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Introduction

Background of the Thesis

Hopf Algebroids

The main objects of study in this thesis are generalised symmetries and their associated (co)homologies
within the realm of noncommutative geometry. Some parts of the background picture for the notion of
generalised symmetries in noncommutative geometry are summarised in the following table (see further
down for a similar table for the respective (co)homology theories).

Differential Algebraic Noncommutative
Geometry Geometry Geometry
Spaces Manifolds Commutative Algebras | Noncommutative Algebras

(, ..., Schemes) (, ..., Spectral Triples)

Symmetries Lie Groups Algebraic Groups, Hopf Algebras
Group Schemes

Generalised | Lie Groupoids Groupoid Schemes

Symmetries | and Pseudogroups ?

We now explain some of the entries of this table.

Noncommutative Geometry

The main idea of noncommutative is to study ‘spaces’ by means of their algebras of (continuous, smooth,
etc.) functions. The novelty stems from the fact that these algebras are allowed to be noncommutative. In
a certain sense, noncommutativity may be seen as a manifestation of the singular behaviour of the spaces
involved. For instance, in many examples such as quotients by group actions or leaf spaces of foliations,
the naive spaces may be highly pathological. Indeed, the noncommutative approach to such spaces starts
by associating a noncommutative algebra to them, as the ‘algebra of functions on the noncommutative space’.

Hopf Algebras

The concept of symmetry in noncommutative geometry, i.e. the noncommutative analogue of Lie groups from
classical differential geometry, is given by the notion of Hopf algebras. More precisely, noncommutative
symmetries are encoded in the action or coaction of some Hopf algebra on some algebra or coalgebra.

Roughly speaking, when passing from a Lie group G to its algebra of (say) continuous functions CG, the
group multiplication transforms into a map CG — C(G x G) or, using the appropriate tensor product, into
a comultiplication A : CG — CG ® CG. Moreover, the inversion in G gives an involution S : CG — CG.
The algebra CG together with the comultiplication A and the involution (antipode) S is the basic example of
a Hopf algebra. Enveloping algebras of Lie algebras provide another (dual) basic example. Deforming a Lie
group inside the larger world of noncommutative geometry refers to deforming the Hopf algebras associated
to it. Hence typical examples of Hopf algebras arise as algebras of coordinates of a quantum group or, on
some dual space, as the convolution algebra or the enveloping algebra of a quantum group.

It is important to note that the notion of Hopf algebra is self-dual: roughly speaking, under suitable
circumstances the dual of a Hopf algebra is automatically a Hopf algebra again. From this point of view, the
classical examples of enveloping algebras and function algebras are dual to each other.

Hopf algebras can be deployed to give a description of internal guantum symmetries of certain models in
(low-dimensional) quantum field theory. More applications of Hopf algebras comprise e.g. the construction
of invariants in topology and knot theory [OKoLeRoTu, Tu], and appear in connection with solutions
of the quantum Yang-Baxter equation [Str]. As another example, (faithfully flat) Galois extensions by
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2 INTRODUCTION

Hopf algebras may be considered as the right generalisation of principal bundles towards the realm of
noncommutative geometry [HPu, Kas4].

Generalised (Noncommutative) Symmetries
In classical differential geometry, generalised symmetries are encoded in the notions of Lie groupoids and
pseudogroups—a fact that already emerges in the work of Lie [Lie] and Cartan [Carl, Car2]. Lie groupoids
are a joint generalisation of manifolds and Lie groups and provide a symmetry concept that has found many
applications, e.g. in the theory of foliations or for describing internal ‘classical’ symmetries (cf. e.g. [Mac,
MoeMr¢l1, L2]. It is very natural to ask what the generalised symmetries in noncommutative geometry are
(corresponding to the question mark in the table above). In other words, one is interested in the correct notion
of:

Noncommutative Groupoids < Quantum Groupoids < Hopf Algebroids. (4)

An infinitesimal consideration of Lie groupoids leads to Lie algebroids (or, in an algebraic context, to Lie-
Rinehart algebras). Hence, one could extend the picture by asking for the correct notion of

Noncommutative Lie Algebroids/Lie-Rinehart Algebras < Hopf Algebroids. (A7)

The clear need for the generalisation of Hopf algebras was presumably stated for the first time in [Sw2] in
the context of classification problems of algebras. A more recent motivation for such an extension of Hopf
algebra concepts came from research on the index theory of transverse elliptic operators in [CoMos5], gen-
eralising the local approach in [CoMos2] towards non-flat transversals, globally described by an ‘extended
Hopf algebra’ H ), associated to the frame bundle of a manifold (cf. also [CoMos6]).

Other examples that require extension of the Hopf algebraic framework are certain invariants [NiTuVai]
in topology, or in Poisson geometry, where solutions of the dynamical Yang-Baxter equation that correspond
to dynamical quantum groups elude a description by Hopf algebras, cf. [EtNi, NiVai, Lu, X3, DonMu, Kar].
In low-dimensional quantum field theories non-integral values of the quantum dimensions cannot be seen as
a Hopf algebra symmetry [BSz1], emphasising the need for a noncommutative generalisation thereof.

