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Abstract: In this paper we set up the foundations around the notions of formal
differentiation and formal integration 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 provide two interrelated contravariant
functors from 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 differentiation 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.
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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 inte-
gration in the context of both algebraic and differential geometry. There-
after, we will briefly discuss the main results of this paper in sufficient
detail, aiming to make this summary, as far as possible, self-contained.
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1.1. Motivations and overviews. The main motivation behind the
research described in this paper is to provide foundational tools for the
formal development of differentiation and integration in the context of
Hopf algebroids and Lie-Rinehart algebras, both over the same base al-
gebra. Thus, we hereby propose to establish, in terms of contravariant
adjunctions, a relation between these two latter classes of objects, hop-
ing 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 exposi-
tion also includes 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 do-
main of differential geometry, the notions of “differentiation” and “in-
tegration” are involved in the outstanding Lie’s third theorem. Classi-
cally, differentiation means assigning 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 deriva-
tions 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 iden-
tity 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
commutative Hopf algebra structure 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 con-
travariant adjunction between the category of Lie algebras and that of
commutative Hopf algebras. More precisely, if k denotes a ground field,
Liex and CHopf, denote, respectively, the categories of Lie k-algebras
and of commutative Hopf k-algebras, then we have a contravariant ad-
junction

(1) Z: Liexk ——= CHopfy: L

explicitly given as follows. For every Lie algebra L and Hopf algebra H,
we have Z(L) = U(L)° (the finite, or Sweedler’s, dual Hopf algebra of
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the universal enveloping algebral) and £(H) = Dery(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 (1) provide us with a more
conceptual way to relate Lie algebras with commutative Hopf algebras
(here playing the role of “groups” associated to them). Specifically, let
us denote by ©r: L — L(Z(L)) the unit at a Lie algebra L and by
Upy: H — Z(L(H)) the counit at a Hopf algebra H. Then it is known
from the literature that, in characteristic zero, ©p, is injective for any
finite-dimensional Lie algebra L (see Remark A.10 for a proof), while,
for an affine algebraic group G, V() is injective if and only if G is
connected (see, e.g., [48, 0.3.1(g)]). It is noteworthy to mention that
O 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 Z(a) splits as a tensor product of two Hopf
algebras ([37, Example 9.1.7]) in such a way that it possesses at least two
linearly independent derivations with coefficient in C; whence O, is not
surjective. However, over an algebraically closed field of characteristic
zero, if the given finite-dimensional Lie k-algebra L coincides with its
derived Lie algebra (i.e., L = [L, L], e.g. when L is semisimple), then
©y, is surjective by [20, Theorem 6.1(3)], and so an isomorphism. As a
consequence, the restriction Z’ of the functor Z: Liex — (CHopfy)°P to
the full subcategory of all those finite-dimensional Lie algebras L such
that L = [L, L] is fully faithful. In view of [8, II, §6, n°® 2, Corollary 2.8,
p. 263] and [20, Theorem 3.1], when L = [L, L], L is an algebraic Lie
algebra, that 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, £L(O(G)) = L, and, moreover, it can be identified
with Z(L) (see [20, top of p. 57 and Theorem 4.1]). Therefore, if we
corestrict Z' 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 £L(H) = [L(H), L(H)]),
it induces an anti-equivalence of categories. No less important is the fact
that the adjunction (1), when restricted to a certain class of real Hopf
algebras (see [1, Corollary 3.4.4, p. 162]), can be seen as a categorical
reformulation of Lie group differentiation and integration.

1This is also the commutative Hopf algebra constructed as the coend of the fiber
functor attached to the symmetric monoidal category of finite-dimensional L-repre-
sentations. It is called the algebra of representative functions on U(L) in [19, §2].
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Now, if we want to extend these constructions to a category wider
than that of groups (respectively commutative Hopf algebras), for exam-
ple 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 [31, §3.5]) that
to each Lie groupoid one can attach “in a functorial way” a Lie alge-
broid (for the reader’s sake, we include 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 inte-
grability (see e.g. [6] and [15]).

Along 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 algebroid.? However, in contrast with
the case of Lie groups,? 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 (over 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 [14] 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 al-
gebroid functor that assigns to any Lie-Rinehart algebra (see §2.3 for
the definition) its universal (right) cocommutative Hopf algebroid, and
the third construction utilizes the notion of a convolution Hopf alge-
broid [14]. In this way, a notable observation due to Kapranov [25] 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 the
Lie algebroids integration problem.

Finally, as implicitly suggested above, Lie-Rinehart algebras present
themselves as the algebraic counterpart of Lie algebroids and so they
become a natural substitute for Lie algebras (in §9.2, we give new ex-
amples of these objects). Moreover, by the foregoing, it is reasonable
to expect that Lie-Rinehart algebras and affine groupoid schemes are

2Note that Morita theory of Lie groupoids behaves in a similar way as for commutative
Hopf algebroids; see [13] for details.

3In this case for every Lie group we have, in a contravariant functorial way, the
commutative real Hopf algebra of smooth representative functions.
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closely related, although no adjunction connecting them and extending
the one stated in (1) 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 differen-
tiation 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 to those mentioned above show up in this setting.

1.2. Description of main results. We now give a detailed descrip-
tion of our main results. Let A be a commutative algebra over a ground
field k (usually of zero characteristic). Set CHAlgd 4 to be the category of
commutative Hopf algebroids with base algebra A and consider its full
subcategory GCHAlgd , whose objects are Galois? (see §2.1 and §3.4).
The category of (right) cocommutative Hopf algebroids with base alge-
bra A is denoted by CCHAlgd 4 (see §2.2).

The first task in order to establish the notion of differentiation and in-
tegration in this context and in the sense described above is to construct
a contravariant functor from CCHAlgd, to CHAlgd 4. There are two in-
terrelated ways to construct such a functor. The first one uses what is
known in the literature as the Tannaka reconstruction process, applied
to a certain symmetric monoidal category of modules (this was mainly
achieved in [12] 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 commutative
Hopf algebroid (via SAFT) out of a cocommutative one, as well as its
universal property, are explicitly given in §4.2. 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 4.14.5

Theorem A. Let A be a commutative algebra. Then there are two con-
travariant functors

(—)°: CCHAlgd , —> CHAlgd ,, (—)®: CCHAlgd , —> CHAlgd ,.

4The terminology “Galois” is motivated by the fact that it extends Galois theory of
commutative Hopf algebras, which in turn extends classical Galois theory.

5Tt is 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 [27, §4.3] and [28, §3.4], and called the jet space of L, coincides nei-
ther with V4(L)° nor with V4(L)®. However, it coincides with the complete Hopf
algebroid constructed in [14, Proposition 3.17].
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Explicitly, take a (right) cocommutative Hopf algebroid (A,U) and con-
sider 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:

ue <

. Rl

where CA 18 a morphism of commutative Hopf algebroids. Furthermore, the
map CA 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. It seems that this injectivity forms part of the
structure of the Hopf algebroids involved. 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 ¢ is an isomorphism if and only if (A,U*) is
a Galois Hopf algebroid. These and other properties are explored in full
detail in §4.1.

Now denote by LieRing the category of all Lie—Rinehart algebras
over A.% Tt is well known from the literature that there is a (covariant)
functor V4(—): LieRin4 — CCHAIgd 4 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:

£: CHAlgd”? — LieRiny; .#,.7": LieRiny —> CHAIgd?,

Z/[*

which are termed the differentiation and integration functors, respec-
tively, and to establish two adjunctions involving these functors. In the
notation of §5 below, we have that

L (M) =Dery *(H, Ac) = {5: H — A k-linear map |dos =0,

d(uv) = e(uw)d(v) + d(u)e(v), Yu,v € 7—[}.

6When 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 realized, via the global smooth
sections functor, as a subcategory of LieRin 4. If, furthermore, M is compact, then, by
using the Serre-Swan theorem, one can show 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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This is referred to as the Lie-Rinehart algebra of a given commutative
Hopf algebroid (A,H) and its structure maps are explicitly expounded
in Lemma 5.12 and Proposition 5.13.

Mimicking [8, II, §4], we give an alternative construction of the differ-
entiation functor (Proposition A.4 in Appendix A.1), 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 illustrative examples (see Appendix B
for more details). More examples are also expounded in §9.2, where we
provide full details of the computation of the Lie-Rinehart algebra of a
certain Malgrange Hopf algebroid. These examples arise from differential
Galois theory over the affine complex line. Moreover, 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 recog-
nize 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, H). This is achieved in §9.1.

The fact that there are two integration functors .# and .#’, which
in the classical case of commutative Hopf algebras and Lie algebras co-
incide, is mainly due to the existence of two different and interrelated
approaches in constructing the finite dual contravariant functor on not
necessarily commutative rings hereby explored. More precisely, the first
functor .# is the composition of two functors .# = (—)°oV4(—) and the
second integration functor .#’ decomposes as .#' = (—)® o V4(—), where
(—)° and (—)* are the functors stated in Theorem A. According to this
theorem, both integration functors are shown to fit into a commutative
diagram:

CVA(*)

J(=) (Va(=))

/

val=)
(=)

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 [14] for the precise notion). In the above
diagram, the natural transformation ¢ is the one defined in equation (11),
é is the lifting of ¢ by the universal property (15), and £ is the natural
transformation described in Lemma 4.4, where we also characterize the
injectivity of this map.

CVA(*)
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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

HomCHA|gdA (7‘[, f/(L)) i‘ HomLieRinA (LvZ(H))a

for any commutative Hopf algebroid (A,H) and Lie—Rinehart alge-
bra (A,L). That is, the integration functor 9’ is left adjoint to the dif-
ferentiation functor £ .

Assume now that the map Cr of equation (11) is injective for every
A-ring R (e.g., when A is a Dedekind domain”). Then there is a natural
isomorphism

Homecnarga , (H, # (L)) —— Homuiekin s (L, £ (H)),

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

The unit and the counit of the second adjunction are detailed in Ap-
pendix A.2. Given a Lie-Rinehart algebra (A, L), it is of particular inter-
est to consider the following commutative diagram involving both units
and stated in Proposition A.7 below:

Jp—r

ZLVa(L)°)
o Tz’(é)
ZLVa(L)")

As a consequence of Theorem B, the commutative Hopf algebroid
(A, Z(Va(L)*)) (hence its associated presheaf of groupoids) can be
thought of as the universal groupoid of the given Lie-Rinehart alge-
bra (A, L) with a universal morphism ©%: L — £(V4(L)*). In our
opinion, the question of whether ©5 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 algebra®). Another question that Theorem B introduces is

TThis is the case when A is the coordinate algebra of an irreducible smooth curve
over an algebraically closed field.

8This 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
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the search for full subcategories of LieRing and CHAIlgd 4, for which the
previous adjunction restricts to an anti-equivalence of categories.

Let (A,H) be a commutative Hopf algebroid, set Z = Ker(e) for the
kernel of its counit and consider its quotient A-bimodule Q(H) := Z/Z?.
Then the Kahler module Q% (#) of (A,#H) with respect to the source
map is shown to be given, up to a canonical isomorphism, by:

DL (H) 2 H:®@4sQ(H),  (¢°: Hs —= Q5% (H), [u—>u1 ®4 7°(u2)]),

where 9° is the morphism that plays the role of the universal derivation
and 7°: JH — sQ(H) is the left A-module morphism which sends u —
(u— s(e(u))) + 2.

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

Theorem C. Let (id,¢): (A,K) — (A, H) be a morphism of commuta-
tive Hopf algebroids. Assume that Q(H) and Q(K) are finitely generated
and projective A-modules. The following assertions are equivalent:

(i) Q(@) s split-injective.

(ii) Z(d): Z(H) — ZL(K) is surjective.

(ili) Derg *(¢, —): Derg *(H, —) — Dery * (K, ¢.(—)) is surjective on each

component.
(iv) Dery (¢, H): Dery *(H,H) — Dery °(K,H) is surjective.
(v) H Kk Q%K) = Q54 (H): h @ w — h&25(P)(w) is split-injective.

The assumptions made in this theorem are, of course, fulfilled when-
ever the total algebras H and K are regular.’ In analogy with the affine
algebraic groups [1, p. 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 con-
travariant functor from a certain full subcategory CHAlgd 4, to CCHAIlgd 4
is feasible in theory. Pushing the investigation further in this direction,
one can be tempted to construct, for instance, a certain analogue of the
hyperalgebra (or hyperalgebroid) for an affine algebraic k-groupoid and
subsequently establish results similar to [1, Theorems 4.3.13, 4.3.14] for
a flat commutative Hopf algebroid. We will not pursue this topic here
as, in our opinion, this deserves a separate research project.

there a commutative Hopf algebroid (A, H) such that L = Z(H) as Lie-Rinehart
algebras? See Remark 6.5, for more discussion.
9For instance, regular functions of an algebraic smooth variety.
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1.3. Notation and basic notions. Given a (hom-set) category %,
the notation C' € ¥ stands for: C is an object of €. Given two ob-
jects C,C" € €, we sometimes denote by Home (C,C’) the set of all
morphisms from C to C’. We work over a base field k (possibly of char-
acteristic zero). All algebras are k-algebras and the unadorned tensor
product ® stands for the tensor product over k, ®j. Given an alge-
bra A, we denote by A° = A ® A°P its enveloping algebra. Bimodules
over algebras are understood to have a central underlying k-vector space
structure. As usual, the notations 4Mod, Mod 4, and sMod,4 stand for
the categories of left A-modules, right A-modules, and A-bimodules, re-
spectively.

Given two algebras R, S and two bimodules gk Mg and rNg, for sim-
plicity, we denote by Hompg_ (M,N), Hom_g(M,N), and Homp_g(M,N)
the k-vector spaces of all left R-module, right S-module, and (R, S)-bi-
module morphisms from M to N, respectively. The left and right duals
of g Mg are denoted by *M := Homp_ (M, R) and M* := Hom_g(M, S),
respectively. These are (S, R)-bimodules and the actions are given as fol-
lows. For every r € R, s€ S, f € *M, and g € M*, we have

sfr: M — R, (m+— f(ms)r);

3)

sgr: M —= S, (m+—sg(rm)).

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

For an algebra A, a left (or right) A-linear map stands for a mor-
phism 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 (4Moda,®4, A). Given an A-ring R, we will denote by Ag the
full subcategory of right R-modules whose underlying right A-modules
are finitely generated and projective.

The dual notion of an A-ring is that of an A-coring. Thus, an A-coring
is a comonoid in the monoidal category (4Mod4, ® 4, A) of A-bimodules.
That is, an A-bimodule € with two A-bilinear maps A: € — €®4 € (the
comultiplication, sending x to x1 ®4 xo with summation understood)
and €: € — A (the counit) subject to the coassociativity and counital
constraints. A right €-comodule is a pair (M, opr), where M is a right
A-module and gp: M — M ®4 € is a right A-linear map which is
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compatible with A and ¢ in a natural way (i.e., (o ®a €)ooy = (M ®4
A)oopr and (M ®4¢)o0popr = idps). There is an adjunction between right
A-modules and right €-comodules given on the one side by the forgetful
functor &: Comode — Mod 4 and on the other one by the functor — ® 4
¢: Mods — Comodg (see e.g. [3, §18.10]). For a given A-coring € we
denote by A% the full subcategory of right €-comodules (M, oy) such
that &(M, opr) is a finitely generated and projective right A-module.
For a given A-coring (€, A, ) we have an A-ring structure on *€ called
the left convolution algebra of €. This structure is given by

4)  (f*x9)(x) =g(z1f(22)), l-e=¢, and (afb)(z)= f(ra)
for all f,g € *€, a,b € A, and x € €. Analogously, one can introduce the
right convolution algebra €* of €.

Remark 1.1. Recall that given two A-corings € and ® we can consider
the new A-coring

R
COD:= Span{acb®d —c®adb|a,be A, ce €, de D}
which is a coring with respect to the structures
a(lc® d)b = ¢ ® adb,
A(C@ d) = (Cl ® dl) ®A (CQ () dg),

e(cod) =ec(c)en(d),
where the notation is the obvious one. We point out that € ® ® has
been obtained by applying [49, 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’ ® ') = tsct’s’ and (s ®
r)d(s’ @ r') = s'rdsr’, where R=S =T = A and r,7' € R, 5,8 € S,
t,t! €eT,ce&€ andde®D.

Remark 1.2. Notice that given an A-coring €, we may consider the A-cor-
ing €°°P with structures given by

(5) A(cP)=(c2)PRa(c1)°P, &(c*P)=¢e(c), and bc*°Pa=(ach)®P,
where ¢®P denotes ¢ € € as seen in €°P,

Let A be a commutative algebra; we denote by proj(A) the full subcat-
egory of the category of (one-sided, preferably right) A-modules whose
objects are finitely generated and projective. In addition, A being com-
mutative, these right A-modules will be considered as central A-bimod-
ules. For a given morphism of commutative algebras ¢: A — B we denote
by ¢.: Modg — Mod 4 the restriction functor between the categories of
right modules.
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2. Hopf algebroids and Lie—Rinehart algebras:
Definitions and examples

A Hopf algebroid can be naively thought of as a Hopf algebra over
a noncommutative ring. In the present paper we are going to focus on
the distinguished classes of commutative and cocommutative Hopf al-
gebroids (i.e., those that have a closer connection with algebraic and
differential geometry), instead of dealing with them in their full gener-
ality. 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 [42, Ap-
pendix Al] the definition of a commutative Hopf algebroid. We also
expound some examples which will be needed in the forthcoming sec-
tions.

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

()

:<;§T—>’H—>'H®A H,

where to perform the tensor product over A, the algebra H 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 s,t: A — H are called
the source and target respectively, and n := s®@t: A A - H ,a®
a' — s(a)t(a') is the unit, e: H — A the counit, A: H — H @4 H the
comultiplication, and S: H — H the antipode. These have to satisfy the
following compatibility conditions.

o The datum (,H¢, A, €) has to be a coassociative and counital coal-
gebra 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 Sos =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.
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o The antipode has to satisfy also S(hy)he = (toe)(h) and h1S(h2) =
(soe)(h), which encode the fact that the composition of a morphism
with its inverse on either side gives an identity morphism (the
notation hy ® ho is a variation of 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 above defi-
nition:

(1) Note that there is no need to require that cos =idg =cot, 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) = (S @4 S)(AW)) in Hy @4 (H, explicitly, S(ur) @4
S(ug) = S(u)a ®4 S(u); for all uw € H. Thus, S: sHy — +Hs is an
isomorphism of A-corings.

