisms.

e The antipode has to satisfy So s = t, Sot = s and S? = idy, which encode the fact that the inverse
of a morphism interchanges source and target and that the inverse of the inverse is the original
morphism.

e The antipode has to satisfy also S(h,)h, = (t o €)(h) and h;S(h,) = (s o €)(h), which encode the
fact that the composition of a morphism with its inverse on either side gives an identity morphism
(the notation &, ® h, is a variation of the Sweedler’s Sigma notation, with the summation symbol
understood, and it stands for A(h)).

Remark 2.1. Let us make the following observations on the previous definition:

(1) Note that there is no need to require that £ o s = id, = g ot, as it is implied by the first condition.

(2) Since the inverse of a composition of morphisms is the reverse composition of the inverses, the
antipode S of a commutative Hopf algebroid is an anti-cocommutative map. This means that,
TASW)) = (SQ4 S)(A(w)) in H, ®, ,H, explicitly, S(u;) ®, S(u,) = S(u), ®4 S(u), forall u € H.
Thus, S : (H, — ,H, is an isomorphism of A-corings.

A morphism of commutative Hopf algebroids is a pair of algebra maps (¢, ¢1) : (A, H) — (B, K) such
that

$105=s50dy, ¢rot=10g,
Aop; =y o(d ® d1)oA, gop=¢yoe¢,
So¢=¢,08

where y : K ®,4 K -K ®; K is the obvious map induced by ¢, that is y (h ®, k) = h ®; k. The category
obtained in this way is denoted by CHAIgd,, and if the base algebra A is fixed, then the resulting category
will be denoted by CHAIgd,.

ExampLE 2.2. Here there are some common examples of Hopf algebroids (see also [ELI):
(1) Let A be an algebra. Then the pair (A, A®A) admits a Hopf algebroid structure given by s(a) = a®1,
Ha)=1Qa,S(a®ad)=dQ®a,e(a®a’) =ad and A(a®d’) = (a® 1)®, (1Q®a’), for any a,a’ € A.
(2) Let (B,A,&,.%) be a Hopf algebra and A a right B-comodule algebra with coaction A —» A ® B,
a — ag ® agy. This means that A is right B-comodule and the coaction is an algebra map (see
e.g. [Mo| §4]). Consider the algebra H{ = A ® B with algebra extensionn : A A — H,
a'®a v dag®ag,. Then (A, H) has a structure of Hopf algebroid, known as split Hopf algebroid:

Aa®b)=(a®b)®, (1,®Db,), ela® b) =aed), Sa®b)=ag® ay.(b).
(3) Let Bbe as in part (2) and A any algebra. Then (A, A® B® A) admits in a canonical way a structure
of Hopf algebroid. For a,a’ € A and b € B, its structure maps are given as follows
s@=a®1;01,, Ha)=1,81;8a, &a®b®a)=ada&b),
ANa®bd)=(a®b,®1,)®,(1,8b,®d"), Sa®b®d)=d ®.7b)®a.
Notice that (1) may be recovered from (3) by considering B = k as Hopf k-algebra with trivial structure.

2.2. Co-commutative Hopf algebroids. Next, we recall the definition of a cocommutative Hopf alge-
broid. It can be considered as a revised (right-handed and cocommutative) version of the notion of a
x,-Hopf algebra as it appears in [Scl Theorem and Definition 3.5]. However, to define the underlying right
bialgebroid structure we preferred to mimic [Lul] as presented in [BM| Definition 2.2] (in light of [BM|
Theorem 3.1], this is something we may do). See also [Kal A.3.6] and compare with [Ko, Definition 2.5.1]
and [Sz1, §4.1] as well.

A (right) co-commutative Hopf algebroid over a commutative algebra is the datum of a commutative al-
gebra A, a possibly noncommutative algebra U and an algebra map s =t : A — U landing not necessarily
in the center of U, with the following additional structure maps:

e A morphism of right A-modules & : U — A which satisfies
e(uv) = e(eu)v), €))
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for all u,v € U,
e An A-ring map A : U — U x, U, where the module

(LIXA(LI = {Z u; @, v, € (LIA ®a WA | Zau,- Qu Vv, = ZM,- ®a av,-} (10)

i

i

is endowed with the algebra structure

’ ’ ’ ’
Zu,- Xa V. Zuj Xa vj:Zu,-uj Xa ViV, Ly, = 1 ®4 1y

i J ij

and the A-ring structure given by the algebramap 1 : A - U x, U, (a B aXy lg =1y Xy a);
subject to the conditions

e A is coassociative, co-commutative in a suitable sense and has € as a right and left counit;
e the canonical map

ﬁ:q/IA ®A A(Ll_>(L[A ®A q/[A, (U®AV'_)MV] ®A V2>

is bijective, where we denoted A(v) = v, ®, v, (summations understood). As a matter of terminol-
ogy, the map B~'(1 ®4 —) : U — U, ®, ,U is the so-called translation map.

The first three conditions say that the category of all right ¢/-modules is in fact a symmetric monoidal
category with tensor product given by — ®, — (see the details below), and the forget full functor to the
category of A-bimodules is strict monoidal. The last condition says that this forgetful functor also preserves
right inner homs-functors. The pair (A, U) is then referred to as a right co-commutative Hopf algebroid
over k. From now on the terminology co-commutative Hopf algebroid stands for right ones.

The aforementioned monoidal structure is detailed as follows: Given a co-commutative Hopf algebroid
(A, U), the identity object is the base algebra A, with right U-action given by a . u = &(au). The tensor
product of two right U-modules M and N is the A-module M, ®, N, endowed with the following right
U-action:

mesn).u=m.u)Q® (n.u). (11

The symmetry is provided by the one in A-modules, that is to say, the flip M ®, N — N ®, M is a natural
isomorphism of right Z/-modules. The dual object of a right 2/-module M whose underlying A-module is
finitely generated and projective, is the A-module M* = Hom_, (M, A) with the right U-action

p.u:M— A, (ml—up(m.u,).m), (12)

where u_ ®, u, = 7'(1 ® u) (summation understood). It is easily checked that, for every a € A and
u,v € U, one has

(au)_ ®, (au), = u_ ®, au,, (13)

au_ Q4 U, = U_ Q4 U, d, (14)

V_u_ Q4 u,v, = (uv)_ &, (uv).,, (15)

(Ig)- ®4 (Ig)s = 1y ®4 gy, (16)

()1 @4 (U_), Byt = (Uy)- ®p U ®4 (U)s, )
u_ ®s ()1 ®4 (1) = (U1)- ®4 (1), Oy Uz, (18)
u_u, = e(u)ly, (19)

()= ®a (U)ot = u®4 1qp, (20)

u(Uy)- @y (Uz) = lyy ®4 ua. 2D

Morphisms between co-commutative Hopf algebroids over the same algebra A are canonically defined,
and the resulting category is denoted by CCHAIgd,.
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2.3. Lie-Rinehart algebras and the universal enveloping algebroid. Let A be a commutative algebra
over a field k of characteristic 0 and denote by Der,(A) the Lie algebra of all linear derivations of A.
Consider a Lie algebra L which is also an A-module and let w : L — Der;(A) be an A-linear morphism of
Lie algebras. In honour of Rinehart [Ril], the pair (A, L) is called a Lie-Rinehart algebra with anchor map
w provided that
[X,aY] = a[X, Y] + X(a)Y, (22)

forall X,Y € Land a,b € A, where X(a) stands for w(X)(a).

Apart from the natural examples (A, Der,(A)) (with anchor the identity map), another basic source of
examples are the smooth global sections of a given Lie algebroid over a smooth manifold.

ExampLE 2.3. A Lie algebroid is a vector bundle £ — M over a smooth manifold, together with a map
w : L — 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) : T'(L) — I'(T M) is a Lie algebra homomorphism, and for
all X, Y € I'(£) and any smooth function f € C*(M) one has

(X, fY] = fIX, Y]+ T(w)(X)(f)Y. (23)

Then the pair (C*(M),T'(L)) is obviously a Lie-Rinehart algebra. In the Appendix we give a detailed
description, using elementary algebraic arguments, of the Lie-Rinehart algebra attached to the Lie algebroid
of a given Lie groupoid.

RemARrk 2.4. The fact that the map I'(w) : I'(£) - ['(T M) in Exampleis a Lie algebra homomorphism
is a consequence of the Jacobi identity and of Relation (23)) (see e.g. [Grwl [Hel [KM]). Therefore, it should
be omitted from the definition of a Lie algebroid. Nevertheless, we decided to keep the somewhat redundant
definition above to make it easier for the unaccustomed reader to see the parallel with Lie-Rinehart algebras.

As in the classical case of (co-commutative) Hopf algebras, primitive elements of a (co-commutative)
Hopf algebroi form a Lie-Rinehart algebra. Compare with [CG, Theorem 3.3.4], [Kol Proposition
4.2.1], [MM, §2

ExampLE 2.5 (Primitive elements as Lie-Rinehart algebra). Let (A, U) be a co-commutative Hopf algebroid.
An element X € U is said to be primitive, if it satisfies

AX) =1, X+X®,1 and &X)=0.
Notice that the second equality is a consequence of the first one and the counitality property. The vector
space of all primitive elements Prim(?{) inherits simultaneously a structure of A-module and Lie algebra,

where the A-action descends from the right A-module structure of U. In fact, the pair (A, Prim({)) is a
Lie-Rinehart algebra with anchor map:

w : Prim(U) — Der(A), (X +— [a - —s(t(@X)]).

A morphism of Lie-Rinehart algebras f : (A,L) — (A, K) is an A-linear and Lie algebramap f : L —» K
which is compatible with the anchors. That is, if the following diagram is commutative

L\ f /K

Der,(A)

The category so constructed well be denoted by LieRin,

Next we give our main example of co-commutative Hopf algebroids. The (right) universal enveloping
Hopf algebroid of a given Lie-Rinehart algebra (A, L) is an algebra V, (L) endowed with a morphism
ty : A — V, (L) of algebras and a Lie algebra morphism ¢; : L — V, (L) such that

t(@X) =y, (Xa(a) and 1 (X) 1y (@) — 14 (@1, (X) = 14 (X (@) (24)

(0 1n fact, the claim is true in general for bialgebroids over a commutative base algebra, but we are interested mainly in the
particular case of co-commutative Hopf algebroids.

D1 fact, in [MM] the terminology used is R/k-bialgebra (as in [Ni]). Nevertheless, as we will see, the universal enveloping
algebra of a Lie-Rinehart algebra inherits actually a Hopf algebroid structure in the sense of [Sc].
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for all @ € A and X € L, which is universal with respect to this property. In details, this means that if
(W, ¢4, ¢,) is another algebra with a morphism ¢, : A — W of algebras and a morphism ¢, : L — W of Lie
algebras such that

¢ (aX) = ¢ (X)¢a(a) and ¢, (X) pa (@) — ¢4 (@) 1 (X) = ¢4 (X (@),

then there exists a unique algebra morphism @ : V, (L) — W such that ® ¢, = ¢, and O, = ¢;.

Apart from the well-known constructions of [Ri] and [MM], the universal enveloping Hopf algebroid
of a Lie-Rinehart algebra (A, L) admits several other equivalent realizations. For instance, one can use the
smash product (right) A-bialgebroid A#U,(L), as introduced by Sweedler in [Sw], and quotient this algebra
by a proper ideal, in order to perform the universal enveloping of (A, L). In this paper we opted for the
following construction which comes from [ES]. Setn : L - A® L; X — 1, ® X and consider the tensor
A-ring T, (A ® L) of the A-bimodule A ® L. It can be shown that

_T,(A®L)
Vi) = i
where the two sided ideal J is generated by the set

T = nX)e.n¥)-n),nX)-n(X, YD,
' nX)-a-a-nX)-wX) (e

X, YeL, aeA>.

We have the algebra morphism ¢4, : A — V,(L); a +— a + J and the Lie algebra map ¢, : L —
Vi(L); X — n(X) + J that satisfy the compatibility condition (Z4). It turns out that V,(L) is a co-
commutative right Hopf algebroid over A with structure maps induced by the assignments

gw@)=a, & (X)=0,
A (@) = ta (@) Xa Ly, = Lo,y Xa ta (@),
A, (X)) =1, (X) X4 Ly + 1,y Xa 1 (X))
ﬂ71 (I‘VA(L) ®u ta (@) = 14 (a) ®4 Ly, = Ly, ®a ta (@),
B! (L) ®a 1. (X)) = 1oy ) @4 1 (X) — 1, (X) @4 L,y

Remark 2.6. The primitive functor Prim : CCHAIgd, — LieRin,, assigning to a co-commutative Hopf
algebroid (A, U) the space Prim(Z/) and to a morphism f : (A, U) — (A, V) its restriction to the primitive
elements, admits as a left adjoint the functor V, : LieRin, — CCHAIlgd,, which assigns to a Lie-Rinehart
algebra (A, L) its universal enveloping Hopf algebroid V,(L) and to a morphism of Lie-Rinehart algebras
f 1 (A, L) — (A, K) the morphism of co-commutative Hopf algebroids V,(f) induced by the universal
property of V,(L). The unit L — Prim(“V,(L)) of the adjunction is given by the corestriction of the
map ¢,, while the counit V,(Prim(U)) — U is given by the universal property of its domain applied to
the inclusion of Prim(%/) in Y. The verification is straightforward. For the analogue in the case of left
bialgebroids we refer to [MM, Theorem 3.1] or [Kol Proposition 4.2.3].

RemARrk 2.7. Given a Lie-Rinehart algebra (A, L), there exists a notion of left (A, L)-module, see e.g. [Hu2|
§1] and [Ri, §2]. As it happens for the universal enveloping algebra of an ordinary Lie algebra, the defini-
tion of the universal enveloping algebroid (U(A, L), j4, j.) is designed in such a way that left (A, L)-modules
bijectively correspond to left U(A, L)-modules in a natural way. In fact, this correspondence turns out to be
an isomorphism of categories. In the present paper, working with right co-commutative Hopf algebroids,
we are interested in dealing with right modules over the universal enveloping algebroid associated to a Lie-
Rinehart algebra. As a consequence, we define right (A, L)-modules to be left modules over (A, L, —w),
where (A, L) is the Lie-Rinehart algebra with same underlying A-module L, with opposite bracket and
opposite anchor map with respect to (A, L) (equivalently, A-modules M with a morphism of Lie-Rinehart
algebras from L to the Atiyah algebra of M). They are in one-to-one correspondence with right V,(L)-
modules. Moreover,
(a) in general we have V(L) = U(A, L) (see [CG! Proposition 2.1.12])
(b) in the particular case of 4L free, i.e. L = GB[AX,-, we have that U(A, L) with j, and j; given by
J.Qia:X) = 3 (X)) ja(a;) is the right universal enveloping algebra of (A, L) (symmetrically for
V4(L) on the other side).
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It is worthy to point out however that our definition of a right representation differs slightly from the
one given in [Hull page 430]. The reason to introduce this new one is threefold: first of all this is more
symmetric, secondly it ensures that A is a right representation as much naturally as it is a left one, that is to
say, via the anchor map w, and thirdly because with this definition right representations correspond to right
modules over the right universal enveloping algebra in a natural way.

3. A DUAL FOR COCOMMUTATIVE HOPF ALGEBROIDS

It is well-known that, for Hopf algebras, the functor Der,(—, k) : CHAIgEp — Liey is right adjoint to
the functor (U(-))° : Lie, — CHAIg;”, where CHAIg, and Lie, denote the categories of commutative Hopf
k-algebras and that of Lie k-algebras, respectively. Indeed, this can be seen as the composition of the two
adjunctions (U, Prim) and ((-)°,(-)°), where U : Lie, — CCHAIg, is the universal enveloping functor,
Prim : CCHAIg, — Lie, is the functor of primitive elements and (—)° denotes the finite (or Sweedler) dual.
Since we plan to extend this construction to the Hopf algebroid framework, we first need an analogue of
the finite dual. This section and the next one are devoted to this construction. In fact, by following two
different but equally valid approaches, we will provide even two possible such analogues.

3.1. Tannaka reconstruction process. Let A be a commutative algebra and @ : A — proj(A) be a faithful
k-linear functor (referred to as a fiber functor), where A is ak-linear (essentially) small category. The image
“P of an object P of A under ® will be denoted by P itself when no confusion may arise. Given P, Q € A,
we denote by Try = Homg (P, Q) the k-module of all morphisms in A from P to Q. The symbol 75 is
reserved to the ring (in fact, algebra) of endomorphisms of P. Clearly, S » = End(P,) is a ring extension of
Tp via . In this way, every image ®P of an object P € A, becomes canonically a (Tp, A)-bimodule.

Consider now the Gabriel’s ring A attached to A and introduced in [Gal]. That is, the algebra A :=
®p ocaTro With enough orthogonal idempotents and such that the multiplication of two composable mor-
phisms is their composition, otherwise is zero. Set . = ®p 4P and ' = @p 4 P", direct sums of A-modules,
and identify any element in P (resp. in Q%) with its image in X (resp. in 7). It turns out that X is an unital
(A, A)-bimodule while X' is an unital (A, A)-bimodule.

Now, let us recall from [EG3|| the infinite comatrix A-coring associated with the fiber functor  : A —
proj(A) which is given by the A-bimodule Z(A) = X' ®z X. Furthermore, it is clear that any object
P € A admits (via the functor ) the structure of a right Z(A)-comodule, which leads to a well-defined
functor y : A — A% (see for the notation), and that @ factors through the forgetful functor
0 : A% — Mod, via y, thatis, @ = 0 o y.

Remark 3.1. The typical examples of the pairs (A, w) which we will deal with here are either the category
A of right €-comodules, for a given A-coring €, which are finitely generated and projective as A-modules
with o the forgetful functor, or the category Ay of right R-modules, for a given A-ring R, which are finitely
generated and projective as A-modules and o is the forgetful functor as well. For the sake of simplicity,
we will often denote by Z(C€) the coring Z (A°*). Similarly, we set R° := Z (Ag). The latter construction
induces a functor (—)° : A-Rings — (A-Corings)’?, which was named the finite dual functor in [EG2} §2.1].
It is noteworthy to mention that from its own construction it is not clear whether the functor (—)° is left
adjoint to the functor *(-) : (A-Corings)”” — A-Rings which sends any A-coring € to its right convolution
algebra *C. In the next section we will provide, using the Special Adjoint Functor Theorem (SAFT), a left
adjoint of *(—) and study some of its properties.