A morphism of commutative Hopf algebroids is a pair of algebra maps
(¢0,91): (A, H) — (B, K) such that

$105 =50 ¢, ¢1ot =10 ¢,
Aogr=x0(p1®a¢1)0l, ecopr=d¢dgo¢,
Sopy=¢108,

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

Example 2.2. Here are some common examples of Hopf algebroids (see
also [9]):
(1) Let A be an algebra. Then the pair (4,4 ® A) admits a Hopf
algebroid structure given by s(a) = a®1, t(a) =1Qa, S(a®a’) =
a ®a,ela®ad) =ad,and Ala®ad) =(a®1)®4 (1 ® d), for
any a,a’ € A.
(2) Let (B,A,e,) be a Hopf algebra and A a right B-comodule al-
gebra with coaction A — A® B, a + a(g) ® a(1). This means that
A is a right B-comodule and the coaction is an algebra map (see
e.g. [37, 84]). Consider the algebra H = A ® B with algebra ex-
tension 7: A® A = H, a’ ® a — d’a@) ® agry. Then (A, H) has a
Hopf algebroid structure known as a split Hopf algebroid:

A(a®b)=(a®b1)®4(14R®b2), (a®b)=ac(b), S(a®b)=a)®a)(b).
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(3) Let B be as in part (2) and A any algebra. Then (A, A® B® A)
admits in a canonical way a Hopf algebroid structure. For a,a’ € A
and b € B, its structure maps are given as follows:

s(a) =a®@1p®@1a, tla)=1a@1p®a, cla@b®ad)=ade(b),
Ala@b®d)=(a®@b; ®14)®4 (la®@b®d),
Saxbxd)=d o 70b) ®a.

Notice that (1) may be recovered from (3) by considering B = k as a
Hopf k-algebra with a trivial structure.

2.2. Cocommutative Hopf algebroids. Next, we recall the defini-
tion of a cocommutative Hopf algebroid. It can be considered as a
revised (right-handed and cocommutative) version of the notion of a
x 4-Hopf algebra as it appears in [45, Theorem and Definition 3.5]. How-
ever, to define the underlying right bialgebroid structure we preferred to
mimic [30] as presented in [2, Definition 2.2] (in light of [2, Theorem 3.1],
this is something we may do). See also [25, A.3.6] and compare with
[27, Definition 2.5.1] and [47, §4.1] as well.

A (right) cocommutative Hopf algebroid over a commutative algebra
is the datum of a commutative algebra 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 €: & — A which satisfies
(uv) = e(e(u)v),

for all u,v € U,
e an A-ring map A: U — U X o U, where the module

UxsU = {Zuz AV EUL QAU | Zaui ®a Ui:ZUi ®A@vz}
i i i

is endowed with the algebra structure
Zui X A Vj - Zu; XAV = Zuzu; XA v, lyx,u = lu®aly,
( J 0,J
and the A-ring structure given by the algebra map 1: A — U X 4
U, (a—axgly =1y x4a);
subject to the conditions

e A is coassociative, cocommutative in a suitable sense, and has ¢ as
a right and left counit;
e the canonical map

B:Us @4 AU —>Ua @aUA; (URA V> UV @4 V2)
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is bijective, where we denote A(v) = v1 ® 4 v2 (summations under-
stood). As a matter of terminology, the map 37 1(1®4 —): U —
Ua @4 aU 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 — ®a — (see the details below), and the forgetful functor to the
category of A-bimodules is strict monoidal. The last condition says that
this forgetful functor also preserves right internal hom functors. The
pair (A,U) is then referred to as a right cocommutative Hopf algebroid
over k. From now on the terminology cocommutative Hopf algebroid
stands for right ones.

The aforementioned monoidal structure is detailed as follows: Given
a cocommutative Hopf algebroid (A,U), the identity object is the base
algebra A, with right U-action given by a.u = e(au). The tensor product
of two right «/-modules M and N is the A-module M4 ® 4 N4 endowed
with the following right {/-action:

(6) (mRan).u=(m.up) a4 (n.uz).

The symmetry is provided by the one in A-modules, that is to say, the
flip M ®4 N - N ® 4 M is a natural isomorphism of right /-modules.
The dual object of a right ¢/-module M whose underlying A-module is
finitely generated and projective is the A-module M* = Hom_ 4(M, A)
with the right U-action

pou: M —= A, (m——p(m.u_).uy),
where u_ ®4 uy = 8711 ®4 u) (summation understood). It is easily
checked that, for every a € A and u,v € U, one has
(au)— ®4 (au)y = u_ ®4 auy,
aU— XA UL = U_ DA ULQ,
V-t @4 upvy = (uv)- @4 (uv)4,
(1)- ®a (lu)+ = lu ®a Ly,
(u-)1 ®a (u-)2 @4 ut = (ug)- @4 u- @4 (Ut )+,
U— @4 (ug)1 ®a (ug)2 = (u1)- @4 (u1)+ ®a uz,
u_tuy = e(u)ly,
(u—)- ®a (u-)4us = u®a 1y,
uy(uz)— ®a (u2)y = 1y @4 u.
Morphisms between cocommutative Hopf algebroids over the same

algebra A are canonically defined, and the resulting category is denoted
by CCHAlgd 4.
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2.3. Lie—Rinehart algebras and the universal enveloping alge-
broid. Let A be a commutative algebra over a field k of character-
istic zero and denote by Derg(A) the Lie algebra of all linear deriva-
tions of A. Consider a Lie algebra L which is also an A-module and let
w: L — Derg(A) be an A-linear morphism of Lie algebras. In honor
of Rinehart [43], the pair (A, L) is called a Lie-Rinehart algebra with
anchor map w provided that

(7) [X,aY] = a[X, Y]+ X(a)Y,

for all X,Y € L and a,b € A, where X (a) stands for w(X)(a).

Apart from the natural examples (A4, Derg(A)) (with anchor the iden-
tity map), another basic source of examples are the smooth global sec-
tions 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: £ — T M of vector bundles and a
Lie structure [—, —] on the vector space I'(L) of global smooth sections
of L, such that the induced map I'(w): I'(£) — T'(T'M) is a Lie algebra
homomorphism, and for all X,Y € I'(£) and any smooth function f €
C>° (M) one has

(®) (X, Y] = fIX, Y]+ T(w)(X) (/Y-

Then the pair (C>°(M),T'(£)) is obviously a Lie-Rinehart algebra. In
Appendix A.3, we give a detailed description, using elementary algebraic
arguments, of the Lie-Rinehart algebra attached to the Lie algebroid of
a given Lie groupoid.

Remark 2.4. The fact that the map I'(w): I'(£) — I'(T'’M) in Exam-
ple 2.3 is a Lie algebra homomorphism is a consequence of the Jacobi
identity and of relation (8) (see e.g. [17, 18, 26]). 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 (cocommutative) Hopf algebras, primitive
elements of a (cocommutative) Hopf algebroid!® form a Lie-Rinehart
algebra. Compare with [5, Theorem 3.3.4], [27, Proposition 4.2.1], [36,
§2].11

101n fact, the claim is true in general for bialgebroids over a commutative base algebra,
but we are interested mainly in the particular case of cocommutative Hopf algebroids.
H1n fact, in [36] the terminology used is R/k-bialgebra (as in [40]). Nevertheless,
as we will see, the universal enveloping algebra of a Lie-Rinehart algebra actually
inherits a Hopf algebroid structure in the sense of [45].
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Example 2.5 (Primitive elements as Lie-Rinehart algebra). Let (A,U)
be a cocommutative Hopf algebroid. An element X € U is said to be
primitive if it satisfies

AX)=1®4X+X®41 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(U)
inherits simultaneously an A-module and Lie algebra structure, 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(lf) — Derg(4), (X +—[a+—= —(t(a)X)]).

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

L ! K

Derg(A)

the category so constructed will be denoted by LieRin 4.

Next we give our main example of cocommutative Hopf algebroids.
The (right) universal enveloping Hopf algebroid of a given Lie-Rinehart
algebra (A, L) is an algebra V4 (L) endowed with a morphism ¢t4: A —
V(L) of algebras and a Lie algebra morphism ¢, : L — V4 (L) such that

(9) tn(aX)=1p(X)ta(a) and (p(X)ia(a)—ta(a)er(X)=1a(X(a))
for all a € A and X € L, which is universal with respect to this prop-
erty. In detail, this means that if (W, ¢4, ¢r) is another algebra with a

morphism ¢4: A — W of algebras and a morphism ¢ : L — W of Lie
algebras such that

or(aX) = ¢r(X)pa(a) and ¢r(X)pa(a)—da(a)gr(X) = da(X(a)),
then there exists a unique algebra morphism ®: V4 (L) — W such that
DLy =0¢sand D1y = ¢r.

Apart from the well known constructions of [43] and [36], the uni-
versal enveloping Hopf algebroid of a Lie-Rinehart algebra (A, L) ad-
mits several other equivalent realizations. For instance, one can use
the smash product (right) A-bialgebroid A#Uk(L), as introduced by
Sweedler in [46], 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 [14]. Set n: L - AQ L; X —
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14®X and consider the tensor A-ring T4 (A®L) of the A-bimodule AR L.

It can be shown that

Ts(A® L)

— 7

where the two-sided ideal J is generated by the set
_ <n(X) ®@an(Y) = n(Y) @an(X) —n([X,Y]),

1%

Va(L)

n(X)-a—a-n(X)—wX)(a)

We have the algebra morphism t4: A — Va(L); a — a+ J and the Lie
algebra map tr,: L — Va(L); X — n(X) + J that satisfy the compat-
ibility condition (9). It turns out that V4(L) is a cocommutative right
Hopf algebroid over A with structure maps induced by the assignments

e(taa)) =a, e(r(X)) =0,
Ava(a)) = vala) xaly, ) = v,y ¥atala),
AQr(X)) = n(X) xaly, ) + vy xa ep(X),
B Ly @aea(a)) = eala) @a 1y, ) = Ly, ) ©a tala),
B v,y ®atn(X)) =Ly, ) ®a tn(X) = 10(X) ®a Ly, (1)

Remark 2.6. The primitive functor Prim: CCHAlgd 4 — LieRin 4, assign-
ing to a cocommutative Hopf algebroid (A, ) the space Prim (i) and to
a morphism f: (A,U) — (A4,V) its restriction to the primitive elements,
admits as a left adjoint the functor V4 : LieRing — CCHAIlgd 4, which
assigns to a Lie-Rinehart algebra (A, L) its universal enveloping Hopf al-
gebroid V4 (L) and to a morphism of Lie-Rinehart algebras f: (4,L) —
(A, K) the morphism of cocommutative Hopf algebroids V4 (f) induced
by the universal property of V4(L). The unit L — Prim(Va(L)) of
the adjunction is given by the corestriction of the map ¢y, while the
counit V4 (Prim(U)) — U is given by the universal property of its domain
applied to the inclusion of Prim (i) in &. The verification is straightfor-
ward. For the analogue in the case of left bialgebroids we refer to [36,
Theorem 3.1] or [27, Proposition 4.2.3].

Remark 2.7. Given a Lie-Rinehart algebra (A, L), there exists the no-
tion of a left (A4, L)-module; see e.g. [22, §1] and [43, §2]. As happens for
the universal enveloping algebra of an ordinary Lie algebra, the defini-
tion of the universal enveloping algebroid (U(A, L), ja,71) 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 cocommutative Hopf algebroids, we are interested in dealing

‘ X, YelL, aeA>.
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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°P, —w), where (A, L°P) is the Lie—
Rinehart algebra with the 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°P to
the Atiyah algebra of M). They are in one-to-one correspondence with
right V4(L)-modules. Moreover,
(1) in general we have V4 (L) U (A,L°P)°P (see [5, Proposition 2.1.12]);
(2) in the particular case of 4L free, i.e., L = ®;AX;, we have that
U(A, L) with 34 and j}, given by 77 (3, @i X;) == 3, 70.(Xi)74(a;)
is the right universal enveloping algebra of (A, L) (symmetrically
for V4(L) on the other side).

It is worth pointing out, however, that our definition of a right repre-
sentation differs slightly from the one given in [23, p. 430]. The reason
for introducing this new one is threefold: first of all it is more symmetric,
secondly it ensures that A is a right representation as 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 Dery *(—,k):
CHAIg,” — Lie is right adjoint to the functor (U(—))°: Liex — CHAlgy",
where CHAIg, and Lie; denote the categories of commutative Hopf k-al-
gebras and Lie k-algebras, respectively. Indeed, this can be seen as the
composition of the two adjunctions (U, Prim) and ((—)°, (—)°), where U :
Liex, = CCHAIgy, is the universal enveloping functor, Prim : CCHAlg, —
Lieg 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 fol-
lowing two different but equally valid approaches, we will even provide
two such possible analogues.

3.1. Tannaka reconstruction process. Let A be a commutative al-
gebra and w: A — proj(A) be a faithful k-linear functor (referred to as a
fiber functor), where A is a k-linear (essentially) small category. The im-
age “ P of an object P of A under w will be denoted by P itself when no
confusion may arise. Given P,Q € A, we denote by Tpg = Hom4(P, Q)
the k-module of all morphisms in A from P to (. The symbol Tp is
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reserved to the ring (in fact, algebra) of endomorphisms of P. Clearly,
Sp = End(P,) is a ring extension of Tp via w. In this way, every im-
age “ P of an object P € A becomes canonically a (Tp, A)-bimodule.

Consider now the Gabriel ring A attached to A and introduced in [16].
That is, the algebra A := @ p,oeATpq with enough orthogonal idempo-
tents and such that the multiplication of two composable morphisms
is their composition, otherwise is zero. Set ¥ = @®pesP and Lt =
@pcaP*, direct sums of A-modules, and identify any element in P
(resp. in Q*) with its image in ¥ (resp. in XT). It turns out that X
is a unital (A, A)-bimodule while X is a unital (A, A)-bimodule.

Now, let us recall from [11] the infinite comatriz A-coring associated
with the fiber functor w: A — proj(A) which is given by the A-bimod-
ule Z(A) = £ @3 X. Furthermore, it is clear that any object P € A
admits (via the functor w) the structure of a right %Z(.A)-comodule, which
leads to a well defined functor x: A — A% (see §1.3 for the notation),
and that w factors through the forgetful functor &: A% — Mod,
via x, that is, w = € o x.

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 w the forgetful functor, or the category Ag of right R-
modules, for a given A-ring R, which are finitely generated and projec-
tive as A-modules and w is the forgetful functor as well. For the sake
of simplicity, we will often denote by Z(€) the coring Z(A%). Simi-
larly, we set R° := Z(Ag). The latter construction induces a functor
(—)°: A-Rings — (A-Corings)°P, which was named the finite dual functor
in [12, §2.1]. It is noteworthy to mention that from its own construc-
tion it is not clear whether the functor (—)° is left adjoint to the func-
tor *(—): (A-Corings)°® — A-Rings which sends any A-coring € to its
right convolution algebra *€. 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 rigid symmetric monoidal category and w is a
strict symmetric monoidal functor. Then one can endow the associated
infinite comatrix A-coring Z(A) with a commutative (A ®y A)-algebra
structure. The multiplication is given as follows:

(" @zp)- (0" ©z9) = (¢ *p") @z (4 @ap);
where for every ¢ € P* and ¢ € Q* we set

(px9): POaQ—=A, (z@ayr—9(x)P(y)).



DirFr AND INT FOR HOPF AND LIE ALGEBROIDS 23

The unit is the algebra map A ®x A — Z(A) which sends a ® o' —
la @3 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 T4 is a subring of A and does not necessarily coincide with the base
field k.

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: #(A) —Z(A), (p*@xp+—ev, @7D%),
where ev,, is the image of p under the isomorphism of A-modules P =
(P)".

The above construction, which we may call Tannaka’s reconstruction
process, is in fact functorial. That is, if 7: A — A’ is a given symmetric
monoidal k-linear functor such that

A z A

proj(A)

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

(10)  Z(F): T ez —SerE, (0" @zp—=p" Oxp),
which makes commutative the following diagram:

R(F).

AZ(A) (A/)K@(A’)

el =

A/

w

proj(A)

where Z(F). is the restriction of the induced functor Z(F).:
Comodg 4y — Comodgp( 4y sending any right #(.A)-comodule (M, gar)
to the right Z(A’)-comodule

om M@ A% (F)
e

M

M @4 Z(A) M@y Z(A),

and acting obviously on morphisms.
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Remark 3.2. It is noteworthy to mention that the underlying category A
is not assumed to be abelian nor does the subalgebra T4 of A coincide
with the base field k. Thus we are not assuming that the pair (A, w) is
a Tannakian category in the sense of [7]. The Hopf algebroids obtained
therefore have fewer properties than one constructed from the Tannakian
categories. One of these missing properties is, for instance, that the func-
tor x: A — A% is not necessarily an equivalence of categories, and
that the skeleton of the full subcategory A%4) does not necessarily form
a set of small generators in the whole category of Z(A)-comodules. Nev-
ertheless, the conditions we are taking on the pairs (A, w) are sufficient
to allow 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 (Ag,w), where w is the forgetful functor; see also Remark 3.1.
Then there is an (A, A)-bimodule map

(11) (:=Cr: R°—=R*, (p*@g-pr—[r+——=p*(pr)]),

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: S — R is an A-ring
map, then f*o{p = (g0 f°. Indeed,

Cs(Fopan)) () 2 Cslp@azn) () =p(nf(s)) = £ (Crlo@n))(s)
forall s € S, p ®z-n € R°.

For the reader’s sake, we include here the subsequent result.

Lemma 3.4 ([12, 3.4]). The map ¢ of (11) fulfils the following equalities
for every z € R°, x,y € R:

((2)(zy) = C(21)(C(z2)(@)y),  C(2)(1r) = &(2),
and ((azb)(u) = al(z)(bu).

In contrast with the classical case of algebras over fields, the map ( is
not known to be injective, unless some condition is imposed on the base
algebra A. For instance, if A is a Dedekind domain, then ( is always in-
jective. Strong consequences of the injectivity of ¢ were discussed in [12];
some of them can be seen as follows. In general, it is known that the
functor £: A% — Ap induced by the obvious functor A%° — A« (Re)
(see e.g. [3, §19.1]) and by the canonical map nr: R — *(R°) (where
nr(r)(p* ®z; p) = p*(pr) for every R-module P and all 7 € R, p € P,

(12)
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p* € P*) has a right inverse functor x: Az — A®" which sends each
right R-module P € Ag to the right R°-comodule £(P) with underlying
A-module P and coaction

0: P—P®4 R°, (pi—>zei ®a (€] ®ARP))>

where {e;, e
then x and £ are mutually inverse and so Ag is isomorphic to A%’ (see
Remark 4.13). Now we give the notion of Galois corings.

Definition 3.5. Let (A4, C) be a coring. Then (A4, 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

*
(2

}i is any dual basis for P. If ¢ is assumed to be injective,

can: B1 @4z ¥ —C,  (p* @50+ " (P0))P1))

is an isomorphism of A-corings, where op(p) = p(o)®ap(1) is the C-coac-
tion on p € P.

3.3. The finite dual of a cocommutative Hopf algebroid via
Tannaka reconstruction. Next we want to apply the Tannaka recon-
struction process to a certain full subcategory of the category of right
modules over a cocommutative Hopf algebroid. So take (A,U) to be
such a Hopf algebroid. Following the notation of §1.3, we denote by Ay,
the full subcategory of right ¢/-modules whose underlying A-module is
finitely generated and projective, and by w: Ay — proj(A) the associ-
ated forgetful functor. Joining together the results from §2.2 and §3.1,
we get that the pair (Ay,w) 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 [12, Theorem 4.2.2]. Here we give 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 cocommutative Hopf algebroids to the category of
commutative ones.

Proof: Given a morphism ¢: U — U’ of cocommutative Hopf algebroids,
the restriction of scalars leads to a k-linear functor Fy4: Ay — Ay which
commutes with the forgetful functor, that is, such that w o F, = w'.
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Using the monoidal structure described in (6), it is easily checked that
Fo is a strict symmetric 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 (4,U) be a
cocommutative 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: Uy — Us ® 4 Ua, that is to say,

(f*xg)(u) = f(ur)g(uz), forevery f,geU™, uecl.

The canonical A-bilinear map from §3.2
(13)  (=¢uU—U", (p" @z pr—[ur—p*(pu)])

is an (A ® A)-algebra map and it fulfils (12) for R = U. If ¢ is injec-
tive, then there is an isomorphism of rigid symmetric monoidal cate-
gories AY” = Ay (see [12, Theorem 4.2.2]). The subsequent definition
is a particular instance of Definition 3.5.

Definition 3.7. A commutative Hopf algebroid (A, H) is called Ga-
lois (or A™-Galois) if its underlying A-coring is Galois in the sense of
Definition 3.5, i.e., if the canonical map

can: Bt @ B —=H,  (p* @ p—> s(p*(p(0)))P(1))

is an isomorphism of Hopf algebroids, where op(p) = poy ®4 p(1) is the
‘H-coaction on p € P. The full subcategory of Galois commutative Hopf
algebroids with base algebra A is denoted by GCHAlgd 4.

Remark 3.8. Let (A,U) be a cocommutative Hopf algebroid. When the
canonical map (: U° — U™ is injective, the reconstructed object U° is
Galois (see [12, Proposition 3.3.3]). The inverse of the canonical map can
is provided by the assignment %7 Rz Y - xt Qe >, p* Qa; P+
p* O we P employing the canonical isomorphism AY° 2 A;,. Later on, we
will recover the same isomorphism under an apparently weaker condition.
We also point out that this condition makes 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 to the target with base algebra a field) is Galois
Hopf algebroid.

(2) Let B — A be a faithfully flat extension of commutative algebras.
Then (A, A®p A) is a Galois Hopf algebroid.
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(3) Any Hopf algebroid (A,H) whose unit map n: A® A — H is
a faithfully flat extension of algebras is actually Galois. In other
words, any geometrically transitive Hopf algebroid is Galois; see [9]
for more details.

(4) The Adams Hopf algebroids as defined in [21] and studied in [44]
are Galois.

We point out that the first three cases are in fact a particular instance
of a more general result [11, Theorem 5.7], which asserts that any flat
Hopf algebroid whose category of comodules Comody 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 cocommutative 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 §3.3. As before, we start with 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 4 Mod 4 of A-bimodules.
Then the functor (—)*: sModa — (4Mod)°P admits a right adjoint
*(=): (aMod4)°P — gMod 4, where M* = Hom_ 4(M, A) with an A-bi-
module structure as in (3). The latter functor induces a functor

(14) *(_)I (A—Corings)OP e A—Rings’

where the category A-Rings stands for k-algebras R with an algebra map
A — R (whose image is not necessarily in the center of R). The functor
of (14) is explicitly given as follows: Given an A-coring (C, A, ) we have
that the A-ring structure on *C'is given as in (4). As a consequence of the
Special Adjoint Functor Theorem, the functor of equation (14) admits a
left adjoint
(—)*: A-Rings — (A-Corings)°?;
see [41, Corollary 9].12 For future reference, let us retrieve explicitly the
A-ring morphism
s R—="(R*), (r+—[z—¢&(2)(r)])

(i.e., unit of the previous adjunction). Here £ is as in the following remark.

12For the sake of completeness, let us point out that the quoted Corollary 9 treats
the case of noncommutative A too. The difference is that A-Rings should be replaced
by A°P-Rings. Nevertheless, since the noncommutative 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 deter-
mined by the following universal property: It comes endowed with an
A-bimodule morphism £: R®* — R* which satisfies the analogue of
the relations (12) and if C is an A-coring endowed with a A-bimodule
map f: C — R* satisfying the same relatlons then there is a unique
A-coring map f C — R® such that £ o f f. Conversely, notice that
given an A-coring map ¢g: C — R®, the composition £ o g satisfies the
relations in (12). As a consequence, if g,¢': C — R® are coring maps
such that £og=£€o0g’, then g = ¢'.

Remark 4.2. For the reader’s sake, we show how the adjunction follows
from this universal property. Let R be an A-ring, let C' be an A-coring,
and h: 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 and ¢ € C. We compute

h(bza)(c) = f(¢)(bra) = f(c)(br)a = af(c)(bx) = (af(c)b)(x),
(bh(x)a)(c) @y, x)(eb)a = ah(z)(cb) = h(z)(acb) = f(ach)(x),
hzy)(c) = f(e)(zy),
)(¢)

Consequently, we see that h from R to *C is an A-ring morphism if and
only if f corresponds to h via the adjunction ((—)*, *(—)) and satisfies the
conditions in (12). 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 h: Ry — Rs, we can consider the A-bimodule map h*: Ro* — Ry*.
If we pre-compose h* with &: Ry® — Ro*, the map f := h* 0 & satisfies
conditions (12) since f(2)(r) = &(z)(h(r)) for all z € Ry*, r € Ry, and h
is multiplicative, unital, and A-bilinear. As a consequence, the universal
property of R»® yields a unique A-coring map h® := f: Ro® — R;*® such
that 51 oh®=h*o EQ.

Example 4.3 (The map zeta-hat). Let R and R° be as in §3.2 together
with the A-bimodule morphism ¢ of equation (11). By Lemma 3.4 and
the universal property of R®, there is an A-coring morphism

o~

(15) (: R°— R°,
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such that & o ZA: ¢. In light of Remark 3.3, this induces a natural
transformation ¢: (—)° — (—)°.

Lemma 4.4. Given an A-ring R and the canonical map £, = &: R® —
R*, we have that Ker(§) contains no nonzero coideals of R® (i.e., £ is
cogenerating in the sense of [34, 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 w: R®* — C'is an A-coring map. If J C Ker(§), then £ factors
through a map &: C — R* such that o = & Any ¢ € C is of the
form 7(x) for some x € R®, so that

(
Elach)(r) = E(am(z)8)(r) = E(r (o)1)
= &(axb)(r) = af(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, {ocgom =Eom =,
so that the uniqueness in the universal property entails that com = idge.
Since 7 is surjective, this forces 7w to be invertible, whence J = 0. O

Next, we want to relate the two categories Agr and AR (see §1.3
for definition), but before we recall the following general construction
that has been and will be used more or less implicitly throughout the
paper. As a matter of notation, if g M4 is a (B, A)-bimodule such that
M, is finitely generated and projective with dual basis {e;, ef};, then
we are going to set

dbpyr: B—= M @4 M*, <b|—>2bei A ef) and

evpyr: M*@p M —= A, (f ®p m+—— f(m)).

Notice that db is B-bilinear while ev is A-bilinear and we have the iso-
morphism
B: HOHID_B(M,N®C P) — HOIHC_B(N* ®p M, P),
(16)
(g (evny ®c P) o (N*®p g))
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for B, C', D algebras and pMp, pN¢, ¢ Pg bimodules such that N¢ is
finitely generated and projective.
For every (B, A)-bimodule N we set

pCoacs(N,N®,4 C) :={p € Homp_s(N,N®, C)| (N,p) € A°}.

Lemma 4.5. For every (B, A)-bimodule N such that Na is finitely
generated and projective, the assignment Bo: Homp_ o (N, N ®4 C) —
Homy_o(N*®p N,C) of equation (16) induces an isomorphism

Be: pCoaca(N, N @4 C) —= Coring4(N* ®p N, C)
natural in C.

Proof: By adapting [10, Proposition 2.7], one proves that 3¢ induces .
A direct computation shows that 551 restricts to Bals Coring 4(N* ®p
N,C) — gCoaca(N,N ®4 C), providing an inverse for 3. O

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:
(i) (N®a f)op = (N®af)op implies p = p for every p,p" €
Coacy (N, N ®4 C) and for every N € proj(A);
(ii) foa = fofB implies a = B for every o, 8: E — C coring maps and
for every A-coring E with cang (split) epimorphism of corings;
(iii) foa = fop impliesa =B for every a,5: N* @ N — C coring
maps, for every algebra B and every bimodule g Ny such that Ny €
proj(A).
Proof: First of all, observe that (i) is equivalent to the same statement
but with p,p’ € pCoaca(N,N ®4 (), for every algebra B and every
bimodule N4 such that N4 € proj(A). To prove that (iii) is equivalent
to (i) consider the commutative diagram, for every N € proj(A4),

Be

pCoaca(N,N®4 C)

Coring 4,(N* ®p N,C)

Homp_a(N,N ®4 C) — %> Homu_4(N* ®p N, C)
HomB—A(N7N®Af)i \LHOIHAA(N*@)NJ)

Homp_a(N,N ®4 M) -2~ Homa_4(N* @5 N, M)

Since the horizontal arrows are isomorphisms, the vertical composition
on the right is injective (i.e., (iii) holds) if and only if the vertical com-
position on the left is (i.e., (i) holds).
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To prove the remaining implications, let us show first that € :=
N*®p N is a coring with cang (split) epimorphism of corings, for every
algebra B and every bimodule p N4 as in the statement. Notice that
N € A% with coaction n — Y, e; ®4 (e} ®p n), where {e;, e} }; is a dual
basis for N4. Thus we may consider the composition

N*@pN 5 N @ N 2 Z(N*@5N)

cang

N*®pN,

fepni——f@rynt——>fRyent——=>_ f(ei)e;@pn=f®pn,

where (x) is the isomorphism of [10, Lemma 3.9] and Ty :=End™ ®2V(N).
This shows that cane is a (split) epimorphism of corings for every N
and B as above and hence (iii) follows from (ii).

Conversely, let us show that (iii) implies (ii). Let o, 8, E be as in (ii)
such that foa = fo . Denote by m: @yecar N* @1y N = Z(F) the
canonical projection and by jn: N* @1y N = @neae N* @1, N the
canonical injection. Then we have that

oaqocangomojy = foffocangomojn
J J

for every N € AF. In light of the hypothesis and since ¢y and 7 are
morphisms of corings, we have that cocangomoity = focangomouy.
By the universal property of the coproduct, the surjectivity of w and the
fact that cang is a (split) epimorphism we get that o = f. O

Corollary 4.7. For every A-ring R, the canonical morphism &: R® —
R* satisfies the equivalent properties of Lemma 4.6.

Proof: From the universal property of £ (see Remark 4.1), it satisfies (ii)
of Lemma 4.6. O

Remark 4.8. An open question at the present moment is whether (: R° —
R* satisfies (ii) of Lemma 4.6 as well. Note that cango is a split epi-
morphism of corings because cango o Z(x) = idgo. As we will see, an
affirmative answer would be equivalent to requiring that the induced
functor A¢: AR" — A" is an isomorphism of categories.

Now, in one direction, we have that every object (M, ops) in A%
becomes a right R-module as follows:

(17) m.r = my&(m))(r)
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for every m € M and r € R. Its underlying A-module coincides with
the image of (M, pr) by the forgetful functor &: A% — Mod 4. Clearly
this construction is functorial and so we have a functor

L AR — AR
such that

(18) LoA =L

Conversely, consider the functor

(19) Y = ACoy: Ap —= AR".
Notice that, since x is a right inverse of £, we have
(20) Lo @roafoy® roy=ida,.

Proposition 4.9. The functors L and X' establish an isomorphism
between the categories A% and Ag.

Proof: In light of (20), it is enough to prove that x' o £’ = idﬁ.. Note
that, still by (20), we have £’ o x' o £’ = £’. From the latter equality
the thesis follows once it is proved that £’ is cancellable on the left.
Since L' is always faithful, it remains to prove that it is injective on
objects. Observe that, for every M € proj(A), the assignment m®4 f —
[r — mf(r)] yields an isomorphism of right A-modules M ®4 R* —
Hom 4 (R, M), which in turn induces a bijection

7: Homa(M, M ®4 R*) — Homa (M ®4 R, M);
(21)
pr—=[m®ari—sm’mi” ()],
where we set m(()p) ®a mﬁ”) = p(m) for every m € M. Let (N, p) be an
object in AR" and consider £/(N, p). This is the A-module N endowed
with the R-action (17), i.e.,

m.r = mgE(m)(r) B (N @1 )0 p)(mear)

for every m € N, r € R. Denote it by p,. Now, L'(N, pn) = L' (P, pp)
if and only if (N, py) = (P, ttpp ), if and only if N = P and p,, = ptpp-
Since N = P, we may consider py, pp € Coaca(N, N ®4 R®) and since
7T is bijective and ¢ satisfies (i) of Lemma 4.6, the relation p,, = p,, is
equivalent to py = pp. O
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Corollary 4.10. Let R be an A-ring. Then
(i) If ¢ is injective, then R° is the largest Galois A-coring inside R*
with respect to the property of equation (12).
(ii) R* is a Galois A-coring as in Definition 3.5 if and only if the
map C: R° — R® of (15) is an isomorphism of A-corings.

Proof: By Proposition 4.9, we know that x’ and £’ establish an isomor-
phism of categories Ap = AR". Therefore, using the functor Z of §3.1,
we have that Z(x’) is an isomorphism. We compute

(22) can’ 0 Z2(x') "2 can’ 0 2(AS) 0 Z(x) L™ T o cano 2(x) = C,

where can and can’ are the canonical morphisms of R° and R®, respec-
tively. Concerning (i), given a Galois A-coring C' endowed with an in-
jective A-bimodule map f: C — R* satisfying the analogue of (12),
by Remark 4.1 there is a unique A-coring map f: C — R*® such that
o f = f. Note that f is necessarily injective. Consider the A-coring
map f = Z(X') "t o #(AF) ocan;': C — R°. Then, by (22), we have
Cof! = can’oZ(Af)ocan! = 7, so that f'is injective and hence R° is the
largest Galois A-coring inside R* with respect to the property of equa-
tion (12). The fact that R° is Galois follows from [12, Proposition 3.3.2]
together with the observation that can o Z(x) = idg.. Concerning (ii),
it follows from (22). 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* ® 4 R* —
(R®a R)* given by ¥(f ®4 g)(r ®a 1) = f(g(r)r') is invertible, so
that we can define A := ¢~'om* and e: R* — A by e(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 (12). By the universal property of R*®,
there exists a unique morphism id: R* — R* of A-corings such that
goi?l = id. Clearly, foi?loﬁ = £oid, so that we get the equality of the A-
coring maps i?iof = id. Thus € is invertible. On the other hand, we know
from [12, Corollary 3.3.5] that the map ¢: R° — R* of equation (11) is,
in a natural way, an isomorphism of A-corings. Therefore, the natural
transformation (_ : (—)° = (—)°, 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 x establish an isomorphism between the categories AR
and Ag, by analogy with Proposition 4.9.
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Theorem 4.12. The following are equivalent for E: R° — R*:
(1) AS is an isomorphism;
i) AC s injective on objects;
ii) L is an isomorphism;
) L is injective on objects;
) Coring 4(C, E) is bijective for every coring C whose cang is a split
epimorphism of corings;
(vi) Coring 4 (C, E) is injective for every coring C whose cang is a split
epimorphism of corings.

Remark 4.13. Observe that ¢ injective (respectively a monomorphism
of corings) implies that ¢ is injective (respectively a monomorphism of
corings), which in turn implies (vi) of Theorem 4.12.

Proof of Theorem 4.12: The equivalences (i) <= (iii) and (ii) <= (iv)
follow immediately from (18) and Proposition 4.9. Obviously, (iii) implies
(iv). Conversely, since L is faithful and injective on objects, the implica-
tion follows from Loy oL = £, which in turn follows from Loy =id4,.

Moreover, notice that AS being injective on objects is equivalent to (i)
of Lemma 4.6 for f = ¢, which in turn is equivalent to (ii) of the
same lemma, that is to say, to (vi). Obviously (v) implies (vi). Con-
versely, assume (vi) and pick a g € Coring4(C, R®). It induces a func-
tor A9: A® — AR and a diagram with commuting squares

g 3
%(AC) Z(A7) %(AR.) &%(ARO)
C R* — R°
g ¢

By assumption, there is a coring map o: C — Z(A®) such that canc o
o = id¢. Thus we may consider the coring map § := can o %(AE)_l o
% (A9) oo which satisfies Zog = g by definition. Therefore, Coring 4(C, E)
is surjective as well. O

4.2. The finite dual of cocommutative Hopf algebroids via
SAFT. In this subsection we use another general construction relying
on the Special Adjoint Functor Theorem (SAFT), in order to construct
another functor from the category of (right) cocommutative Hopf alge-
broids to the category of commutative ones. We also compare the two
functors constructed so far.
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Fix a commutative algebra A and consider as before the categories
CCHAIgd 4 and CHAIlgd 4 of cocommutative and commutative Hopf al-
gebroids, respectively. The functor *(—): A-Corings®® — A-Rings, as-
signing to each A-coring € the ring Hom4_ (€, A) with the convolution
product (4), admits a left adjoint, denoted by (—)°®, in view of SAFT.
Consider the diagram

(-)*

A-Rings A-Corings
(23) JA j
CCHAlgd 4 CHAIgd 4

where the vertical functors are the canonical forgetful ones.

Theorem 4.14. The functor (—)° in diagram (23) induces a contravari-
ant functor

(—)*: CCHAIgd , —> CHAIgd ,.

Explicitly, given a cocommutative Hopf algebroid (A,U) and the canon-
ical A-bilinear map &: U® — U™, the commutative Hopf algebroid struc-
ture of U® is uniquely determined by the following relations:

(Eon)(a@b)(u) = e(bu)a,
(24) () (u) = §(@) (u1)é(y)(u2),
§(S(2))(u) = e(€(x)(u-)uy).

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 (12), where the A ® A-algebra structure of U* is given
by the convolution product and the unit is a ® b — [u — e(bu)a]. 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 4.1, the
map f: A® — U*, given by the assignment a ® b — [u — e(bu)al, yields
a unique A-coring map 7: A® — U*® such that £ on = 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 1.1 in
the case C' = D = U°®. Then by Remark 4.1 again, the map h: U*OU® —
U*, given by h(z ©y)(u) = &(z)(u1)&(y)(ug) for all z,y € U* and u € U,
gives rise to a unique A-coring map m: U*©OU® — U® such that Eom = h.
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Consider now the map A: U* — U* defined by A(a)(u) = e(a(u_)uy).
Then the map f := Ao&: U* — U*, regarded as a morphism from 4/*“°P
to U* (see Remark 1.2), induces by Remark 4.1 a unique A-coring map
S:U*°P - U*® such that Eo S = f=Ao&.