Assume now that A is a symmetric rigid monoidal category and ® is a symmetric strict monoidal func-
tor. Then one can endow the associated infinite comatrix A-coring Z(A) with a structure of commutative
(A ®, A)-algebra. The multiplication is given as follows:

P ®ap) (g ®z7q) = (¢ *x p")®z(q®. p), (25)
where for every ¢ € P* and y € Q" we set
(px0): P& 0 — A (x8,y1— ¢y, 26)

The unit is the algebra map A ®, A — Z(A) which sends a ® @’ — 1, ® a’, where [, is the image of a
by the isomorphism A = A* and as above we identify the identity object of A with its image A. Notice that
T, is a subring of A and does not necessarily coincide with the base field k.



TOWARD DIFFERENTIATION AND INTEGRATION BETWEEN HOPF ALGEBROIDS AND LIE ALGEBROIDS. 13

It turns out that (A, Z(A)) with this algebra structure is actually a commutative Hopf algebroid. The
antipode is given by the map

S: B(A) — Z(A), (p* ®zpr—ev, ®§p*), 27

where ev, is the image of p under the isomorphism of A-modules P = (P*)".
The previous construction, which we may call Tannaka’s reconstruction process, is in fact functorial.
That is, if ¥ : A — A’ is a given symmetric monoidal k-linear functor such that

A a A
R @)

proj(4)

is a commutative diagram, then there is a morphism of Hopf algebroids given by

RF): T ez — I @z 2, (p*®§pr—>p*®ﬂﬁp). (29)
which makes commutative the following diagram:

L R(F).

?{/\T

(0]

(ﬂ/)%(ﬂ’)

(30)

proj(A)

where Z(F). is the restriction of the induced functor Z(¥). : Comodg s — Comodgwy sending any
right Z(A)-comodule (M, o)) to the right Z(A’)-comodule

om Moy R(F)

M

M Q, F#(A) My, Z(A),

and acting obviously on morphisms.

ReMark 3.2. It is noteworthy to mention that the underlying category A is not assumed to be abelian nor
the subalgebra 7, of A coincides with the base field k. Thus we are not assuming that the pair (A, ®) is
a Tannakian category in the sense of [Del]. The obtained Hopf algebroids have then less properties then
one constructed from the Tannakian categories. One of these missing properties is, for instance, that the
functor y : A — A% is not necessarily an equivalence of categories, and that the skeleton of the full
subcategory A% does not necessarily form a set of small generators in the whole category of Z(A)-
comodules. Nevertheless, the conditions which we are taking on the pairs (A, o) are sufficient to build up
the construction of §3.3]below.

3.2. The zeta map and Galois corings. Let (A, R) be a ring over A and consider its finite dual (A, R°)
constructed as in §3.1] from the pair (A, ®), where @ is the forgetful functor, see also Remark [3.1] Then
there is an (A, A)-bimodule map

R — R, (p*%pH [VHP*(W)]) (31
where the latter is the right A-linear dual of R endowed with its canonical A-bimodule structure.

Remark 3.3. Notice that  should be more properly denoted by { if we want to stress the dependence on
R. Moreover, if f : § — R is an A-ring map, then f* o {p = { o f°. Indeed,

45 (£ (0@ n)) (90 B £y (@ n) () = 0 () = £ (¢x (¢ ®7 1)) (9)
for all s €S, pQ@zm neR.

For the reader’s sake, we include here the subsequent result.
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Lemma 3.4 ([EG2L 3.4]). The map ¢ of (B1) fulfils the following equalities for every z € R°, x,y € R

{@)(xy) = ¢ (Zl)(é“ (Zz)(X)y), (@) =) and  {(azb)(u) = al(z)(bw). (32)

In contrast with the classical case of algebras over fields, the map £ is not known to be injective, unless
some condition are imposed on the base algebra A. For instance, if A is a Dedekind domain then £ is always
injective. Strong consequences of the injectivity of { were discussed in [EG2], some of them can be seen
as follows. In general, it is known that the functor £ : A — A induced by the obvious functor A —
Aoy (see e.g. [BW), §19.1]) and by the canonical map 1z : R — " (R°) (where ng(r)(p* ®z; p) = p*(pr)
for every R-module P and all » € R, p € P, p* € P*) has a right inverse functor y : Az — A" which sends
each right R-module P € A to the right R°-comodule £(P) with underlying A-module P and coaction

0P PR, (pr— Y e® (e & ).

i

where {e;, €;}; is any dual basis for P. If { is assumed to be injective then y and £ are mutually inverses and
s0 Ay is isomorphic to AX (see Remark 4.13). Now we give the notion of Galois corings.

DerniTioN 3.5. Let (A, C) be a coring. Then (A, C) is said to be Galois (or A°-Galois), if it can be
reconstructed from the category A€, that is, provided that the canonical map

can: X' ® % — C, (P* &z P P (P0) P(l))’
is an isomorphism of A-corings, where 0,(p) = p() ®4 pq) is the C-coaction on p € P.

3.3. The finite dual of co-commutative Hopf algebroid via Tannaka reconstruction. Next we want to
apply the Tannaka reconstruction process to a certain full subcategory of the category of right modules over
a co-commutative Hopf algebroid. So take (A, U) to be such a Hopf algebroid. Following the notation of
we denote by Ay, the full subcategory of right U/-modules whose underlying A-module is finitely
generated and projective, and by ® : Ay — proj(A) the associated forgetful functor. Joining together the
results from and we get that the pair (Ay, ) satisfies the necessary assumptions such that the
algebra (A, Z(Ay)) resulting from the Tannaka reconstruction process is a commutative Hopf algebroid.
It is this Hopf algebroid which we refer to as the finite dual of (A, U) and we denote it by (A, U°). The
subsequent result is contained in [EG2, Theorem 4.2.2]. We give here the main steps of its proof.

ProposiTION 3.6. Let A be a commutative algebra. Then the finite dual establishes a contravariant functor
(-)° : CCHAIgd, — CHAlgd,
from the category of co-commutative Hopf algebroids to the category of commutative ones.

Proof. Given a morphism ¢ : U — U’ of co-commutative Hopf algebroids, the restriction of scalars
leads to a k-linear functor ¥, : Ay — Ay which commutes with the forgetful functor, that is, such that
o o F; = 0. Using the monoidal structure described in (TT)), it is easily checked that F; is a symmetric
strict monoidal functor. Therefore (see §3.1) we have a morphism ¢° : U’° — U° of Hopf algebroids. The
compatibility of (—)° with the composition law and the identity morphisms is obvious. O

3.4. The zeta map and Galois Hopf algebroids. Let (A, U) be a co-commutative Hopf algebroid and
consider its right A-linear dual U, regarded as an (A ® A)-algebra with the convolution product induced
by the comultiplication A : U, — U, ®4 U,, that is to say,

(f * )W) = f(u))g(uy), forevery f,ge U, ucU.
The canonical A-bilinear map from §3.2]
(=8 U — U, (p &z pr—|um p'(pu)) (33)

is an (A ® A)-algebra map and it fulfils (32)) for R = U. If { is injective, then there is an isomorphism of
symmetric rigid monoidal categories AY = A, (see [EG2, Theorem 4.2.2]). The subsequent definition is
a particular instance of Definition [3.5]
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Derinrion 3.7. A commutative Hopf algebroid (A, H) is called Galois (or A*-Galois), if its underlying
A-coring is Galois in the sense of Definition [3.5] i.e. if the canonical map

can: X' @ L — H, (P* Qg P S(P*(P(OQ)P(U),

is an isomorphism of Hopf algebroids, where 0p(p) = pw ®a pqy is the H-coaction on p € P. The full
subcategory of Galois commutative Hopf algebroids with base algebra A is denoted by GCHAIgd, .

ReMark 3.8. Let (A, U) be a co-commutative Hopf algebroid. When the canonical map ¢ : U° — U* is
injective, the reconstructed object U° is Galois (see [EG2l Proposition 3.3.3]). The inverse of the canonical
map can is provided by the assignment X O, £ — > ® = & P* ®zy, p > P @z p, employing the
canonical isomorphism A% = A,,. Later on, we will recover the same isomorphism under an apparently
weaker condition. We point out also that this condition makes of U° a Galois coring, even if we replace U
simply by an A-ring R (see e.g. Remark[7.3).

ExampLE 3.9. Several well-known Hopf algebroids are Galois as the following list of examples shows.

(1) Any commutative Hopf algebra over a field (i.e., a Hopf algebroid with source equal target with
base algebra is a field) is Galois Hopf algebroid.

(2) Let B — A be a faithfully flat extension of commutative algebras. Then (A,A ®; A) is a Galois
Hopf algebroid.

(3) Any Hopf algebroid (A, H) whose unit mapn : AQ A — H is a faithfully flat extension of algebras
is actually Galois. In other words, any geometrically transitive Hopf algebroid is Galois, see [[EL]
for more details.

(4) The Adams Hopf algebroids as defined in [Hov] and studied in [Schl] are Galois.

We point out that the first three cases are in fact a particular instance of a more general result [EG3l Theorem
5.7], which asserts that any flat Hopf algebroid whose category of comodules Comod,, admits A’ as a set
of small generators, is a Galois Hopf algebroid.

4. AN ALTERNATIVE DUAL VIA SAFT

In this section we propose a different candidate for the finite dual of a given co-commutative Hopf
algebroid. Its construction is based upon the well-known Special Adjoint Functor Theorem. We also
establish a natural transformation between this new contravariant functor and the one already recalled in
Subsection[3.3] As before, we start by the general setting of rings.

4.1. Finite dual using SAFT: The general case of A-rings. Let A be a commutative algebra. Consider
the category 4Mod, of A-bimodules. Then the functor (-)* : sMod, — (,Mod,)* admits a right adjoint
*(=) : (4Mod,)*® — ,Mod,, where M* = Hom_, (M, A) with structure of A-bimodules as in (3. The latter
functor induces a functor

“(-) : (A-Corings)® — A-Rings, (34)
where the category A-Rings stands for k-algebras R with an algebra map A — R (whose image is not
necessarily in the centre of R). The functor of (34) is explicitly given as follows: For a given an A-coring
(C, A, &) we have that the A-ring structure on *C is given as in (6). As a consequence of the Special Adjoint
Functor Theorem, the functor of equation (34) admits a left adjoint

(=) : A-Rings — (A-Corings)®, (35)
see [PS| Corollary 9]@] For future reference, let us retrieve explicitly the A-ring morphism
N:R—R),  (r—z— @ 0]) (36)
(i.e., unit of the previous adjunction).
(2) For the sake of completeness, let us point out that the quoted Corollary 9 treats the case of A non-commutative, too. The

difference is that A-Rings should be replaced by A°P-Rings. Nevertheless, since the non-commutative case goes beyond the purposes
of the present paper, we will not discuss it further.
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RemArk 4.1. Given an A-ring R, the A-coring R* is uniquely determined by the following universal prop-
erty: it comes endowed with an A-bimodule morphism & : R® — R* which satisfies the analogous of the
relations (32)) and if C is an A-coring endowed with a A-bimodule map f : C — R* satisfying the same
relations, then there is a unique A-coring map f: C — R* such that £ o fz f. Conversely, notice that
given an A-coring map g : C — R*, the composition ¢ o g satisfies the relations in (32). As a consequence,
if g,g’ : C — R*® are coring maps such that o g =& o g’,theng = g’.

ReMaRrk 4.2. For the reader sake, we show how the adjunction follows from this universal property. Let
R be an A-ring, let C be an A-coring and /2 : R — *C be a k-linear map. Denote by f : C — R* the map
defined by f(c)(r) = h(r)(c) for all r € R and ¢ € C. We compute

h(bxa)(c) = f(c)(bxa) = f(c)(bx)a = af(c)(bx) = (af(c)b)(x),
(bh(x)a)(©) @ h(x)(ch)a = ah(x)(cb) = h(x)(ach) = flach)(x),
h(xy)(c) = f(e)(xy),

(h() % hoNE) & h)erh()(e)) = (RE(EIhM)er) = M@ EEr) = fe)Fe)@y),
h(1x)(c) = f(c)(1r),
1e-(0) @ (o).

Consequently, we see that # from R to *C is an A-ring morphism if and only if f corresponds to /4 via the
adjunction ((-)*,*(-)) and satisfies the conditions in (32). Since there is a 1-1 correspondence between
these f’s and the f’s as above, we are done. Note also that given an A-ring map 2 : R, — R,, we
can consider the A-bimodule map A* : R," — R;*. If we pre-compose h* with & : R, — R,", the
map f := h* o &, satisfies conditions (32) since f(z)(r) = &(z)(A(r)) for all z € R,*, r € R, and h is
multiplicative, unital and A-bilinear. As a consequence, the universal property of R,® yields a unique A-
coring map h* := f : R," — R,* such that &, o h* = h* 0 &,.

ExampLE 4.3 (the map zeta-hat). Let R and R° as in together with the A-bimodules morphism ¢ of
equation (3T). By Lemma 3.4]and the universal property of R®, there is an A-corings morphism

7R — R, (37)
such that & o Z = . In light of Remark this induces a natural transformation Z: (=) - ().

Lemma 4.4. Given an A-ring R and the canonical map & := € : R® — R*, we have that Ker (¢) contains
no non-zero coideals of R® (i.e. ¢ is cogenerating in the sense of [Mill Definition 1.13]). In particular, & is
injective if and only if Ker (€) is a coideal of R®.

Proof. By definition, a coideal J of R* is an A-subbimodule such that the quotient A-bimodule C := R*/J
is an A-coring and the canonical projection 7 : R* — C is an A-coring map. If J C Ker (£), then £ factors
through a map & : C — R* such that £ o r = &. Any ¢ € C is of the form 7(x) for some x € R*, so that

E()EC)(Dr') = Em(x))(Ex):) () = Ex)(Ex)(r) @ E)(rr') = Eo)(rr),
E(0)(1g) = Ex)(1g) @ &g (x) = &c(0),
E(acb)(r) = E(an(x)b)(r) = En(axb))(r) = Eaxb)(r) = aé(x)(br) = a&(c)(br).

As a consequence of the universal property of R°, there exists a unique A-coring map o : C — R® such
that oo = & Now, £ oo om = £ on = £, so that the uniqueness in the universal property entails that
o o = idg.. Since 7 is surjective, this forces 7 to be invertible whence J = 0. O

Next, we want to relate the two categories Ay and AX (see for definition), but before we recall the
following general construction that has been and will be used more or less implicitly along the paper. As a
matter of notation, if M, is a (B, A)-bimodule such that M, is finitely generated and projective with dual
basis {e;, e;},, then we are going to set

dby : B — M &, M", (b»—)Zbe,-@Aej‘] and  evy M &M A, (f®mr f(m)).



TOWARD DIFFERENTIATION AND INTEGRATION BETWEEN HOPF ALGEBROIDS AND LIE ALGEBROIDS. 17

Notice that db is B-bilinear while ev is A-bilinear and we have the following isomorphism
B :Homp 3 (M, N ®: P) - Hom¢_3 (N" ®, M, P), (g > (evy ®¢ P) o (N" ®p g)) (38)

for B, C, D algebras and , My, pN¢, c Pg bimodules such that N is finitely generated and projective.
For every (B, A)-bimodule N we set

5Coac, (N, N ®, C) := {p € Hom; , (N, N8, C) | (N.p) € A}

Lemma 4.5. For every (B, A)-bimodule N such that N, is finitely generated and projective, the assignment
Bc : Homp_4 (N, N ®4 C) —» Hom,_4 (N* ®; N, C) of Equation (38)) induces an isomorphism

Be : sCoac,(N, N ®, C) — Coring,(N* ®;z N, C) (39)
natural in C.

Proof. By adapting [EGI], Proposition 2.7], one proves that 8¢ induces Sc. A direct computation shows
that 8" restricts to B! : Coring,(N* ®; N, C) — zCoac,(N, N ®, C), providing an inverse for f3¢. i

Lemma 4.6. Let C be an A-coring, M an A-bimodule and f : C — M an A-bilinear map. The following
are equivalent
(a) (N®y f)op = (N®, f)op impliesp = p’ for every p,p’ € Coac,(N,N ®, C) and for every
N € proj(A),
(b) foa = fopBimpliesa = B for every o, : E — C coring maps and for every A-coring E with
cang (split) epimorphism of corings,
(c) foa= fopimpliesa = B forevery a,B : N ®s N — C coring maps, for every algebra B and
every bimodule gN, such that N, € proj(A).

Proof. First of all, observe thatis equivalent to the same statement but with p, p’ € gCoac,(N, N ®, C),
for every algebra B and every bimodule 3N, such that N, € proj(A). To prove that[(c]is equivalent to [(a)]
consider the commutative diagram, for every N € proj(A),

,Coac,(N, N ®, C) —< = Coring,(N* ®, N, C)

Homy_, (N, N ®, C) —“~ Hom,_, (N* ®; N, C)
Homp_4(N, N@Aﬁl lﬂomAA(N*eaN, 1)
Hom,_, (N, N ®, M) —%> Hom,_, (N* @3 N, M)

Since the horizontal arrows are isomorphisms, the vertical composition on the right is injective (i.e.
holds) if and only if the vertical composition on the left is (i.e. (@) holds).

To prove the remaining implications, let us show first that € := N* ®;3 N is a coring with cang (split)
epimorphism of corings, for every algebra B and every bimodule 3N, as in the statement. Notice that
N € A* with coaction n — Y, e; ®, (e ®g n), where {e;, €/}; is a dual basis for N,. Thus we may consider
the composition

cang

N ® N —2> N* &, N —> Z(N* ®; N) N*®y N

f®nt———=f®n n—— f@xgn———=3, fle)e; @ n=f®n

where (x) is the isomorphism of [EGI, Lemma 3.9] and Ty := End" ®*"(N). This shows that cang is a
(split) epimorphism of corings for every N and B as above and hence[(c)|follows from|(b)]

Conversely, let us show that [(c)] implies Let , B, E be as in[(b)|such that f o @ = f o 8. Denote by
m: @y N ®1, N > Z(E) the canonical projection and by jy : N* ®;, N - D N* ®r, N the
canonical injection. Then we have that

NeAE

foa'ocanEon'ojN:folBocanEon'ojN
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for every N € A~ In light of the hypothesis and since ¢y and 7 are morphisms of corings, we have that
aocangomoy = fSocang oo ty. By the universal property of the coproduct, the surjectivity of 7 and
the fact that can; is a (split) epimorphism we get that @ = 8. O

CoroLLARY 4.7. For every A-ring R, the canonical morphism & : R® — R satisfies the equivalent properties
of Lemma4.6|

Proof. From the universal property of ¢ (see Remark [4.1), it satisfies [5)] of Lemma[4.6] i

REmARk 4.8. An open question at the present moment is whether { : R° — R* satisfies of Lemma
[4.6) as well. Note that cang- is a split epimorphism of corings because cang o Z(x) = idg-. As we will
see, an affirmative answer would be equivalent to require that the induced functor AL AX - AR is an
isomorphism of categories.