So far, we have defined a map 7, a multiplication m, and a map S
satisfying the relations in (24). Let us check that these maps convert U*
into a commutative Hopf algebroid. One proves that, for a,b € A and
z,y,z € U®, the elements of the form

zy —yx, nla®b)x—axd, (zy)z—z(yz),
S(xy)=S(y)S(z), S(lye)—1lys, 32(13) -z, S(@1)r2—n(l@e(x))

span an A-bimodule 7 which is a coideal of U® because (T@4m)A(J) =0
and £(J) = 0, where m: U* — U*/J denotes the canonical projection
on the quotient. Moreover, it is contained in Ker(§) so that J = 0 in
view of Lemma 4.4. This proves that all the elements displayed above
vanish in U®. As a consequence, we get in addition that

e U{*® is commutative.

e The A-coring structure of /® is the one induced by 7. Furthermore,
we deduce that n(a ® b) = alyeb, where 1y := n(1 ® 1). Thus it
follows easily that n(a®b)n(a’®@b') = n(ad’ @bb') for every a,b € A.
Note also that 1yex = n(1 ® 1)z = x, so that m is unital.

e A and ¢ are morphisms of algebras, since both m and n are mor-
phisms of A-corings.

e s, t are algebra maps as 7 is.

The compatibility of S with s and ¢ follows from

S(n(a @ b)) = S(alyeb) =2 bS(1ye)a = blyea = n(b @ a),

where in (%) we used that S: U*°°P — U*®. Summing up (A,U*®) is an
object in CHAIgd 4.

Now let us check that (—)° is compatible with the morphisms. To
this end, let (A,H) be a commutative Hopf algebroid and f: H — U*
an Ac-algebra map satisfying (12). The universal property of U*® yields
a unique map f sHy — U® of A- corings such that f f = f. By the
trick we used above, the elements f(13) — 1y and f(z)f(y) — f(zy)
for z,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 = £ omye and hence the equality of the coring
maps fo Ny = Mue. Summing up, we showed that (id, f) is a morphism
of commutative bialgebroids. Since the compatibility with the antipodes
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comes for free, we conclude that fis a morphism of commutative Hopf
algebroids.

Let (ida, ¢): (A,U1) — (A,U2) be a morphism of cocommutative Hopf
algebroids. Apply the previous construction to f = ¢* o &s, once it is
observed that & is a morphism of A-rings in view of (24), that ¢* is
so as well by a direct computation and that f satisfies (12) (see also
Remark 4.2). 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 cocommutative Hopf algebroid over k and
consider both duals (A4,U4°) and (A,U*) as commutative Hopf algebroids
over k.

(1) In view of the second claim in Theorem 4.14 and of (12), the canon-
ical map (: U° — U* given in (13) induces a unique morph1sm of
commutative Hopf algebroids C U° — U® such that £ o ( =( If
A is a field, then C is an isomorphism of Hopf algebras.

(2) If the underlying right A-module of U is finitely generated and
projective, then the map Z induces an isomorphism of commutative
Hopf algebroids (A,U°) and (A,U*) (see also Remark 4.11).

(3) Consider an A-ring R and the map ¢: R*®4R* — (R®4 R)* given
by ¥(f ®a g)(r@ar’) = f(g(r)r’). Given an A-coring C and an
A-bimodule map f: C — R* satisfying (12), for every x € Ker(f)
and for all r,7" € R we have

0=f@)(rr') 2 o(far) @a fle2)r@ar’), 0= f)(1r) 2 e(a).

Thus £(Ker(f)) = 0. Moreover, if we assume 1 to be injective, we
also have (f ®4 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 the event that 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 7, where w: C' —
C/ Ker(f) is the canonical projection and f: C/Ker(f) — R* is
the obvious induced map. Then (f®4 f)(r®47)(A(Ker(f))) = 0.
Thus, if we assume that f RA f is injective, we can conclude that
(7 @4 ) (A(Kex(f))) = 0.

We finish this section with the following useful lemma.
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Lemma 4.16. Let (A, H) be a commutative Hopf algebroid and (A,U)
a cocommutative one. Then, there is a bijective correspondence between
the following sets of data:
(i) morphisms ]?: H — U® of commutative Hopf algebroids;
(ii) morphisms f: H — U* of A®-algebras satisfying (12);
(iii) morphisms h: U — *H of A-rings satisfying for alla,b € A, u € U,
and z,y € H

(25)  h(uw)(n(a®b)) =c(bula and h(u)(ey) = hlu)(@)h(uz)(y).

Proof: From (ii) to (i) we go through the second part of Theorem 4.14.
From (i) to (ii) we compose f with the canonical map &, which by (24)
is a morphism of A°-algebras and satisfies (12). The correspondence is
bijective because of the universal property of U°®. A direct computation
shows that we have a correspondence between A-bimodule maps f: H —
U* satistying (12) and A-ring maps h: U — *H (see Remark 4.2). Thus
the correspondence between (ii) and (iii) is given by h(u)(z) = f(z)(u)
for all z,y € H and u € U, since relations (25) correspond to f being an
A¢-algebra map. O

Remark 4.17. Let (A, L) be a Lie-Rinehart algebra and set (A,U) =
(A, Va(L)) and (A, H) = (A,Va(L)*®) in Lemma 4.16. So, corresponding
to the identity morphism of commutative Hopf algebroids idy, (1)s, there
is a morphism of A-rings i: V4(L) — *(Va(L)®) satistying relations (25).
On generators it is explicitly given by:

(26) i Va(L) —"(Va(L)*), (en(X)F— [z —£(2) (L (X))

5. Differentiation in the Hopf algebroid framework

Given a commutative algebra A, the assignment that associates every
A-module M with the space Derg (A, M) of k-linear derivations on A with
coefficients in M gives a representable functor Dery (A4, —): Mod4 — Set
whose representing object is the so-called module of Kéhler differentials
(or simply Kéhler module) Qx(A). In this section we are going to explore
these facts in the Hopf algebroid framework. In addition, we will see how
derivations on Hopf algebroids with coefficients in the base algebra are
related to Lie-Rinehart algebras and provide us with a contravariant
functor .Z: CHAIgd, — LieRiny, called the differential functor. This
functor can be seen as the algebraic counterpart of the construction of
a Lie algebroid from a Lie groupoid. Analysing the case of split Hopf
algebroids we will come across a construction described in [8] for affine
group k-scheme actions.
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5.1. Derivations with coefficients in modules. Next we fix a com-
mutative Hopf algebroid (A, ). 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 H-modules and their
morphisms. When we restrict to A via the unit map 7, we will denote
by My and M; the distinguished A-modules resulting from M. In par-
ticular, for H4 this means that we are considering Hs as an A-algebra
via the source map s, while H; is an A-algebra via the target map t.

Definition 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(p(a)). We define the following right #-module:

Dera(Hy, M) := {6 € Homa(H,, M,p) | §(uv) = §(u) - v+ §(v) - u
= 0(u).0o(v) + §(v).o(u) for all u,v € H}

with H-action given by (6v)(u)=6(u)-v for all u,v € H, 6 € Der o (Hy, M,,).

Remark 5.2. Notice that the condition § € Hom 4 (#H,, M) in the defi-
nition of Der4(H,, M) in Definition 5.1 means that

d(up(a)) = 6(u)-p(p(a))

for all @ € A,u € H. Moreover, since the condition §(uv) = §(u) - v
d(v) - u for all w,v € H implies that 6(13;) = 0, we have that d(p(a))
d(13).¢(p(a)) =0 for all a € A, whence d op = 0.

I+

As a matter of notation, if we have p: A — H, an algebra map,
f:Hy = Hp, and g: Hs = H,, two A-algebra maps, and 6: Hy — M,
and A: Hy — M), two A-linear morphisms, then we will set
@7) (fxg)(u) := flur)g(uz), (f *0)(u) :=6(uz).f(u1),

and (A *g)(u) := Muq).g(uz)

for every u € H. Notice that the compatibility conditions with A are
required to have that every #-product above is well defined.
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Lemma 5.3. Let p,q: A — H be algebra morphisms. Also let v: Hy —
Hp, 0, 8: He = Hp, and P, oc: Hy — H, be A-algebra morphisms. These
induce H-module morphisms

DeI‘A(Ht, MLP) — ])eTA(/}'[t7 Mw*w)

S0 %,

Dery(Hs, My) —> Dera(Hs, Mpua)

0 (%4,

Dera(Hy, M) —= Dera(Hq, M)

d—=don.

Proof: The proof is simply a matter of checking that the assignments
are well defined and H-linear. Let us do this for the upper left one and
leave the others to the reader.

By definition (27) we have that (6 %) (u) = §(uq).¢(ug) for all u € H.
For every a € A, u,v € H, we may compute directly

(6 # ) (uv) = 6(u1)-p(v1)P(u2)¥(v2) + 0(v1).(ur ) (u2)(v2)
= (0 =) (u).(p*¥)(v) + (6 * ¥)(v).(p * V) (u),
(0% Y)(ut(a)) = (6 * ) (u).(p x ) (t(a)) + (6 * P)(t(a)).(p * ) (u)
= (6 ¥)(u)-(px ) (t(a)) + (1) ¥ (t(a)) (¢ * ¥)(u)
= (6% ¥)(u)-(p * 1) (t(a)),
((6v) x ¥)(u) = (6v)(u1)-1h(uz) = 0(u1).vip(uz)
( ).

and this concludes the required checks. O

Remark 5.4. Notice that the last morphism in (28) is a particular in-
stance of a more general result, claiming that for A-algebras p: A — H
and q: A — K every A-algebra morphism ¢: H — K induces a natu-
ral transformation ¢, (Der4 (K, M)) — Dera(H, ¢p.(M)), (6 — d 0 @) in
H-modules.

Corollary 5.5. Let M be an H-module. For every p,q € {s,t}, we set:

Der4(Hp, My) := Ders(H,, Mye) and
Dery P(H, M) := Dera(Hyp, Mia,,) = Dera(H,, M).
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Then we have the following isomorphisms of H-modules:

Dery t(H, M) —— Der 4 (Hy, M,)
O——=0x%S
v *idy =— 7,

Dery *(H, M) = Dera(Hs, My),
(29) S—>8%6
idH ¥y <—7,

Der 4 (H,, M) — Der 4(Hq, M,)
=908
yoS <—7.

Proof: Straightforward. O

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

(30) v(u = p(e(u)) +I% = p(e(v))(u — p(e(u)) + 2
in Z/Z? for all v € H. We can define the surjective map associated to Z

7P A
Hy " =

ub—= (u — p(e(u)) + I?)
which enjoys the following properties.

Lemma 5.6. Consider Z/Z? as an H-module via (30). Then, for every
p € {s,t} and u,v € H, the map P satisfies
Bl wPop=0, 7"(uww)=n"(u)p(e(v))+ pe(u)) 7 (v).

In particular, ™ € Dery P(H,Z/I?%) = Dera(H,, (Z/Z?),). Furthermore,
for every u,v € H, we have
up @4 upm (V) = u @4 7 (V) € sHy @4 5(Z/T?),

(32) ’ ‘ 2
7w (V)u; @4 ug =7 (V) @au € (Z/L7): @4 sHe-
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Moreover, the maps

7T
1/131 sH —=sHit Q4 s (1-2)7 [u —u; ®4 775(”2)];

(33) .

’(/Jt: sHt — (12) & A sHt, [’U/ — 7rt(u1) XA ’ILQ]
t

are well defined left and right A-module morphisms, respectively.

Proof: The properties in (31) follow easily by the definition of 7P. Con-
cerning (32), we have

w1 @ aupm® () Dy @ 4 5(e(u))T° (v) =urt(e(u2)) @47 (0) =u @ 4 7°(v),

7 (V)u1 @ A U2 (?ﬁ)ﬂs(v)t(a(m))@fluz =1 (V)®as(e(ur))uz=m°(v) @4 u.

It is now clear that Dery ?(H,Z/Z?) = Dera(H,, (Z/Z?%),) and that 77
belongs to this set. As a consequence, 77 € Hom 4(H,, ((Z/Z?),), whence
it makes sense to define ¢* := (yH;®a7%)oA and ¢' := (1t @ asH;)oA. [

Now we show that, for every p,q € {s,t}, Dera(Hy, (—)q): 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

=~ 7
Dera(Hp, Mg) — HomA(<IQ> an>
P

§ =06 = [7P(u) — §(u)]
for?——if

(34)

of H-modules.

Proof: First note that € € Hom 4(#,, A) so that it makes sense to con-
sider the following diagram.

mult 7P T
35 Hy@aHpy —————=H — | .
3 HyEat, e, (7).

Let us check that it is a coequalizer of A-modules. Let N be an A-module
and let § € Hom4(H,, N) such that uv — up(e(v)) — p(e(u))v € Ker(d)
for every u,v € H.

P A
0 —— Ker(n?) ——=H, — <12> —0.
P

If u € Ker(7P) (i.e., u — p(e(u)) € Z?), then §(u) (0p=0) 6(u—p(e(u))) €
5(Z?) C Ip(e(Z)) = 0 so that § factors through a unique map d: Z/Z? —
N such that 6 o 7P = 4.
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On the other hand, by Lemma 5.6, the map 7P coequalizes the parallel
pair in the diagram above. Thus (35) is a coequalizer as claimed. Now,
for N = M, it is clear that the maps 6 € Homa(#,, N) coequalizing
the parallel pair in (35) are exactly the elements in Der4(H,, M,) so
that they bijectively correspond to the elements in Hom 4 ((%)p, Mq) by
the universal property of the coequalizer. This correspondence is clearly
‘H-linear and natural in M. O

5.2. The Kahler module of a Hopf algebroid. Next, we investigate
the Kéhler module of H and construct the universal derivation. The
linear dual of this module with values in the base algebra will have a
Lie-Rinehart algebra structure. This construction can be seen as the
algebraic counterpart of the geometric construction of a Lie algebroid
from a given Lie groupoid.'® If 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 [8]; see also Appendix B for
more details.

Keep the above notations. For instance, the underlying A-modules of
the H-module (Z/Z?) are denoted by (Z/Z?%), = ,(Z/Z?), for every p €
{s,t}.

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

Derk S(H, M) i> HomH (sHt ®A s (IIQ> 9 M)
O [u®a 7 (v) —— uS(v1)d(vs)]
[ur——uy f(1®4 7 (uz)] <— f

of H-modules.

Proof: 1t follows from Corollary 5.5, Lemma 5.7, and the usual hom-
tensor adjunction. O

Corollary 5.9. Let (A,H) be a Hopf algebroid. Then the Kahler mod-
ule Q5 (H) of H with respect to the source map is, up to a canonical
isomorphism, given by:

T
QM) =He @a s (12) (% He —= Q4 (H), [u— 11 @7 (u2)]),
where 1° is the morphism of equation (33) and now becomes the universal

derivation.

131n Appendix A.3 we will review the latter construction, from a slightly different
point of view.
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Proof: It is clear that, if we take M = (H; @4 (%) in Proposition 5.8,
then the map corresponding to f := id is exactly the morphism ® so
that ¢* € Dery *(H, sH @4 5(Z))- O

Remark 5.10. The analogue of Corollary 5.9 holds for ¢ as well, in
the sense that we have an isomorphism of H-modules Dery *(H, M) =
Homy, ((Z/Z%); ®4 sHi, M) which makes Q% (H) = (Z/Z?); @4 sH; the
Kahler module with respect to the target. The universal derivation turns
out to be the morphism " of (33).

Next, we give another example of a Lie-Rinehart algebra attached to
a given Hopf algebroid. Recall that the A-coring structure on H is given
on the bimodule H; and that a left H-comodule is a left A-module N to-
gether with a coassociative and counital left A-linear coaction py: 4N —
sH:®4 4N. One can consider the distinguished left H-comodule (sH, A).
The usual adjunction between ;H; ®4 —: 4Mod — 3;Comod and the for-
getful functor &': 4 Comod — 4Mod leads to a bijection

(36) 0: *H —End (H), (ar— [ur— uit(a(us))]),

where End’(#) denotes the endomorphism ring of the left #-comod-
ule (4H,A). It is, in fact, an A-ring via the ring map

A —=End™(H), (ar—[a-idy: ut—ut(a)]).

As a consequence, there exists a unique A-ring structure on *# such that
f becomes an A-ring homomorphism and it is explicitly given by

A—"H, (ar—[ur—¢e(u)a)),

(37)
axf:*H—=A, (ur— a(uit(B(ug))).

Remark 5.11. Let us make the following observations.

(1) Notice that the *H of equation (37) is not the convolution algebra
of the A-coring (H; as defined in (4), 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)(u) = ((ae) *ax (be))(u) = ac(urt(a(ust(be(us))))) = ac(ut(d)).

(3) One may also consider the adjunction between —® 4 sH;: Mod s —
Comody and the forgetful functor ¢: Comody — Mod4. By re-
peating the foregoing procedure for the distinguished H-comod-
ule (H¢, A) one may endow H* with an A-ring structure with prod-
uct

(38) (f " g)(u) = f(s(g(u1))uz).
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However, this turns out to be isomorphic as an A-ring to *H
via *H — H*,(f — foS8) in light of (2) of Remark 2.1. Indeed,
for all f,g € *H, u € H we have ¢(S(u)) = e(u) and

(38)

((f o 8)¥ (g08))(w) L (F08)(s((g08)(ur))uz) = F(S(us)tg(S(wr))))
= F(S()1t(g(S@)2)) Z ((f * g) 0 S)(w).

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

Dery, *(H,H) := End™(H) N Dery *(H, H)
= {6 € Homg(H,H) | 6 0 s =0, d(uv) = 6(u)v + ud(v),
A(§(u)) = ur ®4 d(uz) for every u,v € H},

which inherits from Dery *(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 e. Notice that (with the
conventions introduced at the beginning of §5.1) A; = A; = A, since we
know that e os = eot =id. Thus, there is only one A-module structure
on Dery *(H, A.), given by

ad: H— A, (ur—ad(u)).