Now, in one direction, we have that every object (M, g),) in AX becomes right R-module as follows:

m.r = m(())f(m(l))(r) (40)

for every m € M and r € R. Its underlying A-module coincides with the image of (M, 0,,) by the forgetful
functor & : A¥" — Mod,. Clearly this construction is functorial and so we have a functor

LA — A (41)
such that
L oA =L (42)
Conversely, consider the functor
X = ﬂZoX F Ay — AT 43)
Notice that, since y is a right inverse of £, we have
L'ox’@L’Oﬂzox@LoX:idﬂR. (44)

ProposiTioN 4.9. The functors £ and )’ establish an isomorphism between the categories AX and Ay,

Proof. In light of (@4, it is enough to prove that ' o £’ = idge. Note that, still by {@4), we have
L' oy oL = [L'. From the latter equality the thesis follows once proved that £’ is cancellable on
the left. Since £’ is always faithful, it remains to prove that it is injective on objects. Observe that for
every M € proj(A), the assignment m ®, f +— [r i+ mf(r)] yields an isomorphism of right A-modules
M ®, R* — Hom, (R, M), which in turn induces a bijection

7:Homy, (M, M®, R*) > Homy, (M ®, R, M); p [m ®u T > m((f)m(l">(r)] 45)

where we set mg’) ®4 m({” = p(m) for every m € M. Let (N, p) be an object in AX" and consider L’ (N, p).
This is the A-module N endowed with the R-action (@0), i.e.

m.r = meEma)(r) 2 (N &, €) o p) (m®, r)

for every m € N, r € R. Denote it by u,. Now, L'(N, py) = L'(P,pp) if and only if (N, u,,,) = (P, u,,), if and
only if N = P and u,, = y,,. Since N = P, we may consider py, pp € Coac,(N, N ®, R*) and since 7 is
bijective and ¢ satisfies [(a)]of Lemma[4.6] the relation y,, = u,, is equivalent to py = pp. m|

CoroLLARY 4.10. Let R be an A-ring. Then
(1) If £ is injective, then R° is the largest Galois A-coring inside R* with respect to the property of

equation (32).
(2) R® is a Galois A-coring as in Definition if and only if the map { : R° — R® of is an
isomorphism of A-corings.

Proof. By Proposition we know that ¥’ and £’ establish an isomorphism of categories Ap = A~X .
Therefore, using the functor &% of we have that Z(x’) is an isomorphism. We compute

(can nat) =~ -

can’ o Z2(¢') 2 can’ o % (A) 0 Z(x) “=* To can o Z(x) = { (46)

where can and can’ are the canonical morphisms of R° and R*, respectively. Concerning[(7)] given a Galois
A-coring C endowed with an injective A-bimodule map f : C — R* satisfying the analogue of (32), by
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Remark there is a unique A-coring map f: C — R’ such that € o f: f- Note that fis necessarily
injective. Consider the A-coring map [ := Z(x')' o # (.?If) ocang' : C — R°. Then, by {@6), we have
Zo f=can'o % (.?ﬂ ocang' = ]’”\, so that f” is injective and hence R° is the largest Galois A-coring inside
R* with respect to the property of equation (32). The fact that R° is Galois follows from [EG2| Proposition
3.3.2] together with the observation that can o Z(y) = idg-. Concerning|(2)} it follows from (46). O

ReMARK 4.11. Assume that R is an A-ring which is finitely generated and projective as a right A-module,
then the map ¥ : R*" ®, R* — (R®, R)* given by Y(f ®, g)(r ®, ') = f(g(r)r’) is invertible, so that we
can define A := ¢! om* and £ : R* — A by &(f) = f(1). As a consequence (R*, A, ) is an A-coring. It is
easy to check that the identity map id : R* — R* fulfils (32)). By the universal property of R*, there exists a
unique morphism id : R" > R* of A-corings such that £ o id = id. Clearly, & o id o & = € oid, so that we
get the equality of the A-coring maps id o & = id. Thus £ is invertible. On the other hand, we know from
[EGZ, Corollary 3.3.5], that the map ¢ : R° — R of equation (31 is, in a natural way, an isomorphism of
A-corings. Therefore, the natural transformation Z_ : (=)° = (—)" when restricted to A-rings with finitely
generated and projective underlying right A-modules, leads to a natural isomorphism.

Our next aim is to give a complete characterization of when the functors £ and y establish an isomor-
phism between the categories AX and Ay, by analogy with Proposition

THEOREM 4.12. The following are equivalent forZ: R —> R

(i) A is an isomorphism,
(ii) AL is injective on objects,
(iii) L is an isomorphism,
(iv) L is injective on objects,
(v) CoringA(C,’{\) is bijective for every coring C whose cane is a split epimorphism of corings,
(vi) CoringA(C,Z) is injective for every coring C whose canc is a split epimorphism of corings.

ReEmARK 4.13. Observe that £ injective (respectively monomorphism of corings) implies thatZis injective
(respectively monomorphism of corings), which in turn implies [(vi]] of Theorem [4.12]

Proof of Theorem The equivalences[(7)] < and — follows immediately from @2))
and Proposition 4.9] Obviously, implies Conversely, since £ is faithful and injective on objects,
the implication follows from L o y o £ = £, which in turn follows from L o y = id4,.

Moreover, notice that A is injective on objects is equivalent to of Lemma for f = Z, which in
turn is equivalent to[(b)] of the same lemma, that is to say, to Obviously [[v]] implies Conversely,
assume and pick a g € Coring,(C,R*). Tt induces a functor A¢ : A¢ — AX and a diagram with
commuting squares

R(A) 2L Ay <L g
C R* — R°
8

e

By assumption, there is a coIing map o : C = Z(A°) such that canc o o = id.. Thus we may consider the
coring map g := can o Z(A*)™' o Z(A¢) oo which satisfies Log = g by definition. Therefore, Coring,(C, {)
is surjective as well. O

4.2. The finite dual of co-commutative Hopf algebroid via SAFT. In this subsection we use another
general construction relying on the Special Adjoint Functor Theorem (SAFT) §4] in order to construct an-
other functor from the category of (right) co-commutative Hopf algebroids to the category of commutative
ones. We also compare both functors constructed so far.

Fix a commutative algebra A and consider as before the categories CCHAIgd, and CHAIlgd, of co-
commutative and commutative Hopf algebroids, respectively. The functor *(—) : A-Corings” — A-Rings,
assigning to each A-coring € the ring Hom,_ (€, A) with the convolution product (6), admits a left adjoint,
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denoted by (—)°, in view of SAFT. Consider the following diagram

A-Rings - A-Corings

JA (47)

CCHAIlgd, CHAlgd,,
where the vertical functors are the canonical forgetful ones.

TueOREM 4.14. The functor (-)* in diagram @7) induces a contravariant functor
(-)* : CCHAIgd, — CHAIgd,.

Explicitly, given a cocommutative Hopf algebroid (A, U) and the canonical A-bilinear map ¢ : U° — U,
the structure of commutative Hopf algebroid of U* is uniquely determined by the following relations

(€ oma®b)(u) = e(bua, &(xy)u) = EXN)UNEGU2),  E(S())(w) = e(&(x)(u-)u,). (48)

The datum (A, U, €) fulfils the following universal property. Let (A, H) be a commutative Hopf algebroid
and f : H — U* an A ® A-algebra map satisfying (32), where the A ® A-algebra structure of U* is given
by the convolution product and the unit is a ® b — [u — &(bu)al. Then the unique map j?: H — U given
by the universal property of U* as a coring becomes a morphism of commutative Hopf algebroids.

Proof. Set A° := A ® A, the enveloping algebra, which we consider as a commutative Hopf algebroid with
base algebra A. By Remark 1] the map f : A — U, given by the assignment a ® b — [u — &(bu)al,
yields a unique A-coring map 1 : A — U* such that £ o = f (recall that the A-coring structure on A¢
is the one given in Example [2.2). To introduce the multiplication, we resort to the operation © recalled
in Remark in the case C = D = U°. Then by Remark again, the map h : U* O U* — U*,
given by h(x © y)(u) = &(x)(u;)é(y)(u,) for all x,y € U* and u € U, gives rise to a unique A-coring map
m: U OU — U suchthatE om = h.

Consider now the map A : U* — U* defined by A(@)(u) = € (a(u_)u,). Thenthe map f := 1oé: U* —
U, regarded as a morphism from U*“” to U* (see Remark [1.5)), induces by Remark [4.1]a unique A-coring
map S: U™ - U* suchthat o S = f=20¢

So far, we have defined a map 7, a multiplication m and a map S satisfying the relations in @8)). Let us
check that these maps convert U* into a commutative Hopf algebroid. One proves that, for a,b € A and
x,y,z € U*, the elements of the form
xy=yx, na®@b)x—axb, (xy)z—x(yz), S(xy)=SMSx), S(y)=lys, S(x)=x, SCx1)x,—n(1®&(x))
span an A-bimodule J which is a coideal of U* because (7 ®, 7)A(J) = 0 and &(J) = 0, where 7 : U* —
U* /T denotes the canonical projection on the quotient. Moreover, it is contained in Ker (¢) so that = 0
in view of Lemma[4.4] This proves that all the elements displayed above vanish in 2/°. As a consequence,
we get in addition that

e U is commutative.
o the A-coring structure of U* is the one induced by 7. Furthermore, we deduce that n(a®b) = alq.b
where 14 := n(1®1). Thus it follows easily that n(a®b)n(a’ ®b') = n(aa’ ®bb’) for every a, b € A.
Note also that 14.x = n(1 ® 1)x = x, so that m is unital.
e A and ¢ are morphisms of algebras, since both m and n are morphisms of A-corings.
e s, t are algebra maps as 7 is.
The compatibility of S with s and ¢ follows from

S(a® b)) = S(alyeb) L bS(1ye)a = blyea = n(b ® a),

where in (x) we used that S : U**" — U*. Summing up (A, U*) is an object in CHAIgd,.

Now let us check (—)° is compatible with the morphisms. To this aim, let (A, ) be a commutative
Hopf algebroid and f : H — U* an A°-algebra map satisfying (32). The universal property of U* yields
a unique map f: sH, = U"* of A-corings such that & o fz f. By the trick we used above, the elements
qu{) — 14 and f(x)f(y) - f(xy) for x,y € H vanish in U* because they generate a coideal J which is
contained in Ker (£). We just point out that by A-bilinearity of the involved maps, & o fo Ny = &€ o Ny and
hence the equality of the coring maps fo Ny = Ng. Summing up, we showed that (idf) is a morphism
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of commutative bialgebroids. Since the compatibility with the antipodes comes for free, we conclude that
fis a morphism of commutative Hopf algebroids.

Let (idy, ¢) : (A, U,) — (A, U,) be a morphism of cocommutative Hopf algebroids Apply the previous
construction to f = ¢* o &, once observed that &, is a morphism of A-rings in view of (48§), that ¢" is s0 as
well by a direct computation and that f satisfies (32) (see also Remark . As a consequence f which
is ¢° by definition, becomes a morphism of commutative Hopf algebroids. This leads to the stated functor
and finishes the proof. O

RemArk 4.15. Let (A, U) be a co-commutative Hopf algebroid over k and consider both duals (A, U°) and
(A, U*) as commutative Hopf algebroids over k.
(1) In view of the second claim in Theorem[.T4]and of (32),, the canonical map ¢ : U° — U" given in
(33) induces a umque morphism of commutative Hopf algebroids { U° — U* such that £o g“ .
If A is a field, then g is an isomorphism of Hopf algebras.
(2) If the underlying right A-module of U is finitely generated and projective, then the map Zinduces
an isomorphism of commutative Hopf algebroids (A, U°) and (A, U°*) (see also Remark .
(3) Consider an A-ring R and the map ¢ : R*"®,R* — (R®, R)* given by Y (f ®, g)(r®,1') = f(g(r)r).
Given an A-coring C and an A-bimodule map f : C — R* satisfying (32), for every x € Ker (f)
and for all r, 7’ € R we have

0= flo)@rr) @ U (f(x1) ®4 f(x2)) (r®, 1), 0= f(x)(1g) 2 ).

Thus & (Ker (f)) = 0. Moreover, if we assume ¢ injective, we also have (f ®, f) (A (Ker (f))) =0
These two equalities are very close but not sufficient to claim that Ker (f) is a coideal of C. This
would be useful in case C = R* and f = ¢ to deduce that £ is injective by Lemma[4.4]

The fact that Ker (f) is a coideal of C can be obtained under a further assumption as follows.
Write f as f o where 7 : C — C/Ker (f) is the canonical projection and f: C/Ker(f) — R is
the obvious induced map. Then (f ®, f)(r ®, 7) (A (Ker ( f))) = 0. Thus, if we assume that f ®, f
is injective, we can conclude that (7 ®, ) (A (Ker (f))) =

We finish this section by the following useful lemma.

Lemma 4.16. Let (A, H) be a commutative Hopf algebroid and (A, U) a co-commutative one. Then, there
is a bijective correspondence between the following sets of data:

a) morphisms f: H — U* of commutative Hopf algebroids;
b) morphisms f : H — U* of A°-algebras satisfying (32));
¢) morphisms h : U — *H of A-rings satisfying for all a,b € A, u € U and x,y € H

hw)(n(a® b)) = e(bu)a  and — h(u)(xy) = h(u)(xX)h(uz)(y). (49)

Proof. From |b)|to ja)| we go by the second part of Theorem From |a)| to |b)| we compose f with the
canonical map ¢ which by (@8)) is a morphism of A¢-algebras and satisfies (32). The correspondence is bi-
jective because of the universal property of ¢*. A direct computation shows that we have a correspondence
between A-bimodule maps f : H — U* satisfying (32) and A-ring maps & : U — “H (see Remark .
Thus the correspondence betweenandis given by h(u)(x) = f(x)(u) for all x,y € H and u € U, since
relations (@9) corresponds to f being an A¢-algebra map. O

Remark 4.17. Let (A, L) be a Lie-Rinehart algebra and set (A, U) = (A, V(L)) and (A, H) = (A, V4(L)")
in Lemma[4.16] So corresponding to the identity morphism of commutative Hopf algebroids id.y, ., there
is a morphism of A-rings i : V(L) — *(‘V4(L)) satisfying relations (@9). On generators it is explicitly
given by:

£ Vall) = (Va@)), (w0 — [z £ )]). (50)

5. DIFFERENTIATION IN HOPF ALGEBROIDS FRAMEWORK

Given a commutative algebra A, the assignment that associates every A-module M with the space
Der, (A, M) of k-linear derivations on A with coefficients in M gives a representable functor Der, (A, —) :
Mod, — Set whose representing object is the so-called module of Kéhler differentials (or simply Kihler
module) €, (A). In this section we are going to explore these facts in the Hopf algebroids framework. In
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addition, we will see how derivations on Hopf algebroids with coefficients in the base algebra are related
with Lie-Rinehart algebras and provide for us a contravariant functor . : CHAIgd, — LieRin,, called the
differential functor. This functor can be seen as the algebraic counterpart of the construction of Lie alge-
broid from a Lie groupoid. Analysing the case of split Hopf algebroids we will come across a construction
described in [DG] for affine group k-scheme actions.

5.1. Derivations with coefficients in modules. Next we fix a commutative Hopf algebroid (A, H). All
modules over H are right H-modules and with central action, that is, the left action is the same as the right
action, in the sense that m.u = um, for every u € H and m € M a right H-module. Let us denote by Mody,
the category of HH-modules and their morphisms. When we restrict to A via the unit map v, we will denote
by M, and M, the distinguished A-modules resulting from M. In particular, for Hy, this means that we
are considering H, as an A-algebra via the source map s, while H, is an A-algebra via the target map ¢.

DeriniTION 5.1. Let p : A —» H and ¢ : H — H be algebra morphisms and My be an H-module.
Set M, := ¢.(M), the H-module obtained by restriction of scalars via ¢, i.e. m - u = m.p(u) for all
m € M,u € H. It is assumed to be an A-module via further restriction of scalars: m - a = m.¢(p(a)). We
define the following right -module

Dery(H,, M,) = {6 € Hom, (H,, M,,) | 6(uv) = 6(u) - v+ 6(v) - u = 6(u).p(v) + (v).p(u) for all u,v € 7’(}
with H-action given by (6v)(u) = §(u).v for all u,v € H, 5 € Dery(H,, M,).

ReMARK 5.2. Notice that the condition 6 € Hom, (H,,, M,,,) in the definition of Der,(#,,, M,,) in Definition
[5.1lmeans that

o(up(a)) = 6(u).¢(p(a))
for all @ € A,u € H. Moreover, since the condition §(uv) = 6(u) - v + 6(v) - u for all u, v € H implies that
6(147) = 0, we have that 5(p(a)) = 6(14).¢(p(a)) = 0 forall a € A, whence 6 o p = 0.

As a matter of notation, if we have p : A — H an algebra map, f : H, —» H, and g : H, = H, two
A-algebra maps and 6 : H, - M, and A : H, — M, two A-linear morphisms, then we will set

(f* QW) == fu)guz),  (f *0)w) := 6(uz)-f(ur) and (A )(u) := Au,).g(uz) (5D

for every u € H. Notice that the compatibility conditions with A are needed to have that every s-product
above is well-defined.