Lemma 5.12. The isomorphism 0 of equation (36) induces an isomor-
phism 0" of A-modules which makes commutative the following diagram:

oy End™(H)

(2) = J J

?) —=> Dery *(H, Ac) — A Dery *(H,H)

Moreover, Dery *(H, A.) admits a Lie k-algebra structure with bracket
(39) [6,8']:=%6"—8"+6: H—Ac, (u—>=0(urt(6 (u2)) =8 (urt(d(usz))),

which turns 0’ into an isomorphism of Lie k-algebras, and this structure

can be transferred to *(%) in a unique way making *(7°) an inclusion

of Lie k-algebras.
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Proof: Note that §~1(§) = € 0§ for every § € End™(H) so that it is
clear that 6~ (Dery, *(H,H)) C Dery *(H, Ac). On the other hand, given
0 € Dery *(H, A.), for every a € A and u,v € H, we have

0(6)(s(a)) = s(a)1t(d(s(a)2)) = s(a)t(6(1)) =0,
A(0(0)(u) = A(urt(8(uz))) = ur ®a ugt(d(us)) = ur ®a 6(0)(uz),
and
0(8)(uv) = ugv1t(d(ugva)) = urvit(d(uz)e(va) + e(uz)d(ve))

= u1t(0(uz))v1t(e(ve)) + urt(e(uz))vit(d(ve))

=6(6)(u)v + ub(d)(v).
Therefore, §(Dery *(H, A:)) € Dery *(H,H). It is now clear that 6 in-
duces an isomorphism

0": Dery *(H, Ac) — Dery *(H, H)

making the right square diagram in the statement commutative. Since
0(5%6") = 0(8) 00(8") and Dery, *(H,H) is a Lie subalgebra of End™ (H)
we get that Dery *(H, A:) becomes a Lie subalgebra of *H with bracket
defined as in the statement. Since Dery *(H, A.) = Dery 4(Hs, Ay), w
can apply Lemma 5.7 to complete the diagram with the commutative
triangle in the statement. O

In contrast with the Hopf algebra case, the Lie algebra Dery *(H, A.)
admits a richer structure, namely a Lie-Rinehart algebra one. The an-
chor map is provided as follows.

Proposition 5.13. Let (A, H) be a Hopf algebroid. Then we have that
the pair (A, Dery *(H, A.)) is a Lie-Rinehart algebra with anchor map

w:=Dery °(t,Ac)
_— >

Dery *(H, Ac) Derg(A)

(40)
Ob—— 0ot

Proof: The map w is clearly a well defined A-linear map. Let us check
that it is also a Lie k-algebra map. Take 0,0’ € Dery *(H, Ac) and an
element a € A, then
(37) /

(0% 0")(t(a)) "= 6(t(a)1t(0'(t(a)2)) = 6(t(d'(t(a)))) = (3 0 £)((6" 0 t)(a))
so that (§xd")ot = (d0t)o (8 ot) and hence

w([0,0"]) = [0,0") o t=(dx6"=6"xd) ot=(d0t)o(d" o t)— (0" 0t) 0 (00t)

— w(B)w (') — w(8)(8) = [(5), w(&)].
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Therefore, w([d,8']) = [w(d),w(d’)]. We still have to show that w satisfies
equation (7). So take a € A and 4, ¢’ as above. Then, for any element u €
H, we have

[0, ad"](u) = 0(urt(ad’ (uz))) — ad’ (urt(6(uz)))

(urt(a)t(6(uz))) — a(0"  0)(u)

(t(a))e(urt(0' (u2))) + £(t(a))d (urt(d" (uz)) — a0’ * 6)(u)
(t(a))d' (u) + a(d % 8")(u) — a(6’ * 6)(u)

(6%06" =& %0)(u) + 6(t(a))d (u)

= a[0,0"](u) + w(0)(a)d’ (u).

This implies that [0, ad’] = a[d, §'] +w(d)(a)d’ and the proof is complete.
O

I
@

Remark 5.14. One can perform another construction of a Lie-Rinehart
algebra from a given Hopf algebroid (A4,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 2.1, Corollary 5.5, and (3) of Re-
mark 5.11, one may prove that there is an isomorphism of Lie-Rinehart
algebras

Dery *(H, A.) — Dery {(H, A.), (6—=608),

where the anchor map for the latter is w’ := Dery (s, A.).

Example 5.15. Let (H,m,u, A, ¢,S) be a commutative Hopf k-algebra
and let (A, p,n, p) be a left H-comodule commutative algebra, that is:
an algebra in the monoidal category of left H-comodules which is com-
mutative as a k-algebra. By the left-hand version of (2) in Example 2.2,
we know that H := H ® A is a split Hopf algebroid with its canonical
algebra structure (i.e., (z ® a)(y ® b) = zy ® ab) and

u(a®b) =a_1 ®aph, Ax(r®a)=(r101)®4 (22 ®a),
en(z®a) =¢(x)a, S(x®a)=S(x)a_1® aop.

Notice that tensoring by A over k induces an anti-homomorphism of Lie
algebras

7: Derg(H,k:) — Dery "(H, A.,,); [0 —=d @ A].
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Indeed,
(0 @ A)(zy @ ab)=48(xy)ab = §(x)e(y)ab + e(x)d(y)ab
=00 ® A)(z ®a)en(y @ b)+en(z®@a)(d @ A)(y @),
[7(0), 7(6")](z ® a) = (7 () * (")) (z ® a) — (7(8") * 7(0))(z ® a)
=7(8)(s(7(¢") (21 @ 1))(x2 ® a))
—7(0")(s( (0 )(xl ®1))(z2 ® a))
=0"(21)7(0) (22 @ a) — 6(21)7(d") (w2 ® a)
=0"(z1)d(x2)a—0(x1)d (x2)a=T7(8" * 6= * &) (z®a).
Consider now the composition

(41) Dery (H, k.) —— Dery *(H, A.,,) — Dery(A),

where w(d) := Dery (s, Ac,,)(6) = & o s is the anchor map of the Lie-
Rinehart algebra Dery !(H, A.,,). For every § € Derg(H,k.), it follows
by a direct check that for all a € A

w(r(9))(a) = 7(6)(a—1 ® ag) = d(a1)ao.

Let us see now that the anti-homomorphism of Lie algebras of equa-
tion (41) already appeared in [8] in geometric terms. To this end, no-
tice 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
n (41) becomes the anti-homomorphism of Lie algebras Lie(G)(k) —
Dery (0x (X)) (see [8, 11, §4, n° 4, Proposition 4.4, p. 212]). For the sake
of completeness, we include such a construction in Appendix B and we
show that these two anti-homomorphisms of Lie algebras are essentially
the same. What we have just shown is that the map (41) descends from
the anchor map of the Lie-Rinehart algebra Dery !(#H, A.,,) of (A, H).

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

Proposition 5.16. Fiz a commutative algebra A. Then the correspon-
dence

Z: CHAlgd , — LieRing, (H— Z(H) := Dery*(H,A.))
establishes a contravariant functor from the category of commutative

Hopf algebroids with base algebra A to the category of Lie—Rinehart al-
gebras over A.
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Proof: Let ¢: H — K be a morphism in CHAIgd 4. We need to check
that the map

(42) Ly LK) —ZL(H), (r=0do09)

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 com-
patible with the anchor, which is immediate as the following argument
shows. For a € A and § € Z(H), we have w(Z,(d)) = L(0) oty =
Sogoty =200tk =wd). O

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

Let (¢o,¢1): (A, H)— (B, K) be a morphism of Hopf algebroids and
consider the associated extended morphism of Hopf algebroids (id, ¢):
(B,B@aH®aB)— (B,K), where ¢p(b@au®ab’) = sc(b)d1(u)tr(b).
Also define the map k: H — B4 H®4 B, which maps u to 1@, u®4 1,
and note that ¢ o k = ¢1. Denote by Bg. the H-bimodule B with action
given by the algebra extension ¢ge: H — B.

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 — fog. In this way, we have the following
linear maps:

«(¢0) :=Dery *(H, ¢o): Dery *(H, Ac) — Dery *(H, By )
((5 = (bo o (5),
Zy="¢:=Dery*(¢,B): Dery*(K,B;) — Dery*(B®4 H ®4a B, B:)
(0 —=d09),
*r:=Dery *(k, B): Derg*(B®4 H Q4 B, B.) — Derg *(H, By:)
(6 =0 oK),
*t:=Dery *(t, B): Dery *(H, Bye) — Dery(A, B)

(yF—>7ot).
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Proposition 5.17. Let (¢o, ¢1): (A, H) = (B,K) be as above. Then we
have a commutative diagram of A-modules

Dery *(K, B;) l>Del"]ks(B®AH®AB,BE) Derg(B)
(43) \*<¢1) l*m i*(%)
*(¢o)\ ¢
Dery *(H, Ac) Dery *(H, Bye) Derg (A, B)

where the right-hand square is Cartesian. Moreover, *¢ is a map of Lie—
Rinehart algebras.

Proof: We only show that the square is Cartesian. Define 7: B — B® 4
HRIspB:b—>1®41®40. Thenf@(t(a)) = 1®At(a)®A1: 1®A1®4
do(a) = 7(¢o(a)) so that Kot = To¢pg. Note that w = *7 := Derg (7, B) so
that *to*k = *(kot) = *(T 0 ¢pg) = *(¢o) o *7 and the square commutes.
Hence we have the diagonal map

(*k,*7): Derg *(B®aH®a B, B:) — Derg *(H,Bg:) x  Derg(B),
Dery(A,B)

(0 ("x(0), "7(9)))-

Let us check that this map is invertible. Take § € Dery *(B ®4 H ®a
B, B.). Then

d(b@au®ab’) =0b0(k(u)T(b)) = bd(rk(u))b + bpo(e(u))d(r(V'))
5o that §(b @4 u®a b') = bd1 (w)b' 4 boo(e(w))da(b'), where we set 1 :=
dok =*k(d) and Jy := do7 = *7(d). Thus the map (*k,*7) is injective.
It is also surjective as any pair (d1,02) in its codomain is an image of
0:BRAHRAB —> By, (b®@au®ab —>bd1(u)b' +bgo(e(u))d2(b)).

This is a well defined map thanks to the equality *t(d1) = *(¢o)(d2)-
Furthermore, it is clear that §os = 0 and one shows that J is a derivation
as follows. For every b,b',c,c’ € B and u,v € H, we have

I((bRAu®Ab ) (c@av@ac"))=0(bc @4 uv @4 ')

=bedy (uv)b'¢ + bego (e(uv))da (b'c)

=be(d1(u)do(e(v)) + ¢o(e(u))dr (v))b'¢
+bedo(e(u))do(e(v)) (02(0) +b'd2(c))

= (b1 (u)b’ + boo(e(u))da(b'))cho(e(v))c
+bo(e(u))b (cd1(v)c’ + cdo(e(v))dz(c))

=0b@au®ab)e(c@av®4)
+e(b@au®ab)o(c@av®ac).
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Note that *k o *¢ = *(¢p o k) = *(¢1) so that the triangle drawn in the
statement commutes. Since *¢ = £y, we have that *¢ is by Proposi-
tion 5.16 a morphism of Lie-Rinehart algebras and this completes the
proof. U

Remark 5.18. As one can expect, there is no hope in general of obtaining
a morphism of Lie-Rinehart algebras which could relate Dery *(KC, B;)
with Dery *(H, Ac) in diagram (43). Even if we extended the A-mod-
ule Dery *(H, Ac) to the B-module Dery *(H, A.) ® 4 B, then one would
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
«(¢0): Dery *(H, A;) — Dery *(H, Bye) is a split epimorphism, i.e., that
there is some map v such that .(¢g) oy =id, then .(¢g) o (yo *(¢1)) =
*(¢1) = *Kk o *¢ so that v o *(¢1): Dery *(K, B.) — Dery *(H, A.) com-
pletes the diagram, but it is not clear which kind of morphism it is.

6. Integration functors in the Lie—Rinehart algebra
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 func-
tor 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
conditions 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.

Lemma 6.1. Let A be a commutative algebra. Then there are contravari-
ant functors

& :=(—)°0oV4: LieRing —> CHAlgd 4, (L —=Va(L)°),
I := (=) oVa: LieRingy —= CHAlgd 4, (L —=V4(L)*)
together with a natural transformation V := (fVA I = I

Proof: V4 is the functor of Remark 2.6, (—)° and (—)° are those of
Proposition 3.6 and Theorem 4.14 respectively, and ¢ is the natural
transformation of Example 4.3. O

Let (A, L) be a Lie-Rinehart algebra and consider its universal en-
veloping Hopf algebroid (A, Va(L)). Attached to this datum, there are
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then two commutative Hopf algebroids (A, V4(L)°) and (A4, V4(L)*®) and
one can apply the differentiation functor to these objects and obtain two
more Lie-Rinehart algebras. In fact there is a commutative diagram:

(A4,.2(7(L)))
TK(VL)
(A, 2(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 4.12.

(4,L) —=*

er

Proposition 6.2. Assume that V of Lemma 6.1 is a monomorphism of
corings on every component. Then,

Homchaigd ,(H, V) : Homcnaigd ,(H, (L)) —= Homcpaiga ,(H, -#' (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= E Va(L)» the equivalent conditions of Theorem 4.12 hold.
In particular, Coring 4 (H, V1) is bijective and hence Homcnaigd , (H, V1)
is injective. Moreover, consider g € Homcnaigd , (H, #'(L)). By bijectiv-
ity of Coring 4(#H, V) there exists a f € Coring4(H,.#(L)) such that
Cvayof =g
Since (A, H) is a commutative Hopf algebroid, its multiplication ms :

HRH — H factors through a A-bilinear morphism My : HOH — H and
since Ay and €4 are algebra morphisms we get that 74 is a morphism
of corings. Analogously, also M 4 () is a morphism of corings. Since f is
a morphism of corings as well, it induces a coring map f© f: HOH —
J(L)®.Z (L), where © is recalled in Remark 1.1. From the computation

EVA(L) ofomy =gomy=mg(ryo(g®g)
=T5(1) © (Cva(r) @ Cvary) o (fOF)
=Cy, (L) °Mr (L) © (for

and the fact that Ev (L) 18 a monomorphism of corings, we get that
fomy =Mgpyo(f®f)sothat f is multiplicative. We also have that

Cvayofonu =gonu =1Ly = Cy,(r)°Ns (L) and since ny and 1.4(1)
are morphisms of corings we get as above that fony =ns ().
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Finally, since Sy : HP — H, where HP has the structure as in (5),
is easily checked to be a morphism of corings, from the computation

EVA(L)OfOSH:gOSH:Sﬂ/(L)OQZSﬂI(L)OEVA(L)Of:CAvA(L)OSy(L)Of

we deduce that foSy = Sy (r)o f. We have thus proved that f is a mor-
phism of commutative Hopf algebroids and hence that Homcpaigd ,(H,V 1)
is surjective as well. O

We now give a criterion for the existence of a morphism (A, L) —
(A, Z(H)) of a Lie-Rinehart algebra.

Lemma 6.3. Let (A, L) be a Lie-Rinehart algebra and (A, H) a commu-
tative Hopf algebroid. Assume that there is a morphismo: L — £ (H) =
Dery *(H, Ae,,) of Lie-Rinehart algebras. The map o: V(L) — *H given
by o0 ovala) = aey, for every a € A, and 0 o1 (X) = —5(X), for
every X € L, is an A-ring map which satisfies the equalities of equa-
tion (25). That is, for all a,b € A, w € Va(L), and x,y € H, we have

o(u)(n(a®b)) =ev(ta(b)u)a and o(u)(zy) = o(u1)(x)o(uz)(y).

Proof: Define ¢p4: A — *H sending a to the map aey and ¢p: L — *H
which sends X to —&(X). By the universal property of Va(L) there
exists a unique algebra morphism o: V4 (L) — *H such that cotg = ¢4
and ooty = ¢r. Since ¢4 gives the A-ring structure of *H, we have that
o is an A-ring map. Notice that

(44) o((tala)u)(@) = (ao(w)(x) £ o(u)(xt(a))

for all u € Va(L), x € H, a € A. Let us check that o fulfils (25).
To this end, let us denote by B the subset of the elements u € V4(L)
such that relations (25) hold for all a,b € A and z,y € H. By means
of (44) it is straightforward to check that ¢4 (a)u,uv, 1y, 1y, (X) € B
for every a € A, X € L, and u,v € B. Therefore, in light of the fact
that V4 (L) is generated as an A-ring by the images of t4 and ¢y, we
deduce that V4 (L) € B. Summing up, V4(L) = B and hence o satisfies
relations (25), for all u € V4(L). O

Lemma 6.4. Let (A,L) be a Lie-Rinehart algebra with anchor map
w: L — Derg(A) and take U = V4(L). Then there is a bijective corre-
spondence between the following sets of data:
(i) morphisms h: Va(L) = *H of A-rings satisfying (25);
(ii) morphisms h: L — Dery *(H, Ae) = L (H) of Lie-Rinehart alge-
bras.
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Proof: Given h: V4(L) — *H as in (i), we define h(X) := —h(c1(X)),
for any X € L. The latter is left A-linear so that h(X) € Dery *(H, A:)
in view of the following computation:

W(X)(zy) = —h(er(X))(zy)

B (X)) @)1y, (1)) (9) = B(Lvay) (@) R (X)) (3)

= h(X)(x)e(y) + e(x)(X)(y).
Since ¢, is a right A-linear Lie algebra map and h is an A-ring mor-
phism, we get that h is 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 5.13,

w(h(X))(a) = A(X)(t(a)) = —h(tL(X))(t(a))

= (X)) (1na) © —(ah(e (X)) (13)

= —h(ea(a)er (X)) (1) E —e(ta(a)n(X))

D (aw(X)(@) = 1o (X)ea(a)) = w(X)(a).

Conversely, start with h: L — Der, *(H, A.) = Z(H) as in (ii). By
applying Lemma 6.3, we know that there is an A-ring map h: V4 (L) —
*H as in (i). The bijectivity of the correspondence between the set of
maps as in (i) and those of (ii) is easily checked. O

Remark 6.5. Let (A, H) be a Hopf algebroid and consider the canonical
map g: Va(Z£(H)) — *H, which corresponds by Lemma 6.4 to —id o (3
(in the above notation this means that ¢ = —id ¢ (3). By Lemma 5.12,
we have an algebra morphism h :=60og: V4(ZL(H)) — Endx(H). Let us
consider the canonical injective maps

ia: A—=Endg(H), (ar—[v'+—ut(a)]),
ig(q.[) : g(H) — Endk(’H), ((5 — [u — U(l)t(é(U(g)))])

of algebras and Lie algebras, respectively. Denote by V the sub-k-algebra
of Endy(H) generated by the images of i4 and iy (3. The isomor-
phism stated in Lemma 5.12 shows that V is the subalgebra of the
algebra of differential operators of H generated by A and the deriva-
tions of ‘H which are right H-colinear and kill the source map. Clearly
the maps i4 and i () satisfy the equalities of equation (9). Moreover,
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hoig ) = L) and hoiy = 14. Therefore, h: Va(ZL(H)) — Endy(H)
is the unique morphism arising from the universal property of the en-
veloping algebroid and, as a consequence, we have that it factors through
the inclusion ¥V C Endg(#). In contrast with the classical case of Lie k-al-
gebras (k is of characteristic zero), it is not clear here if the map h is
injective or not. Nevertheless, we believe that the first step in studying
the problem of integrating a Lie—Rinehart algebra involves the analysis
of the A-algebra map h.

7. Differentiation as a right adjoint functor of the
integration functor

Now that we have collected all the required constructions and no-
tions, we can extend the duality between commutative Hopf algebras
and Lie algebras given by the differential functor to the framework of
commutative Hopf algebroids, as we claimed at the very beginning of §3.