Lemma 5.3. Let p,q : A — H be algebra morphisms. Let alsoy : H, - H,, ¢,8 : H, - H, and
¥, « 1 H, = H, be A-algebra morphisms. These induce H-module morphisms
DerA(Wn Mtp) I DerA(q-{rs M¢*|//)s DerA(q-{s’ Maf) - DerA(ﬂn M[i*a)a
ot oxy ot B0

(52)
Der,(H,, M,) — Der,(H,, M,,).

ot 6oy

Proof. The proof is simply a matter of checking that the assignments are well-defined and H-linear. Let
us do it for the upper left one and leave the others to the reader.
By definition (31)) we have that (6 = y)(u) = 6(u;).¢(u,) for all u € H. For every a € A, u,v € H we may
compute directly
(6 * ) v) = 6(ur). oV () (v2) + 6(vi)-(u (U2 (v2)
= (6 * Y)(W).(@ = Y)(v) + (6 * Y)(v).(@ * Y)(u),
(6 *Y)(ur(a)) = (6 * Y)(w).(¢ * Y)(1(a)) + (6 * Y)(1(a)).(¢ * ¥)(u)
= (6 * Y)(w).(@ * Y)(1(a)) + 6(140) 4 (1(@)) (e * Y)(u)
= (6 xY)(u).(¢ * Y)(1(a)),
((6v) * ¢) (W) = (V) () (uz) = 6(ur)- vip(uz) = (6 = Y)(w).v = ((6 * ¥).v)(w),

and this concludes the required checks. O
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ReMark 5.4. Notice that the latter morphism in (32) is a particular instance of a more general result,
claiming that for A-algebras p: A — H and ¢ : A — K every A-algebra morphism ¢ : H — K induces a
natural transformation ¢, (Der, (K, M)) — Dery(H, ¢.(M)), (6 — 6 o ¢) in H-modules.

COROLLARY 5.5. Let M be an H-module. For every p, q € {s,t}, we set:
Der,(H,, M,) := Ders(H,, M,.) and Der,”(H, M) := Der,(H,, M,,) = Der,(H,, M). (53)

Then we have the following isomorphisms of H-modules

Der,'(H, M) ——— Der,(H,, M,), Der,*(H, M) ——— Der,(H,, M,),
Ot IEI ot Sx6
Y *idy <~—————y idy *y <———y
N 54
Der,(H,, M,) — Der,(H,, M,).
ol 608
yoS 1y
Proof. Straightforward. O

Let us denote by 7 := Ker (&) the augmentation ideal of H. For every p € {s, t}, we have that u—p(e(u)) €
7 for all u € H and hence

vu = pleu) + I* = p(e()(u = p(e(u)) + I* (55)
in /I for all v € H. We can define the surjective map associated to I
H, il L (56)

Upb— (u - p(e(u)) + Iz)
which enjoys the following properties.

Lemma 5.6. Consider I/1? as an H-module via 53). Then, for every p € {s,t} and u,v € H, the map n*
satisfies:

n’op =0, m"(uv) = 7"(u) p(e(v)) + p(e(u)) 7 (v) (57)
In particular, 7 € Dery?(H, I/I%) = Dery(‘H,, (I/Iz)p). Furthermore, for every u,v € H, we have

U ® (V) = u®, m'(v) € H,®, ,(I/17), 7OV @4, = ' (V) Q4 u € (I/I2), ®4 s H,.. (58

Moreover, the maps

] 1 I 1
' H — (H, @, s<ﬁ)9 [“ > Uy @4 71"‘(“2)]2 ' H — (ﬁ)r ®a sH,s [U — 7' (1)) ®a uz] (59)
are well-defined left and right A-module morphisms, respectively.
Proof. The properties follow easily by the definition of 7. Concerning (38)), we have
uy ® ' (v) @ uy @y ()’ (v) = wit(e(uy)) 4 1°(v) = u®, w°(v),

R0 @ty D 7 WHE) ®4 1y = 7°(v) 4 S(Eu)itz = (V) @4 1.
It is now clear that Der,”(H, I/1%) = Dery(H,, (/1 2)p) and that 77 belongs to this set. As a consequence
n? € Hom, (7’{,,, (I/Iz)p) whence it makes sense to define * := ((H, @, )oAand ¢y’ := (n'®, ,H,)oA. O

Now we show that, for every p, g € {s, t}, Dery(H,, (-),) : Mody, — Mody, is a kind of a representable
functor.

Lemma 5.7. Given p,q,r € {s,t} with p # q and M an H-module. Then there is a natural isomorphism

Hom, ((%),. M,) (60)
S5t 6 := |7 (u) - ()|

fon? L

Der,(H,, M,)
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of H-modules.

Proof. First note that € € Hom, (H,, A) so that it makes sense to consider the following diagram.

mult P
H, ®, H, H, (L), 61)

Q4 H + H®pe

Let us check that it is a coequalizer of A-modules. Let N be an A-module and let § € Hom, (H,, N) such
that uv — up(e(v)) — p(e(u))v € Ker (6) for every u,v € H.

P

0 —— Ker (n") H, (%), 0.

If u € Ker (n”) (i.e. u— p(e(w)) € I?), then 6(u) “Z” 6(u— p(e(u))) € 6(I?) € I p(e(I)) = 0 so that & factors
through a unique map 6 : 7/7% — N such that § o 77 = 6.

On the other hand, by Lemma|[5.6} the map n” coequalizes the parallel pair in the diagram above. Thus
is a coequalizer as claimed. Now, for N = M, it is clear that the maps 6 € Hom, (H,,, N) coequalizing
the parallel pair in are exactly the elements in Der, (%, M,) so that they bijectively correspond to the
elements in Hom, ((%)p, Mq) by the universal property of the coequalizer. This correspondence is clearly

HH-linear and natural in M. O

5.2. The Kiihler module of a Hopf algebroid. Next, we investigate the Kihler module of  and con-
struct the universal derivation. The linear dual of this module with values in the base algebra, will have a
structure of Lie-Rinehart algebra. This construction can be seen as the algebraic counterpart of the geomet-
ric construction of a Lie algebroid from a given Lie groupoi@ In case the Hopf algebroid we start with
is a split one, then we show that this construction already appeared in the setting of affine group k-scheme
actions [DG], see also Appendix [B]for more details.

Keep the above notations. For instance, the underlying A-modules of the {-module (I /1?) are denoted
by (Z/1?), = ,(I/I?), forevery p € {s,1}.

Provosition 5.8. For a Hopf algebroid (A, H) and a H-module M, there is a natural isomorphism

Der,'(H, M) Homy, (\H, ®4 (%), M) (62)
ot [u ®, (V) uS(vl)(S(vz)]
| — i f(0 @, (wy)] /.
of H-modules.
Proof. It follows from Corollary [5.5] Lemma[5.7)and the usual hom-tensor adjunction. O

CoROLLARY 5.9. Let (A, H) be an Hopf algebroid. Then the Kdahler module &\ (H) of H with respect to the
source map is, up to a canonical isomorphism, given by:

I
QH) = H 0 (F) (0 H — Q). [u— w © 7))
where * is the morphism of Eq. (39) and now becomes the universal derivation.

Proof. 1t is clear that, if we take M = (H, ®, r(]%) in Proposition then the map corresponding to
f :=id is exactly the morphism ¢* so that * € Der,* (H, ;H, ®4 S(%)). O

RemARK 5.10. The analogous of Corollary[5.9]holds for ¢ as well, in the sense that we have an isomorphism
of H-modules Der,'(H, M) = Homy, ((Z/1?), ®4 ;H,, M) which makes of Q,(H) = (I/I?), ®, ,H, the
Kihler module with respect to the target. The universal derivation turns out to be the morphism ' of (59).

1 Appendixwe will review the latter construction, from a slightly different point of view.
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Next, we give another example of Lie-Rinehart algebra attached to a given Hopf algebroid. Recall that
the structure of A-coring on H is given on the bimodule (%, and that a left /{-comodule is a left A-module
N together with a coassociative and counital left A-linear coaction py : 4N — H,;®, 4N. One can consider
the distinguished left H-comodule (%4, A). The usual adjunction between ;H, ®, — : 4Mod — 4, Comod
and the forgetful functor & : ,Comod — 4,Mod leads to a bijection

6:"H — End"(H), (@ [ wiaw)]) (63)

where Endw('H) denotes the endomorphism ring of the left H-comodule (%, A). It is, in fact, an A-ring
via the ring map
A — End"(H), (a — [a-idy :u ut(a)]) (64)
As a consequence, there exists a unique A-ring structure on “H such that § becomes an A-ring homomor-
phism and it is explicitly given by
A— *H, (a — (U s(u)a]), axf:"H— A, (u — a(ult(ﬁ(uz))). (65)

ReMark 5.11. Let us make the following observations.

(1) Notice that the *H of equation (63)) is not the convolution algebra of the A-coring ,H, as defined
in (6), but it is its opposite.
(2) The A-bimodule structure on *H is explicitly given, for all a,b € A,u € H, by

(a-a-b)(w) = ((ag) = a = (be))(u) = as(uﬂ(a(uﬂ(bs(u;))))) = aa (ut (b)) .

(3) One may consider also the adjunction between — ®, ,H, : Mod, — Comody, and the forgetful
functor & : Comody, — Mod,. By repeating the foregoing procedure for the distinguished H-
comodule (H;, A) one may endow H* with an A-ring structure with product

(f * )w) = f(s(eu))us). (66)

However, this turns out to be isomorphic as an A-ring to *H via *H — H*,(f — f o S) in light of
of Remark [2.1] Indeed, for all f, g € “H,u € H we have &(S(u)) = &(u) and

((f 09 ¥ (508)w) B ( 0 S)(s((g 0 Hun)ie) = F(S)((S(w))))
= (S 1(e(S@)) B ((f * &) 0 S)(w).

In this direction, notice that Der,*(H, ) admits a Lie k-algebra structure given by the commutator
bracket. We can consider the (left) A-submodule of Endﬂ(ﬂ ) defined by

Dery (‘H, H) := End”(H) N Der.’(H, H)

67
= {5 € Hom, (H,H)| 6 o s =0, 6(uv) = 5(u)v + ud(v), A(6(w)) = u, ®, 6(u,) for everyu,v € 'H} ©7

which inherits form Der,*(H, H) a Lie k-algebra structure.

From now on, we will denote by A, the H-module with underlying A-module A and action via the
algebra map &. Notice that (with the conventions introduced at the beginning of A, = A, = A, since
we know that € o s = £ o t = id. Thus, there is only one A-module structure on Der,'(H, A,), given by

as:H— A, (ur— asw). (68)

Lemma 5.12. The isomorphism 0 of equation induces an isomorphism 8" of A-modules which makes
commutative the following diagram

“H ¢ End” (H)

*(n*)

(&) T Der, TH, A,) ~ ~ ¥ — = Dery (H. H).
Moreover, Der,*(H, A,) admits a structure of Lie k-algebra with bracket
[6,51:=0%6 =8 %6 : H — A, (ur— 6t (w)) - &' (w1 1(5())) (69)
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which turns € into an isomorphism of Lie k-algebras and this structure can be transferred to *(I%) ina
unique way making *(r*) an inclusion of Lie k-algebras.

Proof. Note that 67'(6) = £ o 6 for every 6 € End”(H) so that it is clear that 6~'(Dery*(H, H)) C
Der,*(H, A,). On the other hand, given 6 € Der,*(H, A,), for every a € A and u, v € H, we have
0(6)(s(a)) = s(a)1(6(s(a),)) = s(a)1(6(1)) = 0,
AO0) () = Aui1(6(u2))) = uy @4 Urt(6(u3)) = uy @4 O(6)(u2)
and
0(6)(v) = wvi(8(12v2)) = v {6(us)e(v2) + £(u)5(12))
= i 1(6(u2))v11(&(v2) + ui 1(&(2) )1 1(6(v2)) = 6(8)(w)v + ub(6)(v).
Therefore, 8(Der,*(H, A,)) C Dery*(H, H). It is now clear that 6 induces an isomorphism
¢ : Der,'(H, A;) — Dery’(H, H)

making the right square diagram in the statement commutative. Since 6(6x8") = 6(6)06(8") and Dery*(H, H)
is a Lie subalgebra of End”(H) we get that Der,*(H, A,) becomes a Lie subalgebra of *JH with bracket
defined as in the statement. Since Der,*(H, A,) = Der,(H,, A,), we can apply Lemmato complete the
diagram with the commutative triangle in the statement. O

In contrast with the Hopf algebra case, the Lie algebra Der,*(H, A,) admits a richer structure. Namely
that of Lie-Rinehart algebra. The anchor map is provided as follows.

ProposiTioN 5.13. Let (A, H) be a Hopf algebroid. The pair (A,Der,*(H, A,)) is a Lie-Rinehart algebra
with anchor map:

w:=Dery (1, Ag)

Der,*(H, A,) Der,(A) (70)
ol dot.

Proof. The map w is clearly a well-defined A-linear map. Let us check that its also a Lie k-algebra map.
Take 6,8 € Der,*(H, A,) and an element a € A, then
% 8)(1(@) B 5(1(a) 15/ (1(a))) = 515 (@) = (6 0 (& © 1)(@))
sothat (§«68)ot= (501 o (8 ot)and hence
w([6,8]) =[6,8]0t=( 6 -8 x6)ot=(50f)o(d ot)—(§of)o(6ol)
= w(O)w(d") — w0 )w(d) = [w(d), w(d)].

Therefore, w([5,8']) = [w(6), w(§")]. We still have to show that w satisfies equation (22). So take a € A and
6,8’ as above. Then, for any element u € H, we have,

[6,a8' 1) = 8(uyad' (w))) — a8’ (u,1(3(us)))
= O(uH(a)t(&' (uy))) — a(d’ * 0)(u)
= 0(H(@)e(u (6 (1)) + £(tH@)5(1, 16 (1)) — @& 5)(w)
= 0(H(@)d' (u) + a6 * 6" )(u) — a(d’ * 6)(u)
= a(d*8 =8 =6)(u) + 6(t(a)d ()
= al6, 8 (u) + w©)(a)d (u).
This implies that [0, ad’] = a[d, '] + w(d)(a)d’ and the proof is complete. |

REmARK 5.14. One can perform another construction of a Lie-Rinehart algebra from a given Hopf algebroid
(A, H) by interchanging s with ¢, however, the result will be the same up to a canonical isomorphism. In
fact, by resorting to [(2)| of Remark Corollary [5.5]and [(3)| of Remark [5.T1} one may prove that there is
an isomorphism of Lie-Rinehart algebras

Der,'(H, A,) — Der/(H, A), (6 60.8)

where the latter is a Lie-Rinehart algebra with anchor map w’ := Der;'(s, A,).
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ExampLE 5.15. Let (H,m,u,A,&,S) be a commutative Hopf k-algebra and let (A,u,n,p) be a left H-
comodule commutative algebra, that is: an algebra in the monoidal category of left H-comodules which is
commutative as k-algebra. By the left-hand version of (2) in Example we know that H := H® Ais a
split Hopf algebroid with its canonical algebra structure (i.e., (x ® a)(y ® b) = xy ® ab) and
nua®b)=a,®ah, Ay(x®a)=(x; 1) & (1, ®a), ex(x®a)=¢ex)a, Sxa)=S(x)a_® a.
Notice that tensoring by A over k induces an anti-homomorphism of Lie algebras
7 : Der.(H, k,) — Der,'(H, A, [0 6®A].
Indeed,
(0 ® A)(xy ® ab) = 6(xy)ab = 6(x)e(y)ab + &(x)o(y)ab
=(0QA)(x®a)ey(Y®b)+ex(xQa) 0 QA)y®D),
[7(6), (6] (x ® a) = (1(6) * T())(x ® a) — (7(&') * T(H))(x ® a)
=7(0) (s (7(6)(x; @ 1)) (x, ® @)) = 7(6") (s (1(6)(x; ® 1)) (x> ® a))
=06'(x)7(6) (2, ® @) = 6(x1)7(6") (x> ® @)
=0 (x)0(x)a — 6(x1)0' (x)a =70 *6 — 5 %= )(x ® a).
Consider now the composition

Der.(H, k,) —— Der, (H, A,,) —2> Der(A) 1)

where w(6) := Der,'(s, A,, )(6) = J o s is the anchor map of the Lie-Rinehart algebra Der,'(H, A,,,). For
every ¢ € Der,(H, k,), it follows by a direct check that for alla € A

w (1(9)) (@) = 1(6) (a-1 ® ag) = 6(a_1)ao.

Let us see now that the anti-homomorphism of Lie algebras of Equation (71)) already appeared in [DG]
in geometric terms. To this aim, notice that H and A give rise to an affine k-group G := CAlg, (H, —) and an
affine k-scheme X := CAlg, (A, -), respectively. Hence the map in (7I) becomes the anti-homomorphism
of Lie algebras Lie(G)(k) — Der, (0, (X)) (see [DG, 11, §4, n°4, Proposition 4.4, page 212]). For the
sake of completeness, we include such a construction in §B|of the Appendix and we show that these two
anti-homomorphisms of Lie algebras are essentially the same. What we just showed is that the map (7))
descends from the anchor map of the Lie-Rinehart algebra Der,'(H, A,,,) of (A, H).

5.3. The differential functor and base change. Below we show that the construction performed in Propo-
sition[5.13]is functorial. We also discuss the compatibility of this construction with the base ring change.

ProposITION 5.16. Fix a commutative algebra A. Then the correspondence
£ : CHAIgd, — LieRin,, (H — Z(H) := Der,'(H, A,))

establishes a contravariant functor form the category of commutative Hopf algebroids with base algebra A
to the category of Lie-Rinehart algebras over A.

Proof. Let ¢ : H — %K be a morphism in CHAIgd,. We need to check that the map
Ly LK) — LH), (61— 600¢) (72)

is a morphism of Lie-Rinehart algebras. This map is clearly an A-linear and a Lie algebra morphism. Thus,
we only need to check that it is compatible with the anchor, which is immediate as the following argument
shows. For a € A and § € Z(H), we have w(Z;(6)) = ZLs(6) oty = ooty = §otyx = w(d). O

The functor £ will be referred to as the differential functor. Notice that since the notion of a morphism
of Lie-Rinehart algebras over different algebras is not always possible (mainly due to the problem of con-
necting Der, (A) and Der,(B) in a natural way), the differential functor cannot be defined on maps of Hopf
algebroids with different base algebras. Let us analyse closely this situation.

Let (¢, ¢1) : (A, H) — (B, K) be morphism of Hopf algebroids and consider the associated extended
morphism of Hopf algebroids (id, ¢) : (B, B&, H®, B) — (B, K) where ¢(bQ®,u®,b’') = sg(b)p; )ty (b').
Define also the map « : H — B®, H ®, B which maps uto 1 ®, u ®, 1 and note that ¢ o k = ¢,. Denote
by B, the H-bimodule B with action given by the algebra extension ¢y& : H — B.
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In what follows, by abuse of notation, we will denote by *f the pre-composition with a morphism f,
i.e., the map g — g o f. The domain and codomain of this map will be clear from the context. Similarly
we will use the notation . f for g — f o g. In this way, we have the following linear maps :

(o) := Der, (H, @) : Dery*(H, A,) — Der,’(H, B,.), (6 > ¢ o 6)

Z; ="¢ = Der,’(¢, B) : Der,’ (K, B,) — Der,’(B®, H ®, B, B,), (6 > do ¢))
‘& := Dery"(k, B) : Der,'(B®, ‘H ®, B, B,) — Der,"(H, B.), (6+ 60k)

t .= Der,’(t, B) : Dery*(H, B,.) — Der,(A, B), (y > yo t).

PropositioN 5.17. Let (¢g, ¢1) : (A, H) — (B, K) be as above. Then we have a commutative diagram of
A-modules

? . Der,"(B®, H ®, B, B,) —*— > Der.(B)
LW (73)

Der, (A, B)

Der,*(K, B.)
(@1).

T

0 Derk ! ((]—{» B(ﬁs)

*t

Der,*(H, A.)
where the right-hand side square is cartesian. Moreover *¢ is a map of Lie-Rinehart algebras.

Proof. We only show that the square is cartesian. Definet: B - B, H®, B: b~ 1®,1®, b. Then
k(@) =1, Ha)®, 1 =10, 18, ¢y(a) = T(¢o(a)) so that k o t = T o ¢,. Note that w = *1 := Der, (7, B)
so that “f o “k = "(k o 1) = *(T 0 ¢hy) = *(¢) o *7 and the square commutes. Hence we have the diagonal map

(k. '7) : Der'(B®, H ®, B, B,) — Der(H, By.) | X Dery(B), (6 — (k(8)."7(6)))-

ery (A,

Let us check that this map is invertible. Take ¢ € Der,*(B ®4 H ®, B, B,). Then
b4y u®, b)) =bé(k(w)t(b')) = bé(k())b" + bpo(e(u))o(t(b’))

so that (b ®, u ®, b’") = bo,(u)b’ + bpy(e(u))d,(b") where we set §, := d ok = “k(6) and 8, := d o T = *7(0).
Thus the map (*«, “1) is injective. It is also surjective as any pair (J,, d,) in its codomain is image of

§: By H® B B,, (b®u®,b > bowh +bgy(e)or(b)).

This is a well-defined map thanks to the equality “#(d,) = *(¢)(d,). Furthermore, it is clear that 6 o s = 0
and one shows that ¢ is a derivation as follows. For every b, b’,¢,¢’ € B and u,v € H, we have

6((17 Rp U By b/)(C Rp VY C’)) = (S(bC Qq UV Qy /C/)
= bcod (uv)b'c’ + bego(e(uv))o,(b'c’)

= be(81)po(E(v)) + Go(e)5,())b'c’ + bego())go(eM)(62(B)c" + b'6,(c"))

= (b6, + bp(£()FAB))co(eW’ + bpo(e@Nb (8 + cho(e(n)Ba(c)))
=R u,b)e(c®v®y )+ bR, u®, b)o(c v, ).

Note that "k 0 "¢ = *(¢ o k) = *(¢,) so that triangle drawn in the statement commutes. Since *¢ = .Z,, we
have that *¢ is by Proposition [5.16]a morphism of Lie-Rinehart algebras and this completes the proof. O

REmARK 5.18. As one can expect there is no hope in general to obtain a morphism of Lie-Rinehart algebras
which could relate Der,*(%, B,) with Der,'(H, A,) in diagram (73). Even if we extended the A-module
Der,*(H, A,) to the B-module Der,*(H, A,) ®4 B, then one still have to endow this B-module with a
Lie-Rinehart algebra structure over B, which is not always feasible. Nevertheless, if we assume that .(¢,) :
Der,*(H, A.) — Der,*(H, B,.) is a split-epimorphism, i.e., that there is some map 7y such that .(¢)oy = id,
then ,(¢g) o (y o *(¢1)) = *(¢h) = “k o *¢ so that y o *(¢,) : Der,*(K, B,) — Der,*(H, A,) completes the
diagram but it is not clear which kind of morphism it is.
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6. INTEGRATIONS FUNCTORS IN LIE-RINEHART ALGEBRAS FRAMEWORK

In this section we construct functors from the category of Lie-Rinehart algebras to the category of
commutative Hopf algebroids over a fixed commutative base algebra A. These functors are termed the
integration functors. There are in fact two ways of constructing the integration functor depending on
which dual we are using, that is, depending on which contravariant functors we will use: (—)° or (-)°.
Nevertheless, as we will see in the forthcoming section, the first one will lead (under some condition on the
base algebra) to an adjunction only when restricted to Galois Hopf algebroids while the second one gives
an adjunction to the whole category of commutative Hopf algebroids.

LemMma 6.1. Let A be a commutative algebra. Then there are contravariant functors
7 := (=) oV, : LieRin, — CHAlgd,, (L — V.(L)),
S = ()" oV, : LieRin, — CHAIgd,. (L — Vu(L)")
together with a natural transformation V := ZZVA I > I

Proof. V, is the functor of Remark (-)° and (-)" are those of Proposition and Theorem [4.14]
respectively and ¢ is the natural transformation of Example O

Let (A, L) be a Lie-Rinehart algebra and consider its universal enveloping Hopf algebroid (A, V(L)).
Attached to this datum, there are then two commutative Hopf algebroids (A, V,(L)°) and (A, V(L)) and
one can apply the differentiation functor to these objects and obtain other two Lie-Rinehart algebras. In
fact there is a commutative diagram:

(A L) —>* A, Z( 7 (L))

o Tip(VL)
A, Z(7'(L)

of morphisms of Lie-Rinehart algebras, where ® and ®’ are natural transformations explicitly given in
Appendix [A.2] The following is a corollary of Theorem .12]

ProposITION 6.2. Assume that V of Lemma[6.1|is a monomorphism of corings on every component. Then,
Homcpaiga, (H, V) : Homcyaga, (H, 7 (L)) = Homcpaiga, (H, 7' (L))

is a bijection for every commutative Hopf algebroid (A, H) such that cany is a split epimorphism of A-
corings and for every Lie-Rinehart algebra (A, L).

Proof. Since V, = zq,A(L), the equivalent conditions of Theoremhold. In particular, Coring,(H, V)
is bijective and hence Homgagq, (H, V,) is injective. Moreover, consider g € Homgpagq, (H, #'(L)). By
bijectivity of Coring,(H, V;) there exists a f € Coring,(H, .# (L)) such that ZVA@) of=g.

Since (A, H) is a commutative Hopf algebroid, its multiplication mg : H ® H — H factors through a
A-bilinear morphism my : H © H — H and since Ay and &4 are algebra morphisms we get that /7y, is a
morphism of corings. Analogously, also 77 ¢, is a morphism of corings. Since f is a morphism of corings
as well, it induces a coring map f @ f : HOH — #(L)® .# (L), where O is recalled in Remark 1.4} From
the following computation

Sypofomy=gomy=mgqo(@0Og =muuoy,uyOlywo(fOf)=40ypomewo(fOf)
and the fact that Z%«L) is a monomorphism of corings, we get that f o /iy = m sy o (f © f) so that f is
multiplicative. We also have that Zmu) ofony=g0onNy=Neq = ZWA(L) © 1.#, and since 0y and 1,4,
are morphisms of corings we get as above that f o g = 1.5).

Finally, since Sy : H*P — H, where H® has the structure as in (7), is easily checked to be a morphism
of corings, from the following computation

ZVA(L) ofoSu=g0Su=8Sswy°8=Ssu OZVA(L) of= Z’VA(L) oSyupof
we deduce that oSy = S 4(;y0f. We have so proved that f is a morphism of commutative Hopf algebroids
and hence that Homgpaga, (H, V,) is surjective as well. m]
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We give now a criterion for the existence of a morphism (A, L) — (A, Z(H)) of Lie-Rinehart algebra.

Lemma 6.3. Let (A, L) be a Lie-Rinehart algebra and (A, H) a commutative Hopf algebroid. Assume that
there is a morphism o : L — Z(H) = Der,’(H, A,,,) of Lie-Rinehart algebras. The map o : V(L) — *H
given by o o 1y(a) = agy, for every a € A, and o o 1,(X) = —0(X), for every X € L, is an A-ring map which
satisfy the equalities of equation {@9). That is, for all a,b € A, u € V(L) and x,y € H, we have

oc)(m(a® b)) = ey(ta(b)w)a and  o(u)(xy) = o(u)(x)o(u)(y).

Proof. Define ¢, : A — *H sending a to the map aey and ¢, : L — *H which sends X to —o(X). By the
universal property of V(L) there exists a unique algebra morphism o : V(L) — *H such that oty = ¢,
and o o ¢; = ¢;. Since ¢, gives the A-ring structure of *H, we have that o is an A-ring map. Notice that

o ((ta(@u)(x) = (ac(u))(x) 8 o (u)(xt(a)) (74)

forall u € V4(L),x € H,a € A. Let us check that o fulfils (49). To this aim, let us denote by B the subset
of the elements u € V(L) such that relations @9) hold for all a,b € A and x,y € H. By means of (74) it is
straightforward to check that ¢, (a)u, uv, 14, ), t,(X) € B foreverya € A,X € L and u,v € B. Therefore in
light of the fact that V,(L) is generated as an A-ring by the images of ¢, and ¢,;, we deduce that V(L) C B.
Summing up, V(L) = B and hence o satisfies relations @9)), for all u € V,(L). |

Lemma 6.4. Let (A, L) a Lie-Rinehart algebra with anchor map w : L — Der,(A) and take U = V,(L).
Then there is a bijective correspondence between the following sets of data:

a) morphisms h : V,(L) — “H of A-rings satisfying [@9);

b) morphisms h : L — Der,*(H, A,) = L (H) of Lie-Rinehart algebras.

Proof. Given h : V(L) — *H as in we define Z(X) = —h(1. (X)), for any X € L. The latter is left
A-linear so that h(X) € Der,*(H, A,) in view of the following computation

() = —h(e(X))xy) B =h (X))@ (L) ) = b (Ly,0y) (DA
= h(X)(0)e(y) + ()RX)().

Since ¢, is right A-linear Lie algebra map and 4 is an A-ring morphism, we get that his a right A-linear
Lie algebra map, more precisely h(aX) = h(X)a (since we are taking L as a left A-module). Moreover, by

Proposition
w@(X)) (@) = hX)U(@) = ~h (X)) (1)) = ~h (X)) (Lya) @ = (@h (X)) (1)
= ~h(L(@uX) (1) B~ (L4(@u X)) D &0 (EX@) - 1K) @) = V(X))

Conversely, starting with 7z : L — Der,’(H, A,) = L(H) as in By applying Lemma we know that
there is an A-ring map & : V,(L) — *H as inja)} The bijectivity of the correspondence between the set of
maps as ina)]and those of[b)] is easily checked. i

Remark 6.5. Let (A, H) be a Hopf algebroid and consider the canonical map g : V(£ (H)) — *H, which
corresponds by Lemma [6.4| to —id (4, (in the above notation this means that g = —id ). By Lemma
we have an algebra morphism 4 := 6o g : V,(Z(H)) — End,(H). Let us consider the canonical
injective maps

iy : A — End,(H), (a - [u ut(a)])
igg 1 L(H) — Endy(H), (6 [u > ut6ue))]) (75)

of algebras and Lie algebras, respectively. Denote by V the sub k-algebra of End, () generated by the
images of i, and i . The isomorphism stated in Lemma [5.12] shows that V' is the subalgebra of the
algebra of differential operators of H generated by A and the derivations of H which are right H-colinear
and kill the source map. Clearly the maps i, and i, satisfy the equalities of equation (24). Moreover,
hoigg = tegw and hoiy, = . Therefore, h : V,(Z(H)) — End,(H) is the unique morphism
arising from the universal property of the enveloping algebroid and, as a consequence, we have that it
factors through the inclusion V c End, (). In contrast with the classical case of Lie k-algebras (k is of
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characteristic zero), it is not clear here if the map 4 is injective or not. Nevertheless, we believe that the
first step in studying the problem of integrating a Lie-Rinehart algebra passes through the analysis of the
A-algebra map h.

7. DIFFERENTIATION AS A RIGHT ADJOINT FUNCTOR OF THE INTEGRATION FUNCTOR

Now that we collected all the required constructions and notions, we can extend the duality between
commutative Hopf algebras and Lie algebras given by the differential functor to the framework of commu-
tative Hopf algebroids, as we claimed at the very beginning of §3]

Tueorem 7.1. Let us keep the notations of Lemmal[6.1] There is a natural isomorphism

HomCHAIgdA (H, 7' (L)) Homyiegin, (L, Z(H)),

for any commutative Hopf algebroid (A, H) and Lie-Rinehart algebra (A, L). That is, the integration func-
tor I : LieRiny, — CHAIgd? is left adjoint to the differentiation functor £ : CHAIgd? — LieRin,.

Proof. The natural isomorphism is constructed as follows. Given a morphism of commutative Hopf alge-
broids ¢ : H — #'(L) = V4(L)°*, we have by Lemmas and the following Lie-Rinehart algebra
map: L, : L — Der.*(H, A,) sending X — [u — —§(¢(u))(LL(X))]. As it was shown in those Lemmas, this
is a bijective correspondence, which is clearly a natural morphism. O

Notice that, by Theorem[/.1} we always have the map

HomcHaiga, (H.VL)

Homghaga, (H, 7 (L)) Homghaiga, (H, 7' (L)) — HoMyierin, (L, L (H)), (76)

induced by the natural transformation V = Z(VA of Lemma Under some additional hypotheses, this
becomes an isomorphism as well.

THEOREM 7.2. Let A be a commutative algebra for which the map ¢y of equation (31) is injective for every
A-ring R (e.g., A is a Dedekind domain). Then there is a natural isomorphism

Homgchaga, (H, 7 (L))

Homyiegin, (L, Z(H)),

for any commutative Galois Hopf algebroid (A, H) and Lie-Rinehart algebra (A, L). That is, the integration
functor ¥ : LieRin, — GCHAIgd? is left adjoint to the differentiation functor . : GCHAIgd? —
LieRin,.

Proof. First of all, in light of Remark we know that .#(L) is a commutative Galois Hopf algebroid,
whence the statement makes sense. Moreover, since GCHAIgd, is a full subcategory of CHAIgd,, we
have Homgcnaga, (H, # (L)) = Homguaga, (H, -#(L)). In light of Proposition the injectivity of £,
implies that Homgpage, (H, V;) is bijective and hence, by Theorem ([76)) is a bijection as well. O

RemARK 7.3. Observe that in Theorem[7.2] we may replace the category GCHAIgd, with the subcategory of
CHAIgd, of all those commutative Hopf algebroids whose canonical map is a split epimorphism of corings,
once noticed that (L) = V,(L)° is always in this category because can o Z(y) = idg. for every R. In
addition, the injectivity of {, for every A-ring R can be replaced by asking that £ is either injective or a
monomorphism of corings on every component. Notice also that these requirements on Ve implies that y is
an isomorphism in view Theorem Hence, by the foregoing, can is invertible and so R° is a Galois
coring for every R.

When we restrict to the category of commutative Hopf algebras, that is, assuming that A is the base field
k (the source is equal the target in such a case, since all Hopf algebroids are over k), we have the following
well-known adjunction (recall from Remark {.15][(3)|that .# = .&").

CoroLLaRY 7.4. There is a natural isomorphism Homcyag, (H, 7 (L)) = Homye, (L, Z(H)), for any com-
mutative Hopf algebra H and Lie algebra L. That is, the integration functor .& : Lie, — CHAIQ,” is left
adjoint to the differentiation functor £ : CHAIg,” — Lie,.
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8. SEPARABLE MORPHISMS OF HOPF ALGEBROIDS

We conclude the theoretical part of the paper by finding equivalent conditions to the surjectivity of the
morphism .7 : Der,' (K, A) — Der,*(H, A) induced by a Hopf algebroid map ¢ : (A, H) — (A,K). In-
spired by [[Abl Theorem 4.3.12], we also suggest a definition of separable morphism between commutative
Hopf algebroids based on this characterization.

Let (A, H) be a commutative Hopf algebroid. Consider the category Mody, as in Let us denote
by Ry : Mody, — Mody, the functor given by Ry (M) := Der,’(H, M) on objects and by Ry(f) = .f
on morphisms. Let 7 = Ker(g) and set Q(H) := ,(Z/I?). Given a morphism of commutative Hopf
algebroids (id ¢) : (A,K) — (A, H), the universal property of the coequalizer (61)) applied to K gives a
unique A-module map Q(¢) : Q(K) — Q(H) such that Q(¢) o . = 7}, o ¢. In this way we get a functor

Q(-) : CHAlgd, — Mod,.

Note that the morphism ¢®,Q(¢) : K®, Q(K) = H®,Q(H) yields a morphism Q} (¢) : Q5 (K) — Q(H)
by Corollary

RemMark 8.1. We know from Proposition that Ry (M) = Homy, (Q(H), M) whence Ry admits a left
adjoint, namely Ly = — ®¢ Q;(H). Notice that Q}(H) = H ®, Q(H) as H-modules by Corollary
and A ®¢ Q5 (H) = Q(H) as A-modules. Therefore Ry preserves small colimits if and only if Q5 (H) is
finitely generated and projective as H-module, if and only if Q(#) is finitely generated and projective as
A-module.

TueoreM 8.2. Let (id ¢) : (A, K) — (A, H) be a morphism of commutative Hopf algebroids. Assume that
Q(H) and Q(K) are finitely generated and projective A-modules. The following assertions are equivalent
(a) Q(¢) is split-injective.
(b) Z, is surjective.
(c) Der,*(¢, —) : Der,*(H, —) — Der,*(K, ¢.(-)) is surjective on each component.
(d) Der*(¢, H) : Der,*(H, H) — Der, (K, H) is surjective.
(e) H Ry QL (K) = Q(H) : h®x w = hQ;(¢)(w) is split-injective.

Proof. To prove the equivalence between and observe that Q(¢) is a split-monomorphism of A-
modules if and only if *(Q(¢)) : *(Q(H)) — *(Q(K)) is a split-epimorphism of A-modules. However, as
Q(K) is finitely generated and projective, *(Q(K)) is finitely generated and projective as well and hence
requiring that *(Q(¢)) splits is superfluous. By Lemma the map *(Q(H)) — L(H) which assigns to
every f the composition f o}, is an isomorphism of A-modules. In view of the relation Q(¢) o 75 = 7}, 0 ¢
and of the definition of L, we have that the following diagram commutes

Q) — ) pgay
*(Q((b))l l&»
“(Q(K)) T L(K)

so that *(Q(¢)) is an epimorphism of A-modules if and only if £, is. The implications from to and
are obtained evaluation the natural transformation Der,*(¢, —) on A, and H respectively. To prove that
[(D)]implies [(c)| consider the following diagram for every M € Mody,.