Theorem 7.1. Let us keep the motations of Lemma 6.1. There is a
natural isomorphism

HomCHA|gdA (7‘[, ﬂ/(L)) i> HomLieRinA (L,X(H)),

for any commutative Hopf algebroid (A, H) and any Lie-Rinehart alge-
bra (A,L). That is, the integration functor #': LieRing — CHAlgd} is
left adjoint to the differentiation functor £: CHAlgd)® — LieRin 4.

Proof: The natural isomorphism is constructed as follows. Given a mor-
phism of commutative Hopf algebroids ¢: H — .#/(L) = Va(L)*, we
have by Lemmas 4.16 and 6.4 the following Lie-Rinehart algebra map:
Ly: L — Dery *(H, A.) sending X — [u = —&(o(u))(er(X))]. As was
shown in those lemmas, this is a bijective correspondence, which is clearly
a natural morphism. O

Notice that, by Theorem 7.1, we always have the map

Homchaigd , (H,V'L)

HomCHA|gdA (7‘[, j(L)) HomCHA|gdA (7‘[, j/(L))

(45)

1R

HomLieRinA (La E(H))v

induced by the natural transformation V = EVA of Lemma 6.1. Under
some additional hypotheses, this becomes an isomorphism as well.
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Theorem 7.2. Let A be a commutative algebra for which the map Cp
of equation (11) is injective for every A-ring R (e.g., A is a Dedekind
domain). Then there is a natural isomorphism

Homechaiga , (H, 7 (L)) ——> Homuiegins (L, £(H)),

for any commutative Galois Hopf algebroid (A, H) and Lie—Rinehart al-
gebra (A, L). That is, the integration functor % : LieRiny — GCHAIgd%
is left adjoint to the differentiation functor £ : GCHAlgd — LieRin4.

Proof: First of all, in light of Remark 3.8 we know that #(L) is a
commutative Galois Hopf algebroid, whence the statement makes sense.
Moreover, since GCHAlgd 4 is a full subcategory of CHAIlgd 4, we have
HomGCHA|gdA (H,#(L)) = HomCHA|gdA (H,#(L)). In light of Proposi-
tion 6.2, the injectivity of CVA(L) implies that Homcpaigd,, (H, VL) is
bijective and hence, by Theorem 7.1, (45) is a bijection as well. O

Remark 7.3. Observe that in Theorem 7.2 we may replace the cate-
gory GCHAIlgd 4, with the subcategory of CHAIgd 4, of all those commu-
tative Hopf algebroids whose canonical map is a split epimorphism of
corings, once we have noticed that #(L) = V4(L)° is always in this
category because can o Z(x) = idge for every R. In addition, the injec-
tivity of {p for every A-ring R can be replaced by asking ¢ to be either
injective or a monomorphism of corings on every component. Notice also
that these requirements on é implies that x is an isomorphism in view
of Theorem 4.12. 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 to the target in
such a case, since all Hopf algebroids are over k), we have the following
well known adjunction (recall from Remark 4.15(3) that . = .#7).

~

Corollary 7.4. There is a natural isomorphism Homcpaig, (H, .7 (L)) =
Homye, (L, Z(H)), for any commutative Hopf algebra H and Lie alge-
bra L. That is, the integration functor .7 : Liex — CHAIg.® is left adjoint
to the differentiation functor £ : CHAlg,” — Liey.

8. Separable morphisms of Hopf algebroids

We conclude the theoretical part of the paper by finding equivalent
conditions to the surjectivity of the morphism .Z: Dery *(IC, A) —
Dery *(H, A) induced by a Hopf algebroid map ¢: (A, H) — (A4,K).
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Inspired by [1, Theorem 4.3.12], we also suggest a definition of a sep-
arable morphism between commutative Hopf algebroids based on this
characterization.

Let (A,H) be a commutative Hopf algebroid. Consider the cate-
gory Mody; as in §5.1. Let us denote by Ry : Mody — Mody the func-
tor given by Ry (M) := Dery *(H, M) on objects and by Ry (f) = «f on
morphisms. Let Z = Ker(¢) and set Q(H) := 5(Z/Z?). Given a morphism
of commutative Hopf algebroids (id, ¢): (A,K) — (A, H), the universal
property of the coequalizer (35) applied to K gives a unique A-module
map Q(¢): Q(K) = Q(H) such that Q(¢) o = 73, 0 ¢. In this way we
get a functor

Q(—): CHAIgd 4 — Mody4.

Note that the morphism ¢ ® 4 Q(¢): K®4 Q(K) = H®4 Q(H) yields a
morphism Q% (¢): Q5 (K) — Q% (H) by Corollary 5.9.

Remark 8.1. We know that Ry (M) = Homy (Q5(H), M) from Propo-
sition 5.8, whence Ry admits a left adjoint, namely £y = — @y Q5 (H).
Notice that Q5% (H) = H ®4 Q(H) as H-modules by Corollary 5.9 and
AQy 5 (H) = Q(H) as A-modules. Therefore Ry preserves small col-
imits if and only if Q% (#) is finitely generated and projective as an
‘H-module, and if and only if Q(#) is finitely generated and projective
as an A-module.

Theorem 8.2. Let (id, ¢): (4,K) — (A, H) be a morphism of commuta-
tive Hopf algebroids. Assume that Q(H) and Q(K) are finitely generated
and projective A-modules. The following assertions are equivalent:

(i) Q(@) is split-injective.

(i) & is surjective.

(iii) Derg*(¢, —): Derg *(H, —) — Dery *(K, ¢ (—)) is surjective on each

component.

(iv) Dery *(¢,H): Dery *(H,H) — Dery *(K,H) is surjective.

(v) Hr Q5(K) = Q5 (H): h @k w — hQ5(P)(w) is split-injective.
Proof: To prove the equivalence between (i) and (ii), 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 pro-
jective as well, and hence requiring *(Q(¢)) to split is superfluous. By
Lemma 5.12, the map *(Q(H)) — L(#) which assigns to every f the
composition f o 7§, is an isomorphism of A-modules. In view of the
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relation Q(¢) o m¢ = 73, 0 ¢ and the definition (42) of L4 we have that
the following diagram commutes

‘(@) £(H)
*(Q(¢))J/ J{ﬁd;
(QUK) £(K)

so that *(Q(¢)) is an epimorphism of A-modules if and only if £ is. The
implications from (iii) to (ii) and (iv) are obtained by evaluating the nat-
ural transformation Dery (¢, —) on A, and H respectively. To prove that
(ii) implies (iii), consider the following diagram for every M € Mody.

M aDery *(H, A.) % M 4Der 4(H,, Ayr) % M® sHoms(Q(H), Ay)

o J/:
\

Dery *(H, M) — o> Dery A (M, My) — o> Hom 4 (Q(H), M;)

The nondashed vertical arrow is the map m ®4 f — [¢ — mtf(q)],
which is invertible because Q(#) is finitely generated and projective. As
a result we get the dashed vertical isomorphism ¢z given by m ® 4 § —
[u = muitd(usz)], which is clearly H-linear (with respect to the action of
H on M) and natural in H. This naturality implies that Dery *(¢, M)
is an epimorphism whenever Ly is. To show the implication from (iv)
to (ii), notice that the above naturality implies in particular that H® 4Ly
is an epimorphism of A-modules. Now since L4 can be recovered from
H ®a L4 by applying the functor A ®y —, it is an epimorphism as
well. Finally, observe that the map in (v) can be easily identified with
H @i Q(¢) since 25 (K) =2 K ®4 Q(K) and analogously for H. Now it is
clear that (i) implies (v) and the other implication follows by applying
the functor A ®3 —, and this finishes the proof. O

Remark 8.3. Assume that H and K are ordinary commutative Hopf alge-
bras 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 [1, 3.1], we have that dp = Z4. There-
fore, in view of [1, Theorem 4.3.12], the separability of the morphism ¢
can be rephrased at the level of commutative Hopf algebroids by re-
quiring that the morphism ¢ satisfies the equivalent conditions of Theo-
rem 8.2. In this way, a morphism of commutative Hopf algebroids with



DirFr AND INT FOR HOPF AND LIE ALGEBROIDS 59

smooth total algebras may be called a separable morphism when it sat-
isfies one of the equivalent conditions of Theorem 8.2.

9. Some applications and examples

This section illustrates some of our theoretical constructions elabo-
rated in the previous sections.

9.1. The isotropy Lie algebra as the Lie algebra of the isotropy
Hopf algebra. In analogy with 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 € A(k), and con-
sider the isotropy Hopf k-algebra (k,H,) at the point z. By definition
(see [9, Definition 5.1] and [12, Example 1.3.5]), H, = k; ®4 H Q4
k, is the base extension Hopf algebroid of (A,#H) along the algebra
map z: A — k (the notation k, means that we are considering k as
an A-algebra via x). The Lie algebra of the commutative Hopf alge-
bra (k,H,) is by definition the k-vector space Dery(H,, Kz ).

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

(46) L (H)y = {0 € Derj(H,kye) | S0t =0}.14

These are vectors in the fiber 2 (k), of the vector bundle 2 (k) at
the point z, which are killed by the anchor (40); in the notation of
Appendix A.1 and equation (52), this is the vector space 27*(k),. The
vector space .Z(H),, © € 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) # (. Then

(i) for a given point x € A(k), the k-vector space L (H). of equa-
tion (46) admits a Lie algebra structure whose bracket is given by

[0,0]: H—>Kkze, (ur—>=(6(u1)d (uz) — & (u1)d(us2)));

4By abuse of notation we employ .Z(#) 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'(2Z") with .Z (), as stated in Proposition A.4.
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(ii) there is an isomorphism of Lie algebras given by

) V: M)y — L (Hs) = Derg(Ha, Kae ),
(—[1®4u®as 1> d(u)]).

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 v € £ (#H,) to the deriva-
tion 7, where 7, : H — H, is the canonical algebra map sending u >
1k, ®4 u®a 1lg,. Now, it is easy to check that the bracket of £ (H,)
induces the one in (i) via V. O

9.2. The Lie—Rinehart algebra of Malgrange Hopf algebroids.
In this final subsection we compute the Lie-Rinehart algebras of some
Hopf algebroids which arise from differential Galois theory over differ-
ential Noetherian algebras. Inspired by [32, 33, 38] and [50], some of
these Hopf algebroids were introduced and described in [12]. 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 jet groupoid attached to this Hopf algebroid.

Let us consider the polynomial complex algebra A=C[X] and {z0, y», |
n € N} a set of indeterminates. For a given element p € A, we denote
by Op its derivative, where 0 := 9/0X is the differential of A. Consider
the Hopf algebroid (A, H) over C, where

H = C[mo,yo,yl,...,yn,...,y%]

is the polynomial C-algebra, and where the structure maps are given as
follows.

The source and the target are given by:

s:A—H, (X+—=xo:=2) and t: A—H, (X+—=yo:=y).
The comultiplication is:
M~ H ®a sHt,
Alx) =z®al, Aly) =1®ay,

so= 2w (G GG)

(k1,k2,... k)
k14+2ko+-+nk,=n

@AYk +kat-+hn, fOrn>1
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(see [12, §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:

Ay1) = y1 ®a 1,
Ay2) = y2 @ay1 + U7 ©a 2,
A(ys) = ys @a y1 + 3y192 @4 y2 + ¥ D 3,
Ays) = ya ®a y1+4y3y1 @4 Y2+6y2y7 @4 Ys+3y2 @4 Y2 +Y1 ®a Ya, - -
Lastly, the counit is given by:
He—— A,

e(x) =X, ely)=X, e(yn) =01, forevery n>1.
An explicit formula for the antipode S: sH; — +H, can be found in [12,
85.6].

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

w: AN —=Derc(A), (a:= (an)nen —= (p — agdp))
and the bracket is defined as follows. For sequences a and b as above,
the sequence [a, b] is given by:
[a, b]o = agdby — boDay,
[a, b]y = apdby — bpday,
[a, bl = azby — baay + agdby — bpdas,

[a, b], = Z (TZL) (@ibp—it1 — bian—iy1) + (agdb, — boday), forn > 3.

i=1
Proof: Let § be an element in £ (H) = Der¢(H, A.), then 0 is entirely
determined by the sequence of polynomials (§(x),d(yo),0(y1),--.)-
Since we know that 6(z¢) = 0, we have a sequence

(6(10),6(y1), (), ...) € AN

Namely, we know that any such § satisfies the following equalities:
(49) 6(y ") =—8(y1), d(y)) =0, for every i,j >2,

and 5(p(30)) = 6(0) 2222

The last equality gives us the anchor map. Now, for the bracket we
need to involve the comultiplication of equation (48) and the formula
of equation (39). For lower cases, that is, for n = 1,2, one uses these
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formulae directly. As for n > 3, one should observe, using equations (49),
that when applying the rule (39) to the comultiplication (48), the only
terms which survive in the sum are the summands corresponding to the
n-tuples

(n,0,...,0), (n—1¢0,...,0, 1 ,0,...,0), for2<i<n,
i-th
-t

which give the summands claimed in the bracket [a, b],,. O

The C-algebra H is in fact a differential algebra, whose differential is
given by:

H—2> 7,
0(x) =1, &(y)=w1, 6(yn) =ynt1, forn=>1.

Thus, we have
0 = 0
6= — itl -
or + ;y 15,

A Malgrange Hopf algebroid over C with base A is a Hopf algebroid
of the form (A, H/Z), where Z is a Hopf ideal which is also a differential
ideal (i.e., 6(Z) C Z). For instance, the ideal Z = (y,)n>2 is clearly
a differential ideal and H/Z = C[z,y, 2*!], which is a Hopf algebroid
with base A and grouplike elements z*!. It can be identified with the
polynomial algebra (A ®@¢ A)[zT1], whose presheaf of groupoids is the
induced groupoid of the multiplicative group by the affine line (see [9]
for this general construction).

The following corollary is immediate.

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

For instance, by Proposition 9.2, we have that Z(H/Z) = A x A,
where Z = (y,)n>2 is the Lie-Rinehart algebra with anchor (ag, a1) —
(p — apdp) and the bracket is given by

[(ao, al), (bo, bl)] = (aoabo — boaao, a06b1 — boaal).

Remark 9.4. The Hopf algebroid (A, #) is the 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 = hgl%r. Applying the dif-
ferentiation functor £, we obtain a projective limit of Lie-Rinehart

algebras L (H) = @g(HT).
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In the remainder of this subsection we will relate the Lie-Rinehart
algebra of (A,H) 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 [33], is the Lie groupoid
(Z«(Ac1),Act), where Ac: is the complex affine line and _#Z, (A1) C
Act x (Ac1)Y is defined by the points (2o, Yo, Y1, -+ Yn,---) € Agt X
(Act)N with y; # 0. In other words, this groupoid is the character
groupoid of the Hopf algebroid (A4, H); see [9] for this definition. Denote
by £ the Lie algebroid of this Lie groupoid (see Appendix A.3 below).
Then, one can show that there is a morphism Z(H) — I'(€) of Lie-
Rinehart algebras, where I'(€) 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)=CAlgc(H,C)~ f.(Al) === A(C)=CAlgc(4,C)~AL
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,z,1,0,...); see [33]. Here we are con-
sidering H(C) and A(C) as algebraic varieties whose ring of polynomial
functions coincides 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 z € A}, we identify it with the associated alge-
bra map Z: A — C sending X — x. In this way, the notation C, stands
for C considered as an extension algebra of A via T, and the identity
arrow of the object x is €*(x) = Te: H — C. The same notations will be
employed for _Z,(A}). Now, for any point z € A, a derivation d in the
vector space Ker(T}s*) is nothing but an element d € Derc(H, C..())
such that ds = 0. Therefore, we have the following identifications of
vector spaces:

Ker(T;s*) = {d € Derc(H,C..(z)) | ds = 0}
= Deri(H,C,.) = Z(C),, forevery x € Af,
where the 2°(C),’s are the fibers of the presheaf of equation (52) 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 Ugeqy(c) Der¢(H, Cy). This extension is the same as the
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one given in Proposition A.3 of the Appendix. Taking a section {0z },eca1
of 2°(C),* we set

bg: H—>=C,, (ur—> g(u1)dg:(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
6_(u): H(C) — C sending g — 5 g(u), which we identify with its im-
age in . This function satisfies the following equalities:'®

(50)  0_(s(a) =0, (ad)_(u)=t(a)i_(u), we(d_(u))= b, (u),

for every a € A, u € H, and x € A{. Furthermore, there is a derivation

of H, defined by u — 5 (u). Namely, for every point g € H(C) and two
polynomial functions u,v € H, we have

5_(wv)(g) = dg(uv) = g(urv1)dg (uzvs)

1)9(v1)(gte(uz)dge(v2) + dgt(u2)gte(v2))
u1)g(v1)gte(uz)dge(v2) + g(u1)g(vi) dgi(u2)gte(va)

(u
(
(u) g(v )5gt(v2)+g( 1)0gt(u2)g(v)
9(u)d_(v)(9) + 0-(u)(g)g(v)
u(9)d-(v)(9) + 5 (u)(9)v(9).

Therefore, we have

glu
g
g

(51) 5_(uv) = ud_(v) + o_ (u)v.

Next, we describe the anchor map and the bracket of I'(£). Given a
section § € T'(£), its anchor at a given polynomial a € A is defined as the
polynomial function w(d)(a): At — C sending = + 8, (t(a)). As for the
bracket, taking two sections d, 7, we set the section x — [0, 7], defined
by

;e H—>Coe,  (ur—(6:(Y- (1)) = 72(0-(u))))-

15Here we are assuming that, for every u € H, the function = +— 85 (u) is polynomial,

where x € A%) or equivalently, each of the functions & +— dz(z0), z(y0), dz(y1),
.0z (yn), ..., is polynomial.

16For the sake of clarity, ad: x — x(a)d, and ud— (v): g~ g(u)gg(v).
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Taking u,v € H, we compute

[0: Y (uv) = 02 (- (uv)) = 72 (0 (wv))

T

2 xe(u)[d, V] (v) + [8, V] (w)ze(v).

Thus [d, 7], € Derg(H, Cye). It is not hard now to check that this bracket
endows I'(€) with a Lie algebra structure and it is compatible with the
anchor map, that is, satisfies equation (7). This completes the Lie-
Rinehart algebra structure of I'(2°(C)) =T'(€).

The desired morphism of Lie-Rinehart algebras Z(H) — T'(£) is
now deduced as follows. Using the isomorphism of Proposition A.4 in
conjunction with the canonical map

NZ)—T(Z(C), (r+=1¢)

of Lie-Rinehart algebras, we obtain a morphism Z(H) = I'(Z") —
I'(Z(C)) =T'(€) of Lie-Rinehart algebras.

Remark 9.5. Given (A,H) as above we already observed that the fibers
of & are of the form Ker(T},s*) = Derg(H, C,.), for € A{. As explained
in Remark A.1, we can consider in the category of augmented algebras

the cokernel

Ay "0 c,

where A has augmentation x, while H has augmentation zoe. Note that,
by construction, H gy is the quotient of H by the ideal (s(a) — z(a)ly |
a € A). By the remark quoted above we get an isomorphism of vector
spaces

Der(?: (H? Cﬂfe) = Der]k(H(I)a CEm )a
where ;1 H(;) — C is the unique algebra map such that e, om(,) = woe.
Since we know that

CAlge(Hz),C) = {g € H(C) | g(s(a) —z(a)ly) =0, Va € A}
={g € H(C) | s"(9) =gos =z} =H(C),
then H ;) = k, ®4 sH is the coordinate algebra of the subvariety H(C),

known as the left star of the point z in the groupoid H(C). Further-
more, the morphism of Hopf algebroids m,: H — H,, where (C,H,)
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is, as in §9.1, the isotropy Hopf algebra of H at the point x, factors
throughout the morphism 7(,), 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 alge-
bras

LH)y D (5 € Ders(H,Cypr) | §0t = 0} C> Derl(H, Cae).

Notice that all these observations are valid for any Hopf algebroid (A4, 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 differ-
ential functor .Z constructed in §5.3. This is done by mimicking the
differential calculus on affine group schemes [8, II, §4] parallel to the
construction of a Lie algebroid from a Lie groupoid. Moreover, we pro-
vide an alternative (direct) construction of the unit of the adjunction in
Theorem 7.2. Finally, we also revisit the construction of the Lie algebroid
of a Lie groupoid from an algebraic point of view.

The following remark will be used throughout the appendices.

Remark A.1. Recall that the category Algu‘g of augmented algebras has
as objects the pairs (A,e), where A is an algebra and e: A — k is a
distinguished algebra map, called an augmentation, and as morphisms
the algebra maps that preserve the augmentation. Analogously, the cat-
egory of coaugmented coalgebras Coalgﬂ;r has as objects the pairs (C, g),
where C' is a coalgebra and g is a distinguished grouplike element in C
and as morphisms the coalgebra maps that preserve the grouplike el-
ements. The duality (—)*: Coalg, == Algy": (—)° induces a duality be-
tween Coalg;” and (Alg;")°P, namely (C, g)* = (C*, g*),where g*: C* — k
is the evaluation at g, and (4,¢)° = (A°¢€). In addition, we have an
adjunction between the category of vector spaces Vecy and Coalgﬂ;|r given
by the functor P: Coalg;” — Vecy sending every (C, g) to P(C, g) := {c €
C|Alc) =c®g+g®c} and its left adjoint sending V to (k & V, 1),
where A(v) =v® 1x + 1x ® v for every v € V.

Note that by composing the right adjoints we get P((4,¢)°) =
P(A° ¢) = Dery (A, k.). As a consequence, the functor (Alg;")°® — Vecy

17This algebra map is nothing but the canonical surjective map: (C[xo,yo,yhyz,

A..,y—ll]/(mo—@ %C[X,yl,yg,.l.,i]ﬂX—x).
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sending every (A,¢) to Derg(A4,k.) is a right adjoint. In particular, it
preserves kernels once we have observed that Algﬂ‘i‘ has (k,idy) as a zero
object. By the existence of this zero object, given a morphism of aug-
mented k-algebras s: Ag — A; we can consider in Algﬂ:r the cokernel

Ag —>= A1 —= A, k,

which is defined as the coequalizer of the pair (s, uj0eq) in the category of
algebras with the induced augmentation. Here we denote 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(As, k.,) ——> Dery (A1, ke,) ——> Dery (Ao, ke, ).
Summing up, 7* induces an isomorphism
Derg(Asz, k.,) 2Ker(s*)={01 €Derg(A1,k.,) | 6105s=0}=Der; (A1, k).

A.1. The functorial approach to the differential functor. Let us
introduce some useful notation. Given two algebras T" and R we de-
note 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 com-
mutative Hopf algebroid (A, H) one associates the presheaf of groupoids
A CAlg, — Grpds assigning to an algebra R € CAlg, the groupoid
A(R) = H(R) S A(R) := Ao(R)
whose structure is given as follows: For any g € H(R), z € A(R), we
have s(g) = gs, t(9) = gt, tx = z&, g~ 1 = g8, and if gs = ¢'t for some
other ¢’ € H(R), then g.¢': H — R sends u — ¢'(u1)g(us2).
Let us define the following functor:

(52) Z . CAlg, —> Sets, <R|—> L—ij Derks(H,Rxs)>v
z€A(R)

where |4 denotes the disjoint union of sets. For each R € CAlgy,, 2 (R) can
be seen as a bundle (in the sense of [24, Definition 1.1, Chapter 2])
of H-modules over 74 (R) with canonical projection mg: Z(R) — A(R)
sending § € Dery *(H, R,c) to z. Now, 2 is a functor as for any mor-
phism f: R — T, the map 2°(f): Z(R) — 2 (T) is fiberwise defined
by composition with f. This makes 7: 2" — % a natural transforma-
tion.

Following [8], let us consider the trivial extension algebra R[fi] of a
given algebra R, that is, h? = 0, together with the canonical algebra
injection i: R — R[h], » — (r,0). Denote by p: R[i] — R the algebra
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projection to the first component and by p’: R[h] — R the R-linear pro-
jection to the second component. Then we have a morphism of groupoids
H(p): H(R[K]) — A (R). For a fixed x € A(R), we set

2:(R) = {y € H(RI[N]) | p'ys = 0, py = xe}.

Clearly, any arrow v € Z,(R) belongs to the kernel of 7 (p), i.e., {v €
JA(RIR]) | 74 (p)(7y) € (4 (R))}. Furthermore, if we denote 7 := p',
then 7 becomes a xe-derivation, in the sense that

V(uv) = we(u)y(v) +7(w)ze(v),
for every u, v € H. Each of the fibers Z,(R) is a k-vector space as follows:

My = (ze,)\Y), 7+ = (ze,5+7'), for every A €k, and v, € Z,,

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

2: CAlg, —> Sets, (R}—> ) @w(R))
z€A(R)

where for any morphism f: R — T, the map 2(f): Z2(R) — 2(T) is
fiberwise defined by composition with (f, f). The functor 2 is naturally
isomorphic to 2 . Namely, the isomorphism is fiberwise given by

De(R) — Dery *(H, Rye),  (v—=7);
Dery *(H, Rye) — Z.(R), (6 —= (z¢,9)).

Under this isomorphism, the elements of 2 (R), for a given algebra R,
can be seen as arrows in the groupoid S#(R[h]), although, contrary to
the classical situation, they only form a subcategory and not necessarily
a subgroupoid. Let us show that the set 27*(R) of loops in the cate-
gory 2 (R) is a groupoid-set in the following sense (for the definition of
a groupoid-set; see e.g. [9]).

An element § € 27 (R) belongs to 2 *(R) provided that it also satisfies
the equation 4t = 0. Thus, d is a ze-derivation which kills both source
and target and we can write

Zf: CAlg, — Sets, (R — H—J Dery, 5 (H, Rm)>.
z€A(R)

It is easily checked that 2°¢ is a functor. What we are claiming is that
Z* with the structure map given by the restriction of 7 is actually
an J7-set, in the sense of presheaves of groupoids. Taking the natural
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transformations 7: 2% — 4 and t: 4 — 7, consider the fiber
product

X ) CAlgy, — Sets,
(Rt—> Z(R)ry, x: 4 (R)={(6,9) € Z*(R) x #(R) |
gt = mr(9)}).

Given an element (6, 9) € Z¢(R)r, x: 7 (R), we define the conjugation
action as

(53) 6.9: H—>Ryse,  (ur—g(un))o(u@))g(S(us))))-
Notice that this map is well defined as
d(s(a)ut (b)) = x(a)é(u)z(b)
and
g(ut(a)) = g(u)g(t(a)) = g(u)mr(0)(a) = g(u)z(a)

for every a,b € A, u € H, where § € Dery *(H, R..). The following is the
desired claim.

Lemma A.2. For every algebra R € CAlgy, the pair (Z°(R),nr) is
a right 2 (R)-set with action given by conjugation as in (53). Further-
more, this is a functorial action, that is, (2%, ) is a right H-functor.

Proof: Tt is straightforward to show that ¢.g belongs to 2 (R) with
projection gs € A(R), where x = mr(d) = gt. The rest of the first claim
is clear.

Now let f: R — S be an algebra map. If § € 27¢(R) with 7r(5) = z,
then clearly ms(2(f)(8)) = fz. On the other hand, the diagram

2 (R)rp x¢ A (R) 2'(R)

() xe A () %J )

J

LS ) rpy ¥t H4(S) ———= X9

commutes, which means that 27/(f) is a right /#-equivariant map. This
shows that the natural transformation 2%, x; 74 — 2¢ defines effec-
tively a right #7-action on 2. O

Viewing 2 as a bundle over J#), one can define its module of sections
as follows:
(%) ={r € Nat(s4, Z) | mo T = id}.

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

Z(R)= 4 Der*(H,Ry) — A (R).
g€ (R)

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

Proposition A.3. Let T'(Z") and T'(¥) be as above. Then we have the
following properties:

(i) For any algebra map f: R — S in CAlgy, any object x € HH(R)
and any 7 € T'(Z"), we have:

(54) xoTa(ida) =Tr(2), forr(x)=Ts(fx).
In particular, we have
comy(t) =7a(ida) and we(unym(t)(we))) = r(2)(u),

for every x € #H(R) and u € H.
(ii) Both T'(Z") and T(¥') admit an A-module structure given as fol-
lows:

(a.m)r(z) = 2(a) Tr(2), (a.a)r(g) = gt(a).ar(g),

for R in CAlgy, z € 4 (R), g € 4 (R), and for every 7 € T'(Z),
acel(¥), and a € A.
(iii) The map

N(2)—==T(%)
YR HA(R) —= Z(R)

T ’ g—>X%(9): H— R, ’

ut—=g(uq))Tr(gt)(u(2))

where R € CAlg, and g € 54 (R), is a monomorphism of A-mod-
ules. Thus, any section of Z  extends uniquely to a section of ¥ .

Proof: Part (i) follows from the naturality of 7. Part (ii) is straightfor-
ward. As for part (iii), let us first check that 3 is a well defined map. Take
TeN(Z), g € Hi(R), and set x = gt. By using the fact that 7g(z) is a
derivation, one easily checks that X7,(g) € Dery *(H, Ry). Assume we are
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given 7,7 € I'(Z") such that X(7) = X(7'). Then, for every g € S (R),
we have that

g(u@))Tr(gt) (u(2)) = glun))Tr(gt) (ue2))

for every u € H. Now, take an arbitrary 2’ € J%(R) and set g = z'c.
Hence, for every u € H, we obtain

o'e(ug))Tr(2") (w2)) = 2'e(un)) (@) (ue) = Tr(2")(se(u))u(2))

= Tp(2")(se(un))u@)) = Tr(2") = Tr(2).

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

Proposition A.4. Let (A,H) be a Hopf algebroid with associated
presheaf 7€ and consider the bundle (2, 7) as given in (52). Then we
have a bijection

V:T(Z) —>Dery*(H, A:), (t+—=7a(idyn)).

In particular, the A-module of global sections T'(Z") admits a unique
Lie—Rinehart algebra structure in such a way that V becomes an isomor-
phism of Lie-Rinehart algebras. Explicitly, for any R € CAlgy, the bracket
[7,7|r: 7 (R) = Z (R) and the anchor w' are respectively given by

[7,7'|r(z)

H—— Ry
ut——Tr(x)(un) 73, (t)(w(2))) — Tr() (u) TH () (u(2))),
[(2) —“ > Dery(A)

TH—>T4(id4) o t.

Proof: In light of the Yoneda lemma, we have a bijection V: Nat(J4, 2" )=
Z (A) sending every natural transformation n € Nat(s%), 27) to V() :=
na(ida). It turns out that this bijection restricts to V: I'(2") = 27 (4),
where Z7(A) = {6 € Z(A) | ma(d) = ida}. By definition of w4, we have
74(6) = id 4 for every 6 € Derg *(H, A.) so that 27/ (A) = Dery *(H, A.).
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This induces on I'(Z") the given Lie-Rinehart algebra structure since
for r,o0 €e I(Z7), R € CAlgy,x € 4(R),a € A, and u € H we have

([, olr(@)(w) = (VH([V(7), V(o)) r(2)) (w)
= (V7 ([ra(ida), oa(ida)]) r(2)) (w)
= (zo[ra(ida), oa(ida)])(u)

D) (ralida) (g (o a(ida) (u)))
—x(oa(ida)(umyt(talida)(uc)))))
(54) )

= (@) (u@yon(t)(ue)) — or(@)(u@) () (uew)),
W'(7)(a) = w(V(7)(a) = w(ralida))(a) L ra(ida)(t(a)).

This concludes the proof. O

Remark A.5. By mimicking Proposition A.4, we get a bijection V*:
(2% — Dery *(H, A.), induced by V of the same proposition, where
(2% is the A-module of global sections of the bundle 2* and
Dery %t (H, A¢) is the A-module of k-algebra derivations §: H — A, such
that ds = 6t = 0, which in turn is the kernel of the anchor map given in
equation (40). Consider the so-called total isotropy Hopf algebroid H¢ :=
H/({s—t) of H and denote by m: H — H’ the canonical projection.'® Note
that given a symmetric A-bimodule M (i.e., am = ma for all a € A,
m € M) we have an isomorphism Hom 4 (H®, M) = Hom4_ a(H*, M) —
Hom4_4(H, M) given by pre-composition by 7. This isomorphism in-
duces an isomorphism Dery *(H*, M) = Dery **(H, M.). As a conse-
quence, I'(Z°%) is isomorphic to the Lie-Rinehart algebra .2 (H*) of H*.
If v € A(Kk), then the fiber 27(k), = Dery ®*(H,k,.) of the bundle 27 (k)
coincides by (46) with the isotropy Lie algebra Z(H), of Z(H). On the
other hand, since Dery **(H, ky.) = Dery *(H! ko) = ZL(H'), we get
that 27¢(k), = Z(H")..

Remark A.6. Note that the isomorphism V of Proposition A.4 can be
adapted to get an isomorphism V’': I'(#) — Dery *(H,H). Via these
isomorphisms, one can see that the morphism ¥ from Proposition A.3
corresponds to a morphism Dery *(H, A.) — Dery *(H,H), whose core-
striction to its image is 6’ of Lemma 5.12. This also clarifies why 3 is
injective.

8Here (s —t) stands for the Hopf ideal generated by the set {s(a) —t(a)}qsca. More-
over, 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 inte-
gration. Here we give an explicit description of the unit and counit of
the adjunction proved in §7.

Proposition A.7. Let (A, L) be a Lie—Rinehart algebra. Then there is
a natural transformation

(55) Or: L —Dery*(Va(L)°, Ac) = LS (L),
(X = [z = —=¢(2) (e (X))

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

L—2"  Den,*(Va(L)°, A.)

o Tﬁ(é)
Dery, *Va(L)*, A.)

(56)

a commutative diagram of Lie-Rinehart algebras, where ©' is the map
which corresponds, by using the bijection of Lemma 6.4, to the A-ring
morphism i: Va(L) — *(Va(L)*) defined in equation (26).

Proof: By Lemma 6.4, ©/ is a morphism of Lie-Rinehart algebras. By
Proposition 5.16, we know that .Z({) is Lie-Rinchart as well. As a
consequence, O = & (6) o ©7 is a morphism of Lie-Rinehart alge-
bras. It remains to check that it behaves as in (55). By using (ii) of
Lemma 6.4, we know that ©/ =i Therefore, for any X € L, we have
0L(X) = Z(E)(O)(X)) = O (X)o¢ = (X)ol = —1<LL< )) ol and so,
by (26), we get OL(X)(2) = —(£ 0 {)(2)(1r(X)) = —((2) (e (X)). O

Now, consider (4, H) a commutative Hopf algebroid and let V4 (.2 (H))
be the universal algebroid of the Lie-Rinehart algebra (A,.Z(#H)) of
derivations of H. Take an object (V,oy) in the full subcategory A%
(that is, a right H-comodule such that Vj is finitely generated and pro-
jectivel?), then we have a map

A Z(H) — Endg (V)
(57)
§ = [v = —vyd(v(1))]-

19 Actually this assumption is not needed for the next construction.
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Proposition A.8. Let (A,H) be as above. Then the map (57) induces
a right Va4 (L (H))-module structure on V. Moreover, this establishes a
symmetric monoidal functor

ViA" — Ay, 2y, (Viov) — (V,AY))
which commutes with the fiber functor, and so we obtain

#(V): 2t Qg & —> »f ®m2 =Va(ZL(H))°,

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

2(V)

can™?! °
Q: H—"—3S @ m% % »f Sz = = ValZ(H)

whenever H is a Galois Hopf algebroid.

Proof: Let us check first that A := AV is an anti-Lie algebra map. So
take v € V and 6,4’ € Z(H). We compute on the one hand

A([6,8'))(v) = —v(0)[0, 0] (v())
= —v(0)(6(v(1) (0 (v(2)))) — 0’ (v(1) (S (v(2))))),
and on the other hand
[A(6), A(0")](v) = AB)(A(") (v)) — A(0")(A(6)(v))
= —A(8)(v(0) 8" (v(1))) + (&) (v(0) 6(v(1)))
= v(0)(6(v(1) H(6"(v(2)))) = & (v(1) L6 (v(2))))),
which implies that A([d,6']) = —[A(d), A(d")]. Let us denote by I, €
Endk (V) the A-action on V by a. So, for every v € V, a € A, and
0 € Z(H), we have that
(la o /\((5)—/\(5) o la)(v) = —av(o)é(v(l)) + ’U(O)(S(’U(l)t(a))
= fav(o)é(v(l))+v(o)5(v(1))a+v(0)6(v(1))5(t(a))
= vd(t(a)) = Zw(é)(a)(v),
so that A(d) oly — la 0 A() = I_i(s)(a)- Summing up, V is a right rep-
resentation of .Z(H) and, by the universal property of V4 (£ (H)), this
implies that there is an algebra map Va(Z(H)) — Endk(V)°P which
makes V' a right V4 (Z(#H))-module. This defines the functor V on the
objects. This functor acts on arrows as the identity, that is, V(f) = f for
every H-colinear map f: V — V’. The fact that f is Va(Z(H))-linear
may be proved by mimicking the argument of the proof of the second

claim in Lemma 6.3: Take B C V4(.Z(H)) such that f(vb) = f(v)b for
all b € B and show that B = V4(Z(#)). Monoidality of V comes as
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follows: Both tensor products are modeled on ®4 and the subsequent
computation

AVEAW(6) (v @4 w) = —(v(0) ®a w(0))d(v(1)wir))
= —(v(0) ®a w(o))(e(v(1))8(w(r)) + 6(v(1))e(wqr)))
=v@4 AV (0)(w) + A\ (0)(v) ®aw
=vQ®Aa wljg(q.[)(5) +UL$(7—L)(5) XA w
= (v ®aw) Aleg(9))
shows that the action on V(V ®4 W) coincides with the diagonal one.
The identity object A has the action \*: Z(H) — Endy(A)°P given
by A(6)(a) = —a(o) 6(aq)) = —8(t(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 2 is proved as follows. Given a morphism

¢: H — H’' of Galois Hopf algebroids, then on the one hand we have a
commutative diagram

’ v’/
AT Ay, ()

¢/’ \ Va(Z(9)s

AH

proj(A)
which leads to a commutative diagram

(V)

xf e DX I L(H)
ﬂ(dﬁ*)l lff(@*—%’(VA(ff(W)*)
RV
»t ®W by JL(H)

On the other hand we have, by definition of the functor #Z, a commuta-
tive diagram

>t ®AT e H
%(m)l lqﬁ
S e > cangy/ 2

AR
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Putting together the two diagrams leads to the naturality of 2 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 alge-
broid, or Lie-Rinehart algebra, from a given Lie groupoid. This approach
unifies in fact the definition given in [31, §3.5] and the one in [4]. We also
discuss the injectivity of the unit of the adjunction between integration
and differentiation functors; see Appendix A.2.