M @, Der,'(H, A,) ——= M &, Ders(H,, A) —z> M @, Hom, (Q(H). A)

Y
Der,(H, M) —=—+ Der,(H,, M,) —=2—~ Hom, (Q(H), M,)

The undashed vertical arrow is the map m ®, f +— [q +— mitf(q)] which is invertible because Q(H) is
finitely generated and projective. As a result we get the dashed vertical isomorphism ¢4 given by m®, 6 —
[u — mu,t6(u,)] which is clearly H-linear (with respect to the action of  on M) and natural in H. This
naturality implies that Der,*(¢, M) is an epimorphisms whenever £, is. To show the implication from
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to notice that the above naturality implies in particular that H ®, L, is an epimorphism of A-modules.
Now since L, can be recovered from H ®, L, by applying the functor A®,, —, it is an epimorphism as well.
Finally, observe that the map in|(e){can be easily identified with H &4« Q(¢) since Q}(K) = K ®4 Q(K)
and analogously for . Now it is clear that [(a) implies [(¢)] and the other implication follows by applying
the functor A ®, —, and this finishes the proof. m]

RemMARK 8.3. Assume that H and K are ordinary commutative Hopf algebras over A = k and also integral
domains such that G := CAlg,(H, k) and E := CAlg, (K, k) are connected affine algebraic k-groups. Notice
that any one of these algebras is smooth and then both Q(H) and Q(K) are finite-dimensional k-vector
spaces. Let ¢ := CAlg,(¢,k) : G — E. By resorting to the notation of [Ab, 3.1], we have that dp = .Z},.
Therefore, in view of [Abl Theorem 4.3.12], the separability of the morphism ¢ can be rephrased at the
level of commutative Hopf algebroids by requiring that the morphism ¢ satisfies the equivalent conditions
of Theorem[8.2] In this way, a morphism of commutative Hopf algebroids with smooth total algebras may
be called a separable morphism when it satisfies one of the equivalent conditions of Theorem 8.2

9. SOME APPLICATIONS AND EXAMPLES

This section illustrate some of our theoretical construction elaborated in the previous sections.

9.1. The isotropy Lie algebra as the Lie algebra of the isotropy Hopf algebra. In analogy with the Lie
groupoid theory, we will show here that the isotropy Lie algebra of the Lie-Rinehart algebra of a given Hopf
algebroid coincides, up to a canonical isomorphism, with the Lie algebra of the isotropy Hopf algebra.

Let (A, H) be a commutative Hopf algebroid whose character groupoid is not empty. This amounts
to the assumption A(k) = CAlg,(A,k) # 0, that is, CAlg,(A, —) admits k-points. Take a point x € A(k),
and consider the isotropy Hopf k-algebra (k, H,) at the point x. By definition, see [EL| Definition 5.1] and
[EG2| Example 1.3.5], H, = k. ®, H ®,k, is the base extension Hopf algebroid of (A, H) along the algebra
map x : A — k (the notation k, means that we are considering k as an A-algebra via x). The Lie algebra of
the commutative Hopf algebra (k, #,) is by definition the k-vector space Der,(H,, k,,).

On the other hand, for a given point x € A(k), we set

ZL(H), = {6 € Der}(H.k,)| §01 = 0 (77)

These are vectors in the fibre 2 '(k), of the vector bundle 2 (k) at the point x, which are killed by the
anchor (70); in the notation of Appendix and equation (87), this is the vector space 2 /(k),. The
vector space Z(H),, x € A(k), is referred to as the isotropy Lie algebra of the Lie algebroid £ (H). The
terminology is justified by the following result.

ProposiTiON 9.1. Let (A, H) be a commutative Hopf algebroid over k with A(k) # 0. Then

(i) for a given point x € A(K), the k-vector space L (H), of equation admits a structure of Lie
algebra whose bracket is given by

[6,51:H — ke, (1 (68 (1) = & (u)5(ws)));
(ii) there is an isomorphism of Lie algebras given by
V:ZL(H), — LH,) =Der(H, k), (6 [18,ue, 1+ 6w)) (78)

Proof. (ii). The map V is a well-defined k-linear morphism, since any vector in .Z(H), is an A-linear map
with respect to both source and target. The inverse of V sends any derivation y € .Z(H,) to the derivation
yr,, where m, : H — H is the canonical algebra map sending u — 1, ®, u®, 1, . Now, it is easy to check
that the bracket of .Z’(H,) induces the one in (i) via V. O

(9 By abuse of notation we employ .Z(H) the Lie-Rinehart algebra of (A, ) in this equation. However, this can be justified
using the identification of the A-module of global sections I'(:Z") with .Z(H), as stated in Proposition
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9.2. The Lie-Rinehart algebra of Malgrange’s Hopf algebroids. In this final subsection we compute the
Lie-Rinehart algebras of some Hopf algebroids which arise from differential Galois theory over differential
Noetherian algebras. Inspired by [Malll, Mal2[], [MU] and [Uml], some of these Hopf algebroids were
introduced and described in [EG2]. We also construct a morphism from the Lie-Rinehart algebra of one
those Hopf algebroids, to the one arising from the global smooth sections of the Lie algebroid of the
invertible jets groupoid attached to this Hopf algebroid.

Let us consider the polynomial complex algebra A = C[X] and {xo,y, | n € N} a set of indeterminates.
For a given element p € A, we denote by dp its derivative, where 0 := 9/0X is the differential of A.
Consider the Hopf algebroid (A, H) over C, where

7{ = C[xo,)’o,}’b' ERER T ﬁ]s

is the polynomial C-algebra, and where the structure maps are given as follows.
The source and the target are given by:

s:A—>?{,(X»—>x0:=x) and t:A—)ﬂ,(Xn—)yozzy) (79)

The comultiplication is:

37_(1 2 sq_{t ®A _;7‘{,
Alx) = x®@1, AQ) = 1®,4,
_ n' yl ki }’2 k> yn i
A(yn) = Z m((i) (5) N (;) )®A Vi) +hy ety > forn > 1.
(ki ko, kn) "
ky+2ky+--+nky=n

(see [EG2, §5.6] for the symbols in the sum). Thus, for n = 1, 2, 3,4, the image by A of the variables y,’s
reads as follows:

(80)

AYD) =y1®a v A2 =12 @4y +Y; ®1v2s  A(ys) = ¥3 ®4 i + 39132 ®4 2 + Y, ®4 V3,
AWs) = ya ®a y1 +4Y391 @4 Y2 + Oy2)] @4 Y3 + 392 @4 Y2 + ¥} ®4 Yas
Lastly the counit is given by:
oH, £ A
ex) =X, ey =X, &0@,) = 6., forevery n>1.
An explicit formula for the antipode S : ;H, — ,H, can be found in [EG2] §5.6].

81)

Provposition 9.2. Consider the above Hopf algebroid (A, H) over the complex numbers. Then the Lie-
Rinehart algebra £ (H) of (A, H) has underlying A-module the free module A™ whose anchor map is

w: A" — Derc(A),  (a:= @yen — (p = adp))
and the bracket is defined as follows. For sequences a and b as above, the sequence [a,b] is given by:

[(1, b]() = aoabo - boaao, [(1, b]l = aoabl - boaal, [(1, b]z = a2b1 — bzal + aoabz - boaaz,

[a,b], = Z (’il)(a,-b,,_,-ﬂ —bia,_is1) + (aydb, — byda,), for n = 3.

i=1

Proof. Let 6 be an element in .Z(H) = Dery(H,A,), then ¢ is entirely determined by the sequence of
polynomials (6(x,), 6(¥o), 6(1), -....). Since we know that §(x,) = 0, we have a sequence

(6(0), 601), 6(32), -....) € A"

Namely, we know that any such § satisfies the following equalities:
op()
Oxy
The last equality gives us the anchor map. Now, for the bracket we need to involve the comultiplication

of equation and the formula of equation . For lower cases, that is, for n = 1,2, one uses directly
these formulae. As for n > 3, one should observe, using equations (82)), that when applying the rule (69)

S0 = =6y, 6(v)) =0, forevery i, j =2, and 6(p(yo)) = 6(vo) (82)
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to the comultiplication (80), the only terms which survive in the sum are the summands corresponding the
following n-tuples

1,0,...,0), (n—-i0,...,0, 1 ,0,...,0), for2<i<n,
——

which give the summands claimed in the bracket [a, b],. i
The C-algebra H is in fact a differential algebra, whose differential is given by:
0
H H (83)

0x) =1, 60 =y, 6(u) = Ypu, forn>1.

Thus, we have

0 - 7]
6 = - il -
ox " ;y lay,-

A Malgrange’s Hopf algebroid over C with base A is a Hopf algebroid of the form (A, H/I), where
7 is a Hopf ideal which is also a differential ideal (i.e., 8(J) € 7). For instance, the ideal 7 = (y,),2, is
clearly a differential ideal and H /I = C[x,y,z*'], which is a Hopf algebroid with base A and grouplike
elements z*'. It can be identified with the polynomial algebra (A ®: A)[z*'], whose presheaf of groupoids is
the induced groupoid of the multiplicative group by the affine line (see [[EL] for this general construction).
The following corollary is immediate.

CoRrOLLARY 9.3. Let (A, H/T) be a Malgrange Hopf algebroid with base A. Then the Lie-Rinehart algebra
L(H|TI) is a sub-Lie-Rinehart algebra of £ (H). Precisely, an element § € £ (H) belongs to L (H/T),
if and only if 6(1) = 0.

For instance, by Proposition[0.2] we have that Z(H/I) = A x A, where I = (y,),»», is the Lie-Rinehart
algebra with anchor (ay,a,) — (p — aydp) and the bracket is given by

[(ao, a1), (b, b))] = (aoabo - byOay, a,0b, — boaal)~

Remark 9.4. The Hopf algebroid (A, H) is the a direct limit of the Hopf algebroids (A, H,), r € N, where
H, is the subalgebra of H generated up to the variable y,, that is, we have H = li_r)nW,. Applying the
differentiation functor .#, we obtain a projective limit of Lie-Rinehart algebras .2 (H) = 12] ZL(H,).

In the remainder of this subsection we will relate the Lie-Rinehart algebra of (A, ) and the Lie-Rinehart
algebra of the (polynomial) global sections of the Lie-groupoid attached to the varieties associated to the
pair of algebras (A, H). To this end, consider the invertible jet groupoid attached to (A, H). This, by
definition [Mal2], is the Lie groupoid (_Z.(Al), Al), where Al is the complex affine line and _#.(Al) C
AL X (ALY is defined by the points (xq, Yo, Y1, » Vs -) € AL X (ADM with y; # 0. In other words, this
groupoid is the character groupoid of the Hopf algebroid (A, H), see [EL] for this definition. Denote by
& the Lie algebroid of this Lie groupoid (see Appendix below). Then, one can show that there is a
morphism Z(H) — I'(E) of Lie-Rinehart algebras, where I'(E) is the A-module of global sections of the
Lie algebroid &. This claim will be achieved in the forthcoming steps.

First let us denote by

H(C) = CAlg.(H.C) = _7.(AL)

"= A(C) = CAlg.(A,C) ~ A,

: -
the structure maps of this groupoid, where the source and the target are, respectively, the first and second
projections, and the identity map coincides with the map x — (x,x,1,0,---), see [Mal2]. Here we are
considering H(C) and A(C) as algebraic varieties whose ring of polynomial functions coincide with H and
A, respectively. In this way the elements of H and A are considered as polynomial functions from H(C)
and A(C) to C, respectively.

We know that the fibers of & are of the form Ker (7,s"), for x € Al. Specifically, given a point x € A[,
we identify it with the associated algebra map x : A — C sending X — x. In this way, the notation
C, stands for C considered as an extension algebra of A via X, and the identity arrow of the object x is
g'(x) = xe : H — C. The same notations will be employed for _#.(Al). Now, for any point x € A}, a
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derivation d in the vector space Ker (Ts*), is nothing but an element d € Dero(H, C..(,)) such that ds = 0.
Therefore, we have the following identifications of vector spaces:

Ker (T,s*) = {d € Derc(H,C,..»)lds = 0} = Deri(H,C,,) = 2(C),, forevery xe€ A,

where the 27 (C),’s are the fibers of the presheaf of equation at the base field C. This gives us the
identification of vector bundles & = 27(C).

On the other hand, any (polynomial) section of the vector bundle 2 (C) can be extended “uniquely”, as
follows, to a (polynomial) section of the vector bundle U, ¢, Deri.(H, C,). This extension is the same as
the one given in Propositionof the Appendix. Take a section {J,},. AL of & (C we set

gg tH — C,, (u — g(ul)ég,(uz)), for every g € H(C).

These are called left invariant sections tangent to the fiber of s. For a fixed polynomial function u € H, we
have a polynomial function ¢_(u) : H(C) — C sending g — 6,(u), which we identify with its image in H.
This function satisfies the following equalitie

S(s@) = 0, (@) = H@s ), ¥ W) = 5., (84)

forevery a € A, u € H and x € Al.. Furthermore, there is a derivation of H, defined by u g_(u). Namely,
for every point g € H(C) and two polynomial functions u, v € H, we have

Su)(g) = Suv) = glurv)Sy(urvy)
= g(u)g(v))(818()5,(v2) + 8 (ur)gte(2)
= gugv) g1e(uz)64,(v2) + g(u1)g(v1) 6(u2)gre(v2)
= gu) g(v1)ou(v2) + g(u1)6y (1) g(v)
= gu)6-(v)(g) + 6-(u)(g) g(v)
= u(g)6-(v)(g) + 6-(u)(g)v(g)
Therefore, we have _ _ _
o_(uv) = ud_(v) + 6_(u)v. (85)
Next, we describe the anchor map and the bracket of I'(E). Given a section 6 € I'(E), its anchor at a
given polynomial a € A, is defined as the polynomial function w(d)(a) : A, — C sending x — 6,(#(a)). As
for the bracket, taking two sections 0, y, we set the section x — [d, y],, defined by
(6,71 i H — Co (= (0(7-0) = 1:(5-)))).

Take u, v € H, we compute

[0,y @) = S(F-(u) - y.(5_(uv))
D 5.7 ) +7-() - y.(ud_v) + 5_wp)
= xe)3(V-(v)) + 6,(xe(F-(v)) + xe(- ()5, (v) + 6, (¥-(u) )xe(v)
—xe()y,(6-(v)) = ¥ (W)xe(5_(v)) — x8(5_ ()Y, (v) — ¥.(5.(u) )xe(v)
&

xe(W)[6,y1:(v) + [6, y1(u)xe(v).

Thus [6, y], € Dert(H,C,,). It is not hard now to check that this bracket endows I'(E) with a structure of
Lie algebra and it is compatible with the anchor map, that is, satisfies equation (22). This completes the
Lie-Rinehart algebra structure of I'(Z"(C)) = T'(E).

The desired morphism of Lie-Rinehart algebras .Z(H) — I'(E), is now deduced as follows. Using the
isomorphism of Proposition[A.4]in conjunction with the canonical map

N(2)—>TZ@©), (t— 1)
of Lie-Rinehart algebras, we obtain a morphism Z(H) = I'(2Z") — I'(Z(C)) = I'(E) of Lie-Rinehart

algebras.

as) Here, we are assuming that, for every u € H, the function x — J,(u) is polynomial, where x € AJC, or equivalently, each of
the functions x = 6,(xp), 5x(y0), 6x(V1), - -+, Ox(¥n), - - -, is polynomial.
(6 For the sake of clearness, aé : x - x(a)dy and ud_(v) : g+ gu)dg(v).
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Remark 9.5. Given (A, H) as above we already observed that the fibers of & are of the form Ker (7',s*) =
Der.(H,C,,), for x € AL. As explained in Remark we can consider in the category of augmented
algebras the following cokernel

Aéﬂgﬂu)éc,
where A has augmentation x, while H has augmentation xo¢. Note that, by construction, H,,, is H quotient
by the ideal (s(a) — x(a)l4 | a € A). By the remark quoted above we get an isomorphism of vector spaces

Deré(?{, st) = Derk((]‘{(x), Cgk)’
where ¢, : H,, — C is the unique algebra map such that ¢, o 7, = x o &. Since we know that
CAIg.(H,,. C) = {g € H(C) | g(s(@) - x(@)14) =0, Va € A} = [g € H(C) | s°(g) = g0 5 = x} = H(C),,

then H,, = k, ®, ,H is the coordinate algebra of the subvariety H(C), known as the left star of the point
x in the groupoid H(C). Furthermore, the morphism of Hopf algebroids =, : H — H,, where (C, H,)
is, as in subsection the isotropy Hopf algebra of H at the point x, factors throughout the morphism
T, leading to a morphism of augmented C-algebras H,, — ‘H Applying the derivations functor
Derc(—, C) to this latter morphism gives rise to the canonical injection of Lie algebras

ZH), B (6 € Ders(H.C,)| 501 = 0} = Dery(H,C.,).
Notice that all these observations are valid for any Hopf algebroid (A, H) over k such that A(k) # 0.

APPENDIX A. THE FUNCTORIAL APPROACH, THE UNITS OF THE ADJUNCTIONS AND LiE GrOUPOIDS.

In this section we provide an alternative construction of the differential functor .# constructed in
This is done by mimicking the differential calculus on affine group schemes [DG!, II §4] parallel to the con-
struction of a Lie algebroid from a Lie groupoid. Moreover, we provide an alternative (direct) construction
of the unit of the adjunction in Theorem Finally, we revisit also the construction of the Lie algebroid
of a Lie groupoid under an algebraic point of view.

The following remark will be used all along the appendices.

Remark A.1. Recall that the category Alg, of augmented algebras has as objects pairs (A, &) where A is an
algebra and € : A — ks a distinguished algebra map, called augmentation, and as morphism algebra maps
preserving the augmentation. Analogously, the category of coaugmented coalgebras Coalg, has as objects
pairs (C, g) where C is a coalgebra and g is a distinguished group-like element in C and as morphism
coalgebra maps preserving the group-likes. The duality (—): Coalg, == Alg;” : (-)° induces a duality

between Coalg; and (Alg;)™, namely (C,g)* = (C*,g*), where g* : C* — k is the evaluation at g, and
(A, €)° = (A°, &). In addition, we have an adjunction between the category of vector spaces Vec, and Coalg;
given by the functor P : Coalg; — Vec, sending every (C,g) to P(C,g) :={c € C|Alc) =c®g+g®c}
and its left adjoint sending Vto (k@ V, 1), where A(v) =v® 1, + I, ® vforeveryv e V.

Note that composing the right adjoints we get £ ((A, €)°) = P(A°, g) = Dery(A, k.). As a consequence,
the functor (Alg;)® — Vec, sending every (A, &) to Der,(A, k,) is a right adjoint. In particular, it preserves
kernels once observed that Alg; has (k, id;) as zero object. By the existence of this zero object, given a
morphism of augmented k-algebras s : A, — A, we can consider in Alg; the cokernel

Ay —= A == A, —k,

which is defined as the coequalizer of the pair (s,u; o &) in the category of algebras with the induced
augmentation. Here we denoted by ¢; : A; — k the augmentations and by u; : k — A; the units. By the
foregoing, we get the following kernel of vector spaces

0 — Dery(4;, k,,) = Der,(A,, k,,) —> Der(A, k).

Summing up, 7* induces an isomorphism

Der,(As, k.,) = Ker (s7) = {6, € Dery(A,, k,,) | 6, o s = 0} = Dery(4,, k). (86)

A7) This algebra maps is nothing but the canonical surjective map: C[xg, yo, Y1, Y2, » ﬁ]/(xo—x) - C[X,y1,y2,* » ﬁ]/(X—x).
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A.1. The functorial approach to the differential functor. Let us introduce some useful notation. Given
two algebras 7" and R we denote by T'(R) := CAlg, (T, R) the set of all algebra maps from T to R, and by
CAlg, the category of all commutative algebras. To any commutative Hopf algebroid (A, H) one associates
the presheaf of groupoids ¢ : CAlg, — Grpds assigning to an algebra R € CAlg, the groupoid

H(R) = H(R) =——— A(R) := H4(R)

—_—
whose structure is given as follows: For any g € H(R), x € A(R), we have s(g) = gs, t(g) = gt, L, = x&,
g = g8, and if gs = g’t for some other g’ € H(R), then g.g’ : H — R sends u — g'(u,)g(u,).
Let us define the following functor:

2 : CAlg, — Sets, [R+— |+ Der,(H, R..)|, (87)

x€A(R)

where [+ denotes the disjoint union of sets. For each R € CAlg,, 2 (R) can be seen as a bundle (in
the sense of [Hml Definition 1.1, chapter 2]) of H-modules over J#(R) with canonical projection 7y :
Z(R) = A(R) sending 6 € Der,*(H, R,,) to x. Now, 2" is a functor as for any morphism f : R — T,
the map 2°(f) : Z(R) —» Z (T) is fiberwise defined by composition with f. This makes 7 : 2"~ — 7 a
natural transformation.

Following [DGI, let us consider the trivial extension algebra R[%] of a given algebra R, that is, 7> =
together with the canonical algebra injection i : R — R[%], r = (r,0). Denote by p : R[] — R the algebra
projection to the first component and by p’ : R[fi]] — R the R-linear projection to the second component.
Then we have a morphism of groupoids 7 (p) : S (R[h]) — FZ(R). For a fixed x € A(R), we set

Z.(R) :={y € HRIAD| p'ys =0, py = xel.
Clearly, any arrow y € Z.(R) belongs to the kernel of J2(p), i.e. {y € JA(R[R]) | FE(p)(y) € L (FH(R))}.
Furthermore, if we denote by ¥ := p’y, then y becomes a xe-derivation, in the sense that
Yuv) = xe(uyy(v) + y(u)xe(v),
for every u, v € H. Each of the fibers Z,(R) is as follows a k-vector space:
Ay = (xe,Xy), y+7vy :=(xe,y+y), foreverydek, andy,y € %,

where the notation is the obvious one for diagonal morphisms. We have then constructed a functor

2 : CAlg, — Sets, [R — E—J @x(R)], (88)

x€A(R)

where for any morphism f : R — T, the map Z(f) : Z(R) —» 2(T) is fiberwise defined by composition
with (f, f). The functor Z is naturally isomorphic to :Z". Namely, the isomorphism is fiberwise given by

2.R) — Der,'(H, R.), (y+—7);  Der(H, R.) — Z(R), (6 — (x,0)).

Under this isomorphism, the elements of .2 (R), for a given algebra R, can be seen as arrows in the groupoid
€ (R[1]), although, contrary to the classical situation, they only form a subcategory and not necessarily
a subgroupoid. Let us show that the set 2 “(R) of loops in the category 2'(R) is a groupoid-set in the
following sense (for the definition of groupoid-set, see e.g. [EL]).

An element § € 2" (R) belongs to 2 “(R) provided that it satisfies also the equation 6¢ = 0. Thus, ¢ is a
xe-derivation which kills both source an target and we can write

2" : CAlg, — Sets, |R—> |+) Der,"(H, R.,)|. (89)

x€A(R)

It is easily checked that 27 is a functor. What we are claiming is that 2°¢ with the structure map given
by the restriction of 7 is actually an 57-set, in the sense of presheaves of groupoids. Taken the natural
transformations 7 : 2°¢ — % and t : S4 — %, consider the fiber product

X ox, S CAlg, — Sets, (R — Z'(R) %, HAR) = {(6.8) € Z(R) X HER)| gt = ma(6)}).
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Given an element (6, g) € 2 “(R) . %: F(R), we define the conjugation action by

5.8 H — Rywr (10— g(1)0(ue)g(Sue))). (90)
Notice that this map is well-defined as
0(s(a)ut(b)) = x(a)6(w)x(b) and g(ut(a)) = g(u)g(t(a)) = gu)nr(6)(a) = g(u)x(a)
for every a,b € A,u € H, where § € Der,*(H, R,,). The following is the desired claim.

Lemma A.2. For every algebra R € CAlg,, the pair (2 “(R), nz) is a right 7€ (R)-set with action given by
conjugation as in QU). Furthermore, this is a functorial action, that is, (2%, 70) is a right F€-functor.

Proof. 1t is straightforward to show that §.g belongs to 2 (R) with projection gs € A(R), where x =
7z(6) = gt. The rest of the first claim is clear.

Now let f : R — S be an algebra map. If § € 2°‘(R) with mz(6) = x, then clearly ng(2°(f)(6)) = fx.
On the other hand, the following diagram

L UR) ne % HO(R) Z(R)
L) rgxe FOS) %i(f)
FAN P AC)) Z4S)

commutes, which means that .2"‘(f) is a right .7#-equivariant map. This shows that the natural transfor-
mation 2°¢ ,x, 4 — Z ¢ defines effectively a right .5#-action on 2"°. i

Viewing 2~ as a bundle over .74, one can define its module of sections as follows
T(2) = {reNat(#, 2) | not=id]. 1)

This is a vector space, whose operations are defined fiberwise.
On the other hand, for any algebra R € CAlg,, we may consider the following bundle

YR) = & Der*(H, R, o H(R). (92)

ge (R

When R runs in CAlg,, ¢ gives a functor, and one can consider as before its vector space of sections ['(#).

ProposiTiON A.3. Let I'(Z") and T(%) be as above. Then we have the following properties:
(a) Forany algebramap f : R — S in CAlg,, any object x € 74(R) and any T € T'(Z), we have:

xoTu(idy) = Tr(%), fotr(x) = 75(fx). 93)
In particular, we have
gotu(t) = Talidy) and  xe(uTH(D(ue)) = TR(X)W), (94)

for every x € J(R) and u € H.
(b) BothT'(Z") and T(%) admit a structure of A-module given as follows:

(a.Dr(x) = x(a).Tp(x), (a.a)r(g) = gH(a).ax(g), 95)

for Rin CAlg,, x € J4(R), g € A(R) and for every T e I(Z"), « € I'(¥) and a € A.
(c) The following map

z

Nz (%)
% R — Z(R)
T gr— 29 : H—-R, s

u = g(ua))Tr(g)(ue)

where R € CAlg, and g € 4 (R), is a monomorphism of A-modules. Thus, any section of &
extends uniquely to a section of %'
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Proof. Part|(a)|follows from naturality of 7. Part|(b)|is straightforward. As for part let us first check
that ¥ is a well-defined map. Take 7 € I'(Z), g € J4(R) and set x = gt. By using the fact that 7x(x) is
a derivation, one easily checks that Z}(g) € Der,*(H, R,). Assume we are given 7,7’ € I'(Z") such that
(1) = Z(7’). Then, for every g € 7 (R), we have that

g(ua))TR(gf)(M(zO = g(u(]))T;a(gl‘)(u(z))
for every u € H. Now, take an arbitrary x’ € J%(R) and set g = x’e. Hence, for every u € H, we obtain

xlg(u(l))TR(-x,)(u(Z)) = xle(u(l))T,R(x,)(u(Z)) = TR(X,)(Sg(MU))M(Z)) = T}g(x,)(sg(u(l))u(Z)) = T;g(-x,) = 1x(x").

Therefore 7 = 7/ and X is injective. The fact that X is A-linear is immediate and this finishes the proof. O

Prorosition A.4. Let (A, H) be a Hopf algebroid with associated presheaf 7€ and consider the bundle
(Z,n) as given in 7). Then we have a bijection

V:[(2) — Der(H, A,), (v 14(idy)).

In particular, the A-module of global sections T'(Z") admits a unique structure of Lie-Rinehart algebra in
such a way that V becomes an isomorphism of Lie-Rinehart algebras. Explicitly, for any R € CAlg, the
bracket [1,7'1x : 5(R) = Z (R) and the anchor «’ are respectively given by

[,7" 1R (%)

H R. (2) o Der, (A)

Uk—— TR(X)<M(|) T;_,(f)(u(z))) - T;e(x)(u(l) Tw(t)(ua))) T Talidy) ot

Proof. In light of Yoneda’s Lemma, we have a bijection V : Nat (7%, 27) = 2 (A) sending every natural
transformation 57 € Nat (75, Z7) to V(1) := n4(id,). It turns out that this bijection restricts to V : I'(Z") =
Z'(A) where Z7(A) = {6 € Z(A) | ma(6) = id,}. By definition of 7,4, we have 7,(5) = id, for every
6 € Der*(H, A,) so that Z(A) = Der,*(H, A,). This induces on I'(Z") the given Lie-Rinehart algebra
structure since for r,0 € I'(Z), R € CAlg,, x € J4(R),a € A and u € H we have

(Ir, e ) = (V*‘( [V(z), V(o] )R<x>)(u) = (V*( [74(id,), o (id,)] )R<x))<u) = (w0 [ra(id,), oalid)] ) (1)
X(TA(idA)(M(l)l(O'A(idA)(M@))))) - X(U'A(idA)(”(l)t(TA(idA)(“(z)))))
2 ) (10T (D 12))) = T 10y T (D)),

W' (@) = (VD)) = w(t4(id,)) (a) @ T4(ids)(H(a)).

This concludes the proof. O

RemMARK A.5. By mimicking Proposition we get a bijection V* : T'(Z") — Der,*'(H, A,), induced
by V of the same proposition, where T'(27%) is the A-module of global sections of the bundle 2™* and
Der,>'(H, A,) is the A-module of k-algebra derivations 6 : H — A, such that §s = 6t = 0, which
in turns is the kernel of the anchor map given in equation (70). Consider the so-called total isotropy
Hopf algebroid H’ := H /(s — t) of H and denote by 7 : H — H' the canonical projectiorm Note
that given a symmetric A-bimodule M (i.e. am = ma for all a € A,m € M) we have an isomorphism
Hom,_ (H?, M) = Hom,_, (H’, M) — Hom,_, (H, M) given by pre-composition by 7. This isomorphism
induces an isomorphism Der,*(H¢, M,:) = Der,*(H, M,). As a consequence, ['(2°%) is isomorphic to
the Lie-Rinehart algebra .Z(H) of H’. If x € A(k), then the fiber 27/(k), = Der,*'(H, k,.) of the
bundle 2 (k) coincides by (77) with the isotropy Lie algebra £ (H), of .Z(H). On the other hand, since
Der,*'(H, k) = Der,*(H’, k..) = ZL(H"), we get that 27(k), = L (H")..

Remark A.6. Note that the isomorphism V of Proposition can be adapted to get an isomorphism
V' T(%) — Der*(H, H). Via these isomorphisms, one can see that the morphism X from Proposition
m corresponds to a morphism Der;*(H, A,) — Der,*(H, H), whose corestriction to its image is ¢’ of
Lemma[5.12] This makes also clear why X is injective.

(%) Here (s — 1) stands for the Hopf ideal generated by the set {s(a) — #(a)}4c 4. Moreover the Hopf A-algebra H € is considered as
a Hopf algebroid with base algebra A with source equal to the target.
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A.2. Units of the adjunction between differentiation and integration. We give here an explicit descrip-
tion of the unit and counit of the adjunction proved in
ProposiTiON A.7. Let (A, L) be a Lie-Rinehart algebra. Then there is a natural transformation

O, : L — Der, (VA(L), A) = LI(L), (X +— [z ~{@(wX)]) (96)

of Lie-Rinehart algebras. Moreover, this morphism factors as follows and leads to

s Der (Vu(L), A,)

x T.%’(Z) o7

Der*(Va(L)", A,)

L

a commutative diagram of Lie-Rinehart algebras, where @} is the map which corresponds, by using the
bijection of Lemma to the A-ring morphism i : V,(L) = *(V4(L)") defined in equation (50).

Progf. By Lemma [6.4] @] is a morphism of Lie-RinehartAalgebras. By Proposition [5.16] we know that
Z({) is Lie-Rinehart as well. As a consequence, O, := Z({) o ® is a morphism of Lie-Rinehart algebras.
It remains to check that it behaves as in (96). By using|b)|of Lemma we know that @] =i Therefore,
for any X € L, we have 0,(X) = .Z(2) (®,(X)) = ©,(X) 0o ¢ = i(X) 0 £ = —i(1,(X)) o Z and so, by (50), we
get O,(X)(2) = ~(¢ © )(D)(w(X) = ~{(2)((X)). o

Now, consider (A, H) a commutative Hopf algebroid and let V,(.Z(H)) be the universal algebroid of

the Lie-Rinehart algebra (A, £ (H)) of derivations of . Take an object (V, oy) in the full subcategory A’
(that is, a right H-comodule such that V, is finitely generated and projective[zrj]), then we have a map

AV L(H) End, (V)
51 [V (g —V(o) 6(\/(1))].

(98)

ProposiTioN A.8. Let (A, H) be as above. Then the map (98)) induces a structure of right V(L (H))-
module on V. Moreover; this establishes a symmetric monoidal functor
VA — Ayyzan, ((Voov) — (V)
which commutes with the fibers functor, and so we obtain
AV) : Qo L — ol Y= V(L (H)).

a morphism of commutative Hopf algebroids. Furthermore, there is a natural transformation

®ﬂw (ZL(H)

can~! R (V)

Q’H:W

Dy e z z ®ﬁw<_~'£<m) L= VaZH)y
whenever H is a Galois Hopf algebroid.

Proof. Let us check first that A := A¥ is an anti-Lie algebra map. So take v € V and 6,8 € Z(H). We
compute on the one hand:

A[6,0'D(V) = =) [0, 6" 1(vy) = —Vo) (5("(1) 1(5,("(2)))) - 5,(V<1> f(é(Va))))),
and on the other hand,

[2(6), A(8)](V) = AN )(V)) = AN AB)(V)) = =AS)(Vioy &' (Vary)) + A6 ) (Vo) S (V1))
= Vo (5(V<|> 16" () — 6" (v l‘(5(V(2))))),

which implies that A([6, 6']) = —[4(6), A1(6")]. Let us denote by /, € End, (V) the A-action on V by a. So, for
everyve V,a € A and 6 € £ (H), we have that

(la o A(6) — A(%) o la)(V) = —avo(vy)) + v d(vaH(a)) = —ave,0(va)) + veo(vaya + vee(va))o(t(a))
=v(Ha)) = L@ V),

(9 Actually this assumption is not needed for the next construction.
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so that A(6) oI, — I, 0 A(6) = I_,syw- Summing up, V is a right representation of .Z’(‘H) and, by the universal
property of V,(Z(H)), this implies that there is an algebra map V(£ (H)) — End,(V)*® which makes of
V aright V,(Z(H))-module. This defines the functor V on the objects. On arrows this functor acts as the
identity, that is, V(f) = f for every H-colinear map f : V — V’. The fact that f is V,(Z(H))-linear may
be proved by mimicking the argument of the proof of the second claim in Lemmal6.3} take B C V(£ (H))
such that f(vb) = f(v)b for all b € B and show that B = V,(Z(H)). Monoidality of V comes as follows:
both tensor products are modelled on ®, and the subsequent computation

A7V (S (v @y w) = =) ®a W) S(viyway) = —(Vo) ®a W) (8(V(1))6(W(1)) + 5(V(1>)3(W<1)))
=v®, 1"()(W) + AV () (V) @4 W = v ®s Wip(0) + Vg (8) ®sw = (v ®4 W) Atz m)(5)).
shows that the action on V(V ®, W) coincides with the diagonal one. The identity object A has the action
A0 L(H) — Endy(A)* given by A(6)(a) = —ap 6(aq)) = —6(#(a)). Therefore A* = —w, the anchor

described in Proposition [5.13] The rest of the proof of the first statement follows from the construction

performed in §3.1]
Lastly, the naturality of Q is proved as follows. Given a morphism ¢ : H — H’ of Galois Hopf

algebroids, then on the one hand we have a commutative diagram

v

A A,z
A e
A . A
VAL (H)
o
o
proj(A)
which leads to a commutative diagram

; A(V)
Y @m i ——— I L(H)
%@*)l j I L= R VAL D))

- R(V')
P ®W z I LH).

On the other hand we have, by definition of the functor %, a commutative diagram

cangy

DA H

%(qb*)l/ LK/’
_—

T @ & —— H'.

AH

Putting together the two diagrams leads to the naturality of Q and it finishes the proof. O

A.3. The Lie-Rinehart algebra of a Lie groupoid. Revisited. Here we provide an algebraic approach
to the construction of a Lie algebroid, or Lie-Rinehart algebra, from a given Lie groupoid. This approach
unifies in fact the definition given in [Mac| §3.5] and the one in [Ca]. We also discuss the injectivity of the
unit of the adjunction between integration and differentiation functors, see Appendix

We will employ the following notations. Consider a diagram of commutative R-algebras B —> C =D,
where R denotes the field of real numbers. As usual, we denote

Der(C, D,) := {y € Derx(C, D,)| y o x = 0}

Given a connected smooth real manifold M, for each point x € M, we denote by x itself the algebra
map C°(M) — R sending p — p(x). The global smooth sections of the tangent vector bundle 7M =
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U,e mDers (C* (M), R,) of M are identified with the C*(M)-module of derivations of C*(M) as follows:
Take a section § € I'(T M), we have a derivation

CM) — M), (pr— [x o 6p)]),
see [Nel §9.38]. Let us consider a Lie groupoid
G: Gi=———Go.
where G, is assumed to be a connected smooth real manifold and s, ¢ are surjective submersions. This leads
to a diagram of (geometric [Nel Definition 3.7]) smooth real algebras

C*(G)) =—=—=C~(G.