We will employ the following notations. Consider a diagram of com-
mutative R-algebras B — C' -2 D, where R denotes the field of real
numbers. As usual, we denote

Der]lwk(c7 Dy) = {"Y S DerR(C’, Dy) | Yyox = 0}

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

C¥(M) —=C>*(M), (p— [z d.(p)]);
see [39, §9.38]. Let us consider a Lie groupoid
G: G =—— Gy,

where G; is assumed to be a connected smooth real manifold and s, ¢
are surjective submersions. This leads to a diagram of (geometric [39,
Definition 3.7]) smooth real algebras

C=(Go) ===r= C=(Gn).

t%

The left star of a point = € Gy is by definition the (sub)manifold G, =
{g € G1 | s(g) = z} of Gy1; denote by 7,: G, < G; the correspond-
ing embedding. Notice that we have a disjoint union G; = ergo G
For an object x € Gy, we have the following surjective R-linear map:
Tys: TyG1 — TxGo, so we can set &, := Ker(T}s) and then consider
the vector bundle £ = Uzeg, €. Bach fiber &, is then identified with
R-vector space Dergy (C*(Gy), R,(z)), thus, & = Derg, (C®(G1), Ry(a))-

There is another vector bundle F whose fibers at a point z € Gy are
given by the R-vector space

Fo = TL(I)(QI) = DerR( (gx) o(z) )
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Lemma A.9. We have an isomorphism of R-vector spaces

N : DerR(COO (gx)a RL(w)) - Der]f{ (Coo (gl)a RL(w))v
(58)

('Vm = [P = 'Y:r(pTx)])
induced by 7.5: C*(G1) — C>®(Gz), p — PTw.

Proof: Recall that, by hypothesis, s: G; — Gy is a surjective submersion.
In particular, in light of [29, Corollary 5.14], for example, G, = s~ !(z)
is a closed embedded submanifold of G; with local (in fact, global)
defining map s itself. Thus, as a consequence of [29, Proposition 5.38],
for any h € G, we have that TG, = Ker(Ths: ThG1 — Tyn)Go)-
In particular, Derg(C*(G:), Ry(2)) = Ty2)Ge = Ker(Ty(z)s: Ty)G1 —
Ts.(2)G90), where the second identification is given through the inclusion
Ty2)Te: Ty)Ge — T,(2)Y1 induced by 7. O

As a consequence we get an isomorphism of vector bundles n: F — £
and hence an isomorphism of C*°(Gp)-module n :=T'(n) : I'(F) — T'(€).
There are two morphisms of C*(Gy)-modules:

(59) wE: D(E) —= Derp(C=(Go)), (8 —= at—= o_(at)])

and w” := w® on. Recall that, by the foregoing, we can identify T'(TGy)
with Derg(C*°(Go)). By means of this identification one can check that
the morphism of vector bundles Tt: £ — TGy induced by the R-linear
maps T,t: T,;)G1 — T.Go is such that w® = I(Tt). Clearly, w’ =
[(Tton).

Given an arrow g € G;, we have the right multiplication action R:
Gig) = Gs(g)» h + hg (this, by the Lie groupoid structure of G, is a
diffeomorphism). Now, fix an object € Gy, a function ¢ € C*(G,),
and a global section v €'(F), then we have a smooth function v _(q) €
C>(G,) given by

—

v_(9): Go —=R, (ht—=7,(q) == Ye(n) (¢R));

see [31, Corollary 3.5.4]. The derivation 7 _: C>(G,) — C>®(G,) satisfies
the following equalities:

(60)  (a))- =7 (" (@)7 -, 7, =7-. forallacC(G),
where (a7), = a(x)7, and (by ), = b(h)7, for every = € Gy, a €
C*>®(Go), b € C*®(G,), h € G,. In this way, for a given pair of sections
(v,v") € T'(F) x T'(F), we have the following smooth global section:

- —

V7] C°(Ge) —Rymy, (0707 _(0) —7.(7_(q)))-
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Namely, since ¢(z) € G,, for two functions p,q € C*°(G,) we may com-
pute

—

7712 (pg) = 7o (' _(pg)) — ¥a(7 _(pq))

= V(@) + 7 (0)a) — 7 (@) + T (P)a)

— @)% (@) + I (o) (@) + Ty (P (@)
+%(;’ P)a((2)) = Vo)V () (@) — (@) )77 ()
— (3 )at(@) — Ao )7 (0)

= p(@) 7)o (@) + 11,7 e () (e ()

+ Wx(p)?L(x) (9) ;’L@)(p)%(fﬁ

— 7o (D)V o) (@) = V() (P)Ve ()

E pe(@)) Ao (@) + b7 ] (R)a()),

which shows that ([v,7]z)zeg, € I'(F). Furthermore, for a given a €
C>(Gop), we have

b, 7)a(@) = 72 ((@7)_ (@) — (@)1 (3 — (@)

D o (2 (@) (@) — al@)e(T— ()

(
— 2 (@) (@) (1 — (0))

(T2 E @)Y ) (@) — (@) (T _(a))
D (@) y,7]e(9) + o (1) (@) (@)7,(a),

for every function ¢ € C*°(G,). Thus, for every function a € C*(Gy), we

have
A

[,av'] = aly, ']+ wF (1) (a)y
as an equality in I'(F). This completes the structure of the Lie alge-
broid (F, Gp), and the Lie-Rinehart algebra structure of (T'(F),C%(Gy)).
This Lie algebroid is known in the literature as the Lie algebroid of the
Lie groupoid G.

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

[0,0]2: C(G1) —> Ry, (bF— 52(67(5)) — 35 - (1))
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and the anchor is the map w® of equation (59). In fact, concerning the
bracket we can compute
—

12 ([1:7]2)®) = 11,7 e 072) = (V- (072)) = V(7 _ (p7))
Q) ()7) — Ao (0)7)

—

= 1) (1)_ (1)) — (V) (0()_(0)
= [n(v),n(")](p),

—

where (%) follows from the equality n(v)_(p)7. = ?7(;0 o 7), which

descends from
— —

() _(p)72)(h) = n(7)_(p) (7= (R)) = 1(V)e(r, (n)) (P © Rr, (1))
=0(Y)en) (P o Rr,n)) = o) een)) (P © Bryp ()
= Ye(h) (PO Re () © Te(n)) = Ve(n)(P o 7o © Rp)

=(Y_(por)(h).

With these structures, we get that n: I'(F) — I'(€) is an isomorphism
of Lie-Rinehart algebras, where n = T'(n) and 7 is fiberwise given by
equation (58).

Lastly, applying the differentiation functor of §5.3 and using the nat-
ural transformation of equation (55) together with the commutative dia-
gram of equation (56), we obtain a commutative diagram of Lie-Rinehart
algebras over A := C*(Gy)

Ders (Va(D(F))°, Ac) ——2 " Dery (Va((€))°, A)

(61) I'(F) I'E&)

Z(0)
@}(F)l 2(0) @i"(s)t

Z.9"(n)

Derj, (V4(T'(F)), Ac)

Derg(Vas(T(£)), Ae)
whose horizontal arrows are isomorphisms of Lie-Rinehart algebras.

Remark A.10. In the case of Lie groups, the map © of diagram (61)
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 A.7, the map ©p: L — Derg(Ux(L)° k.) given by
the evaluation X — [f — f(X)], where Ux(L)® is the finite dual Hopf
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algebra of the universal enveloping algebra of L. Since, in light of [37,
p. 157], Ux(L)° is dense in Ux(L)* (here the topology is the linear one),
Uk(L) is a proper algebra in the sense of [1, p. 78], so Oy, is injective.
Furthermore, in light of [20, Theorem 6.1], for k an algebraically closed
field of characteristic zero Oy, is bijective if and only if L = [L, L].

Now if G is a compact Lie group, then G = CAlgy (Zr(G),R), the
character group of the commutative Hopf real algebra Zr(G) of all repre-
sentative smooth functions on G. The Lie algebra Lie(G) =2 (Zr(G)) =
Derg(Zr(G),R.) of G is then identified with the Lie algebra of the
primitive elements Lie(G) = Prim(%Zr(G)°) [1, §4, Section 3] of the
finite dual Zr(G)°. Denote by 7: Ur(Lie(G)) — Zr(G)° the canonical
monomorphism of cocommutative Hopf algebras. Then, we know by [35]
that the map

(7): Z(G) —= (#=(G)°)*, (o [f — f(0))

factors through the inclusion Zr(G)°° C (Zr(G)°)*. Therefore, the
map @Lie(g) is a split monomorphism of Lie algebras, namely, with split-
ting map 3(70(;)).

In the case of compact Lie groupoids (i.e., Gy 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 © either in the left-hand
or right-hand triangle in diagram (61).

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) — Derg(0x(X)) of [8, II, §4, n°® 4, Proposition 4.4,
p. 212] becomes the map of equation (41). We also give some specific
cases of Example 5.15.

Recall that we have a commutative Hopf algebra H such that G =
CAlgy (H, —) and a left H-comodule commutative algebra A such that
X = CAlg, (A, —). The coaction p: A — H ® A induces on X a G-oper-
ation CAlg, (H, R) x CAlg, (A, R) — CAlg, (A, R), in the sense of [8, II,
§1, n° 3, Définition 3.1, p. 160], which is an instance of

up: CAlgy(H, R) x CAlg,(A, B) —> CAlg, (A, B),
(f,9) —= [ar— f(a_1)g(ao)]
for R € CAlg, and every R-algebra B. Define
Ugr: CAlg,(H,R) — Autgr(X @ R): f+—= Ug(f),
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where Ogr(f)p: CAlgy (A, B) — CAlg,(A,B): g — up(f,9) and where
the functor Y@ R: CAlgp — Sets is simply the restriction of & to CAlgp.
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) :=
Autp(X ® R) and for every morphism ¢: S — R set Aut(X)(¢):
Aut(X)(S)—=Aut(X)(R) sending every natural transformation (73 )zemods
to the natural transformation (7p)pemody. Note that for every f €
CAlg,(H,S) and every g € CAlg, (A, B) with B € Modg, for all a € A
we have that

(Bs(f)B(9))(a) = fla-1)-g(ao) = £(f(a-1))g(a0) = (Or(§o f)B(9))(a).

As a consequence, Ug(f)g = Ugr(€o f)p for all B € Modg, which means
that Op 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) = CAlgr(A ® R, B). As a consequence, Autg(X ® R) =
Autp(CAlgr(A ® R,—)) and, in view of the Yoneda isomorphism,
Autr(CAlgr(A ® R,—)) = Autr(A ® R)°P. Summing up, we have a
group isomorphism

YVr: AUtR(X(X)R) %AUtR(A(@R)Op.

The composition of Ugr with Vg yields a natural transformation

CAlg, (H, R) —2"> Aut(X)(R) = Autp(X ® R) —2> Autp(A ® R)*®
acting, from the leftmost member to the rightmost, as
fr=(a®@r)—(ao @ f(a-1)r)]

(see [8, II, §1, n® 2, 2.7, p. 153]). Set O := CAlg, (k[T],—): CAlg, —
Sets and O (X) := Nat(X, O) as in [8, I, §1, n® 6, 6.1, p. 26]. In view
of the Yoneda lemma again, Ox(X) = A. Therefore, Derg(Ok(X)) =
Deri(A).

If we write k(e) := k[T]/(T?), where ¢ := T + (T?), for the k-al-
gebra of dual numbers, then Lie(G)(k) C CAlg,(H,k(e)) as defined in
[8, II, §4, n® 1, 1.2, p. 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) — al, i.e.,

Lie(G)(K) = {f: H—=k(€) | prof =c}.
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Set pa: k(e) — k; [(a + be) — b]. Clearly,
Dery(H, k.) <> Lie(G) (k)
d——[(e + de): 2 —> (e(x) + §(x)e)]
ppof<—-~Ff

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(e)) — Aut(X)(k(e)). Note that

Vi(e)0U(e): CAlgy (H,k(e)) —= Auty(e) (A(e€))°P;
(f == [(a+be) = (aof(a—1)+bof(b-1)e)]).

Now, for every ¢ € Lie(Aut(X))(k), F € Ox(X), and S € CAlg, one
may consider

o DFEs=@e ML x(8(0) —0 x(5(0)
T 04(5(e) 21 0(S)),

where i1: S — S(e); [s + s]. Here we may apply ¢g() because ¢ €
Lie(Aut(X))(k) C Aut(X)(k(e)) = Auty()(X @ k(e)) and S(e) is a k(e)-
algebra. This defines a map

which turns out to be a k-derivation of the algebra Oy (X) (cf. [8, II, &4,
n° 2, 2.4, p. 203]). By considering the composition

wi= (Dery (H, k.) —— Lie(G) (k) — PO Lio(aue(x))(k)

(63)

DX

- > Derk(ﬁk()())

o

Derg(A))

one gets the canonical morphism claimed at the beginning of this sub-
section. Let us compute explicitly how this composition acts on a § €
Dery(H, k). The first isomorphism associates the map e+de € Lie(G)(k)
to 4. Set ¢ = Lie(U)(k)(e + de) = Uye)(e + 0¢) € Lie(Aut(X))(k).
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Then DY maps ¢ to Df € Derg(0k(X)). The last isomorphism in (63)
sends Djf to the composition

o DY o
A—— > O,(X)— > (X)) — > A,

at+— F* = CAlg,(evy, —) — Df(f’l) [ (D,f(]:a)A(idA))(T)'

Here ev,: k[T] — A is the unique algebra map sending 7" to a. Now, let
us compute explicitly

(DX (F)alGdn))T) L [(Ou(p) 0 Foy 0 dace) 0 X(i1))(ida))(T)
= [(Ok(p2) © Fii(e) © Dae) (i)|(T)

[(Ok(p2) © Fi(e)) (Oke) (€ + 0€) a(e) (1)) )(T)
[(Ok(p2) © Fii(e))(1ae) (€ + d€,i1))|(T)
= [Ok(p2)(pa(e) (e + de,i1) o evy)|(T)
= (p2 0 pa(e) (€ + d€,i1) 0 evy )(T') = pa(pa(e) (e + d¢,i1)(a))
= pa((e + d€)(a—1)i1(a0)) = p2(e(a—1)aog + €d(a—1)ap) = d(a—1)ao.

Summing up, the canonical morphism is given by
w: Derg(H,k.) — Derg(A): § —= [a > d(a_1)ag].

Thus w =wo T as in (41).
Now, let us give some examples of the factorization introduced in
Example 5.15.

Example B.1. If A=k, then Dery*(H A.,,) =Dery(H, k.) and Dery(A) =
0, whence w = 0 = w 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

(T Ry) =101y, An(z®y)=(11®1) 25 (r20Y),
en(z®y) =c(x)y, Sray)==95)yn Y2,

and w satisfies w(d): ¢ — d(x1)x2 for every 0 € Derg(H,k), z € H.
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Notice that the anchor map
w: Dery'(H, H.,,) —> Derx(H),
0 [z (1 ® x2) = §(z1 ® 1)x2]
admits an inverse, explicitly given by
w™t: Derg(H) — Dery (M, H.,,)

whence the factorization of the morphism w is trivial.

We recall?? that in this case w induces an anti-isomorphism of Lie
algebras between Dery (H, k.) and the Lie subalgebra of Dery(H ) formed
by the right invariant derivations, where a linear operator T: H — H
is said to be right invariant if it satisfies AoT = (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. [51, §12.1]).

It is easy to check that for every § € Dery(H, k. ), w(d) is right invari-
ant. Conversely, if d € Derg(H) is right invariant, then d(z); ® d(x)2 =
d(x1) ® x2 and hence d(x) = ed(x1)ze = w(ed)(x) for every z € H.

Example B.3. Consider the obvious action of GLy(C) on C2. This
makes the coordinate ring A := C[X7, X3] of C? a left comodule al-
gebra over the coordinate ring H := C[Z; j,det(Z)™!] of GLy(C), where
det(Z) = Z1122,9— 21,225 1. Explicitly, the Hopf algebra structure on H
is given by

AZ11)=211 @ Z11+ 212 @ Zan, A(Z12)=2171 @ Z12+ 212 ® Za 2,

ZQ 2 Zl 2
S(Z11)= = S(Z12)=-— =
(Z10)=3 t(2) (Z1.2) det(2)
A(Za1) =221 @ Z11+ 222 ® Zajn, A(Za2)=221 @ Z1,9+ 2o @ Za 2,
Z2 1 Zl 1
S — S(Zpp) = 2L
( 2,1) det(Z)v ( 2,2) det(Z)a

and €(Z; ;) = 6;; for every 4,5 € {1,2}, while the comodule structure
on A is given by

p(X1)=Z110X1+ Z12® X, p(Xo)=221®X1 + Z2o® Xo.

208ee [8, 11, §4, n° 4, Proposition 4.6, p. 214] and, for example, [1, Corollary 4.3.2]
for the left-hand analogue.
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For every 0 € Derc(H, C.), the morphism w satisfies

@(6)(X1) = 0(Z1,1) X1 + 6(Z1,2) X,

W((s)(Xz) = 6(Z2,1)X1 + 6(2272)X27

and it factors through 7(8): Z; ;@ Xy 6(Z; ;) Xi, € Dery {(HRA, A
for k =1,2.

Notice that from equation (64) we deduce that @ is injective and that
w(9) is uniquely determined by the 2 x 2 complex matrix M (0) := (m; ;)
with m; ; = §(Z; ;) for all i,j € {1,2}. Note that the latter assignment
yields a bijective correspondence

(64)

6H®A)a

M: Derc(H,C.) — Matz(C)
which satisfies
M([5,6']) = (16,0')(Zi5))
= (0(Zi3)) - (6'(Zi3)) — (8'(Zi5)) - (0(Zi5)) = [M(6), M(8")].

Thus M is the well known identification between the Lie algebra of the
algebraic group GL2(C) and the general linear algebra gl,(C) = Maty(C).
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