The left star of a point x € G, is by definition the (sub)-manifold G, = {g € G\| s(g) = x} of G, and denote
by 7, : G, — G, the corresponding embedding. Notice that we have a disjoint union G, = W, G.. For
an object x € G,, we have the following surjective R-linear map: T.s : T,,Gi — T.G,, SO we can set
&, = Ker(7,s) and then consider the vector bundle & = U,.4,E,. Each fiber &, is then identified with
R-vector space Derfg (C*(G1), R»), thus, &, = Derlfz (C=(G), Rw)-

There is another vector bundle ¥ whose fibers at a point x € G, is given by the R-vector space

F. = Tw(G.) = Derz(C™(G), Ryw).
Lemma A.9. We have an isomorphism of R-vector spaces
T]X . DerR(Cm(Qx), RL(,x)) - Del‘jg (Cm(gl)’ RL(x))7 (7X — [p g yx(pTX)]) (99)
induced by 7% : C*(G1) = C*(G.), p — pT..

Proof. Recall that, by hypothesis, s : G| — G, is a surjective submersion. In particular, in light of [Lel
Corollary 5.14] for example, G, = s~'(x) is a closed embedded submanifold of G, with local (in fact, global)
defining map s itself. Thus, as a consequence of [Lel Proposition 5.38], for any & € G, we have that 7,G, =
Ker (T)s : T,G — TynGo). In particular, Derz(C*(G.), Ry) = TnG. = Ker (T : T.nG1 = TunGo)s
where the second identification is given through the inclusion 7,7, : T,1WG. = TG induced by 7,. O

As a consequence we get an isomorphism of vector bundles 7 : ¥ — & and hence an isomorphism of
C*(Gy)-module m :=T'(n) : ['(F) — ['(E). There are two morphisms of C*(G,)-modules:

o® T — Dera(C(Gy)), (6 [a > 5_(an)]) (100)

and w” := w® o 1. Recall that, by the foregoing, we can identify I' (7 G,) with Derg(C*(G,)). By means
of this identification one can check that the morphism of vector bundles Tt : & — 7 G, induced by the
R-linear maps 7Tt : T,,G, — T.G, is such that w® = T(T1). Clearly, ™ = ['(Tt o n).

Given an arrow g € G, we have the right multiplication action R, : G,y — Gy, h +— hg (this, by the
Lie groupoid structure of G, is a diffeomorphism). Now, fix an object x € G, a function g € C*(G,) and a

global section y € I'(), then we have a smooth function 5/’7(q) € C~(G,) given by
7@ :G— R, (h— 7@ =vu(qR))
see [Mac| Corollary 3.5.4]. The derivation )7, : C*(G,) — C*(G,) satisfies the following equalities:
(ay) = r.@@)y.. v. =y, forallaeC (G, (101)

where (ay), = a(x)y, and (by_), = b(h)y, for every x € Go,a € C*(Go),b € C*(G.),h € G.. In this way,
for a given pair of sections (y,y’) € I'(5) X I['(¥), we have the following smooth global section

DY) CG) — Ry (47— 10/ (@) ~ Y5 (@):

Namely, since «(x) € G,, for two functions p, g € C*(G,) we may compute

Y LeD = vy () — V. (D)

(oY @+ _p)a) - Y(pY @) + 7-(p)a)

= P(L(X))%c(;/ () + %(p);’ w(@ + ; wPY(q) + yx(;’ _(P)q((x))
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Y ()Y@ = PUCOY.(Y_(@) = V.V (P)GWX) = ¥,y (P)Y.(@)
= pUY, Y1 + ¥, ¥V 1(p)g(e(x))
+1.(DY (@ + Y i (PIY@) = VPV o@D = Vs (DY (@)
= pC)Y, Y1) + [, 7 1(p)g(e(x)),

which shows that ([y,¥'],)ceg, € I'(F). Furthermore, for a given a € C*(G,), we have

Y@ @) - a7 (9)
Y@@y @) - awy, 5 -(@)

(@)WY (@) + VT @)Y (@) — aWY,(T @)
D Wy 1@ + O D@79,

[y,ay' (@)

g

for every function g € C*(G,). Thus, for every function a € C*(G,), we have

[y,ay'] = aly,y'1+ " (y)(@)y

as an equality in I'(¥). This completes the structure of the Lie algebroid (¥, G,), and the structure of
Lie-Rinehart algebra of (I'(F), C*(G,)). This Lie algebroid is know in the literature as the Lie algebroid of
the Lie groupoid G.

Now, we come back to the vector bundle (&, G,). We can endow it with a Lie algebroid structure via the
isomorphism 7. The bracket on I'(E) is given by

6.5 : CYG) — Ry (b 6.5-(5) - 5.(5-(b)))

and the anchor is the map w? of equation (T00). In fact, concerning the bracket we can compute

7y, V1)) = [y, ](pTy) = %-(;’ _(p)) — Y.y _(pT))
25,0 ()T - Y. (p))

= ). (P) = ) ) (P)
M), n(Y)1(p)

where (x) follows from the equality n(y)_(p)rx = ;_(p o 7,) which descends from

(nG),(p)n) () = M) _(P)E1) = NP (P © Reva)

=NV (P © Reyay) = Ny V) (P © Reyay)
= Yiaw(P © Reyy © Tuw) = V(P © T © Ry)

= (y-(pory) ).

With these structures, we get that 1) : T'(F) — I'(E) is an isomorphism of Lie-Rinehart algebras, where
N = I'(n) and 7 is fiberwise given by equation (99).

Lastly, applying the differentiation functor of and using the natural transformation of equation
together with the commutative diagram of equation (97), we obtain a commutative diagram of Lie-Rinehart
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algebras over A := C*(G,)

Z I

Der (VA(T(F))", A, ) Der(V,T©)). A,)

') S Ire) (102)

KA409)
O 20 O

Dery (VAT(F)', A,) =7 Der; (VAT(E)", A.),

whose horizontal arrows are isomorphisms of Lie-Rinehart algebras.

Remark A.10. In the case of Lie groups, the map @ of the diagram (T02) is injective. In fact this map is
injective for any finite-dimensional Lie algebra. Namely, taking a finite dimensional Lie k-algebra L, we
have, as in Proposition the map ®; : L — Der, (Uy(L)°, k) given by the evaluation X — [f — f(X)]],
where U,(L)° is the finite dual Hopf algebra of the universal enveloping algebra of L. Since, in light of
[Mol p. 157], Uc(L)° is a dense in U,(L)* (here the topology is the linear one), U, (L) is a proper algebra
in the sense of [Abl page 78], so ®, is injective. Furthermore, in light of [Hoc2| Theorem 6.1], for k an
algebraically closed field of characteristic zero @, is bijective if and only if L = [L, L].

Now if G is a compact Lie group, then G = CAlg,(#=(G),R), the character group of the commu-
tative Hopf real algebra %5 (G) of all representative smooth functions on G. The Lie algebra Lie(G) =
L(%#:(G)) = Derg(%:(G),R,) of G is then identified with the Lie algebra of the primitive elements
Lie(G) = Prim(%5(G)°) [Ab, §4, Section 3] of the finite dual 25 (G)°. Denote by t : Uz(Lie(G)) — Zr(G)°
the canonical monomorphism of co-commutative Hopf algebras. Then, we know [Mi2] that the map

(5): Za(G) — (Z(GYY, (o [f P f(0)

factors through the inclusion Zx(G)°° C (%x(G)°)*. Therefore, the map @, is a split monomorphism
of Lie algebras, namely, with splitting map .Z(t°(>)).

In the case of compact Lie groupoid (i.e., G, is a compact smooth manifold and each of the isotropy Lie
groups of G is compact), it would be interesting to study the injectivity of the map O either in the left hand
or right hand triangle in diagram (T02).

APPENDIX B. THE FACTORIZATION OF THE ANCHOR MAP OF THE LIE-RINEHART ALGEBRA OF A SPLIT HOPF ALGEBROID

In this last appendix we show how the anti-homomorphism of Lie algebras Lie(G)(k) — Der,(0,(X))
of [DG| II, §4, n°4, Proposition 4.4, page 212] becomes the map of equation (71I). We also give some
specific cases of Example[5.15]

Recall that we have a commutative Hopf algebra H such that G = CAlg, (H, —) and a left H-comodule
commutative algebra A such that X = CAlg, (A, —). The coactionp : A —» H ® A induces on X a G-
operation CAlg, (H, R) x CAlg, (A, R) — CAlg,(A, R), in the sense of [DG| II, §1, n°3, Définition 3.1, page
160], which is an instance of

up - CAlg,(H, R) x CAlg,(A, B) - CAlg,(A, B) : (f,8) > [am fla_1)glao)]
for R € CAlg, and every R-algebra B. Define
Ur : CAlg,(H,R) = AUtr(X®R) : f — Ur(f)

where Ug(f)s : CAlg,(A, B) — CAlg, (A, B) : g — up(f, g) and where the functor X ® R : CAlg, — Sets
is simply the restriction of X to CAlg,. The group Autg (X ® R) is the group of natural isomorphisms in
Nat(X ® R, X ® R).

Define the functor Aut (X) : CAlg, — Sets by setting Aut (X) (R) := Autz (X ® R) and for every
morphism ¢ : S — R set Aut (X) (¢) : Aut (X)(S) — Aut (X) (R) sending every natural transformation
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(Tp)pemogs to the natural transformation (7p)pemos,- Note that for every f € CAlg,(H,S) and every g €
CAlg, (A, B) with B € Modg, for all a € A we have that

(Os(Hs(@) (@) = fla1) - glag) = &(f(a-1))glao) = (Ur(£ © f)5(g)) (@).

As a consequence, Us(f)p = Ur(£ o f)p for all B € Mody, which means that Uy, is natural in R and hence
we can write U : G — Aut (X).

Now, recall that for every R-algebra B we have an isomorphism CAlg, (A, B) = CAlgi(A ® R, B).
As a consequence, Autg (X®R) = Autz(CAlg,(A ® R,-)) and, in view of the Yoneda isomorphism,
Autp(CAlg,(A ® R, -)) = Autz(A ® R)®. Summing up, we have a group isomorphism

yR : AUtR(X ®R) g AUtR(A ® R)Op.

The composition of U with Yy, yields a natural transformation
CAlg,(H, R) ~% Aut (X) (R) = Auty (X ® R) —> Autg(A ® R)*™ (103)
acting, from the left-most member to the right-most, as
frol@ern - (a® flan]

(see [DGL 11, §1, n°2, 2.7, page 153]). Set O, := CAlg,(k[T],—) : CAlg, — Sets and 0,(X) := Nat(X,O,)
asin [DGl L, §1, n°6, 6.1, page 26]. In view of Yoneda Lemma again, &, (X) = A. Therefore, Der, (0, (X)) =
Der,(A).

If we write k(e) := K[T]/(T*), where € := T +(T?), for the k-algebra of dual numbers, then Lie(G)(k) C
CAlg,(H,k(e)) as defined in [DG, II, §4, n°1, 1.2, page 200] is the kernel of the group homomorphism
CAlg,(H,k(e)) — CAlg,(H, k) given by composition with p; : k(e) = k; [(a + be) = d], i.e.,

Lie(G)k) = {f : H—>Xk(e) | po f =&},
Set p, : k(e) = k; [(a + be) — b]. Clearly,

Der,(H, k,) Lie(G)(k)
O [(e+0¢) : x > (e(x) + 6(x)e)]
pof f

The functor U : G — Aut(X) gives Lie(U)(k) : Lie(G)k) — Lie(Aut(X))(k) by restriction of the
morphism Uy, : G(k(€)) —» Aut(X)(k(e)). Note that

Yo © Uo : CAlg, (H,k(€)) — Auty (A())™; (f > [(a + be) = (aof(a,) + by f(b_1)e)] )
Now, for every ¢ € Lie (Aut(X)) (k), F € O(X) and S € CAlg, one may consider

S () S(e Ox(p2) )

X XGi) ¢ F5()
Dy (F)s = (X(S) — X(S(6)) — X(S(€)) — O(S(e)) — Ou(S) (104)

where i; : § — S(€); [s — s]. Here we may apply ¢s, because ¢ € Lie (Aut(X)) (k) € Aut(X)(k(e)) =
Aut, (X ® k(e)) and S (¢) is a k(e)-algebra. This defines a map

DY O(X) - O(X) (105)

which turns out to be a k-derivation of the algebra 0,(X) (cf. [DG| II, §4, n°2, 2.4, page 203]). By
considering the composition

Lie(B)(k)

w = (Derk(H, k.) S Lie(G) k) —  Lie (Aut(X)) (k) g Der,(0,.(X)) S Derk(A)) (106)

one gets the canonical morphism claimed at the beginning of this subsection. Let us compute explicitly
how this composition acts on a 6 € Der,(H, k.). The first isomorphism associates to § the map € + de €
Lie(G)(k). Set ¢ = Lie(U)(k) (g + 6€) = Uy (¢ + 6€) € Lie(Aur(X)) (k). Then DY maps ¢ to D} €
Der (0, (X)). The last isomorphism in (T06) sends Z)jf to the composition

X
D¢

A Ou(X) O(X) A
a > F* = CAlg, (eV,, =) ——> DJ(F*) —> (D} (F)(idy)) (T).
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Here ev, : k[T] — A is the unique algebra map sending 7" to a. Now, let us compute explicitly
(DFF(id) () B2 (0up2) 0 Fitey © baie 0 X(i)) (i) (T)
= [(Ok(l’z) o 7:;(5) o ¢A<e)> (il)] (T) = [(O;g(Pz) o 7:;(5)) (Uk(a (e + 66)A(e) (il))] (T)
=[(0c(p2) © Fiy)) (aco (& + 66, i) | (T) = [Ou(p2) (e (& + O€, 1) 0 €v,)] (T)
=(po Hae (€ + 0€,1)) o ev,) (T) = py (Ua (e + €, i)(@) = p, (€ + de)(a-1)ii(ap))
= pa(&la-1)ag + €d(a-1)ap) = 6(a-,)ao

Summing up, the canonical morphism is given by
w : Dery(H, k.) — Dery(A) : 6 +— [a = d(a_1)ao] .

Thus @ = w o 7 as in (71).
Now, let us give some examples of the factorization introduced in Example

ExampLe B.1. If A = k, then Der,'(‘H, A,,) = Dery(H, k,) and Der,(A) = 0, whence w = 0 = @ and 7 is
the identity.

ExampLE B.2. Take A to be the Hopf algebra H itself with comodule structure given by A (this would
correspond to the action of G on itself by left multiplication). In this case, H = H ® H with

Nu(x®y) = x1 ® Xy, Au(x®y) = (x;® 1) ®y (1, ® ),
en(x®y) =&(x)y,  Sx®y) =Sy
and @ satisfies @ (0) : x — 8(x;)x, for every § € Dery(H, k), x € H. Notice that the anchor map
w : Der,'(H, H,,,) Der,.(H),
S [x b 6(x; ® x3) = 6(x; ® 1)x,]

admits an inverse, explicitly given by
w™' : Der,(H) — Der,(H, H,,,)
d—[x®y  d(x)S(x)y],

whence the factorization of the morphism @ is trivial.

We recal@] that in this case @ induces an anti-isomorphism of Lie algebras between Der,(H, k,) and
the Lie subalgebra of Der, (H) formed by the right-invariant derivations, where a linear operator 7 : H - H
is said to be right-invariant if it satisfies Ao T = (T ® H) o A (from a geometric point of view, e.g. when
H is the Hopf algebra of an affine algebraic group G, this encodes the fact that 7 commutes with all the
right-translation operators T, : H — H given by (T, (f)) (h) = f(hg) for all g,h € G. See e.g. [Wal §12.1]).

It is easy to check that for every § € Der,(H, k.), @w(0) is right-invariant. Conversely, if d € Der,(H) is
right invariant then d(x); ® d(x), = d(x;) ® x, and hence d(x) = &d(x,)x, = w(ed)(x) for every x € H.

ExampLE B.3. Consider the obvious action of GL,(C) on C2. This makes of the coordinate ring A :=
C[X), X,] of C? a left comodule algebra over the coordinate ring H := C[Z;;, det(Z)™'] of GL,(C), where
det(2) = Z,,2,, — Z,,7Z,,. Explicitly, the Hopf algebra structure on H is given by

Z Z

ANZi)=211®Z11+ 212821, AMZi2) =210 ®Zin+ 212825, S(Z1)) = ﬁ(zz)’ $2) = _de'sizz)’
Z Z

MN2y1) =20 @Ziy + 2008201, NZon) =20, ® 21+ 2508250, S(2a)) = _detzéIZ)’ §&2) = detl(’IZ)’

and &(Z; ;) = 6, for every i, j € {1, 2}, while the comodule structure on A is given by
pX)=Z,9X+7Z,®X,, p(X2)=2,9X+72,,9X,.
For every ¢ € Der-(H, C,), the morphism @ satisfies
@w(0)(X)) = 0(Z,1)X: + 6(Z,2)X,, @w(0)(Xy) = 0(Zr)X) + 6(Z20)X, (107)

20 See [DG 11, §4, n°4, Proposition 4.6, page 214] and, for example, [Abl Corollary 4.3.2] for the left-hand analogue.
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and it factors through 7(6) : Z;; ® X, = 6(Z; ;)X € Der,/(H® A, A,,,,,), fork =1,2.

Notice that from Equation (T07) we deduce that @ is injective and that @(6) is uniquely determined by
the 2 x 2 complex matrix M(9) := (m;;) withm;; = §(Z; ;) for all i, j € {1,2}. Note that the latter assignment
yields a bijective correspondence

M : Derc(H, C,) — Mat,(C)
which satisfies
M([6,0']) = ([6,6')(Z; ) = (6(Z.))) - (6 (Zi)) — (6'(Z:))) - (6(Z;))) = [M(6), M(5)].

Thus M is the well-known identification between the Lie algebra of the algebraic group GL,(C) and the
general linear algebra gl,(C) = Mat,(C).
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