Quantum Groupoids

In many of these approaches, problems have been handled by allowing for a not necessarily commutative ring
A replacing the commutative ground ring k of a Hopf algebra. Considering a Hopf algebra as a k-bialgebra
with an antipode, a Hopf algebroid should involve the notions of a generalised bialgebra over A as well as an
analogue of an antipode. Such a generalised bialgebra is commonly referred to as bialgebroid: it generalises
a k-bialgebra towards an object (to which we will refer as the roral ring) that is both a coalgebra and an
algebra in (different) bimodule categories, determined by the ring A, to which we will refer as the base ring
from now on. With the help of a new definition of tensor products over noncommutative rings (the so-called
x 4-products), bialgebroids were (presumably for the first time) introduced under the name x 4-bialgebras
in [Tak]. Ordinary k-bialgebras can be recovered if one uses the ground ring % as base ring. Bialgebroids
(under this name) were introduced in [Lu] (apparently independently of the work in [Tak]), and, motivated
by problems in Poisson geometry, as bialgebroids with anchor in [X1, X3]. These notions were shown to be
equivalent to that of a x 4-bialgebra in [BrzMi].

Viewing bialgebroids as noncommutative analogues of groupoids, parallel to the relationship of bialge-
bras to groups as mentioned above, one also may justify the name quantum groupoid for (certain) bialge-
broids. A precursor in this direction is [Mall] for commutative base rings, and [Mal2] for an extension to
the general, noncommutative case. From this viewpoint of quantum groupoids, one can also deduce what
should be the basic ingredients of a bialgebroid. Recall first that a groupoid consists of a set of (invertible)
arrows, a set of objects, two maps called source and target mapping arrows into objects, as well as a partially
defined multiplication in the space of arrows, an inclusion of objects as zero arrows, and all these maps are
subject to certain conditions which we conceal for the moment. A bialgebroid may then be considered to
be a noncommutative analogue of the function algebra on a groupoid. More precisely, the total ring would
play the rdle of the function algebra of the ‘quantum space’ of morphisms, whereas the base ring should be
considered to be the function algebra on the ‘quantum space’ of objects. Since each arrow is provided with a
source and a target, it is natural to assume corresponding source and target maps (in the opposite direction) to
be part of the structure. The fact that composition of arrows in a groupoid is only partially defined is reflected
in a bialgebroid by defining a comultiplication that takes values in a subspace of some tensor product of the
total ring with itself, and only in this subspace a well-defined ring structure is given.



However, the precise definition of bialgebroids is quite technical, but evidence that it is the ‘right’ one is
given in [Schaul]. Recall that a k-algebra U is a k-bialgebra if and only if the category of left U-modules is a
monoidal category such that the underlying (forgetful) functor to k-modules is monoidal: this means that the
k-tensor product of two U-modules is again a U-module. This is a fundamental feature for Tannaka duality
or reconstruction theory for quantum groups which make explicit use of their monoidal module categories
[JoStr]. In an analogous fashion, a bialgebroid U over some base ring A is characterised by the fact that the
category of its modules is again monoidal, with the (crucial) difference that only the forgetful functor from
U-modules to (A4, A)-bimodules (rather than k-modules) is monoidal. Hence the tensor product over A of
two U-modules is a U-module again.

Concepts of Hopf Algebroids

The next step in defining a Hopf algebroid consists in equipping a bialgebroid with some sort of antipode. In
the preceding consideration of quantum groupoids, this would simply correspond to the inversion of arrows
of a groupoid. The main difficulty here derives from the fact that the tensor category of (A, A)-bimodules is
not symmetric, which impedes a straightforward generalisation of antipodes for Hopf algebras.

Motivated by topics in algebraic topology, Hopf algebroids were originally introduced as cogroupoid
objects in the category of commutative algebras (see e.g. [Mor, Ra, Hov]), while they also arose in algebraic
geometry in connection with stacks [FCha].

The underlying bialgebroids of the Hopf algebroids defined in [Ra] are special cases of the construction in
[Tak] since the underlying algebra structure on both the total and base ring is commutative. Nevertheless, this
is more general than a Hopf algebra since it is already equipped with characteristic features with respect to
bimodule categories as mentioned above. In [Mr¢1, Mr¢2], non-commutative Hopf algebroids (but still over
a commutative base ring) have been used for the study of principal fibre bundles with groupoid symmetry.
The first general definition of a Hopf algebroid, in which both the total and base rings are not necessarily
commutative, is presumably given in [Lu], although some auxiliary assumptions had to be made that in
a sense lack a geometric or intuitive interpretation. More precisely, a section of a certain projection map is
needed, so as to be able to impose axioms one would expect from a natural generalisation of the Hopf algebra
axioms. Motivated by problems in cyclic cohomology (see below), the notion of para-Hopf algebroid was
introduced in [KhR3]. Here, a para-antipode is introduced that avoids the section mentioned above, but as a
price to be paid needs axioms that do not look like a conceptually straightforward generalisation of the Hopf
algebra axioms anymore.

An alternative definition of Hopf algebroids from [B1, BSz2] steers clear of these problems by defining,
roughly speaking, rwo distinct bialgebroid structures, assumed to exist on a given algebra: one considers left
and right bialgebroids as introduced in [KSz] over an algebra A and its opposite, and an antipode is then
understood as a map intertwining them. In particular, this way one is able to circumvent another crucial
problem when defining antipodes: in Hopf algebra theory, such a map is an anti-coalgebra morphism, a
feature which is a priori not well-defined for bialgebroids. In the approach of [B1, BSz2] the antipode is still
an anti-coalgebra morphism, but for different coalgebras, passing from the underlying left bialgebroid to the
underlying right one. Not all information (left bialgebroid, right algebroid, antipode) is actually needed, but
this way the axioms look most natural and symmetric. For example, one could equally well express (up to
automorphisms) the right bialgebroid in terms of the left one and the antipode (provided it is invertible), but
this does not quite reduce the amount of complexity. It is this definition which we consider the best suited for
our purposes, and whenever no contrary mention is made, the term Hopf algebroid refers to this definition
throughout the subsequent chapters. For example, we will see that étale groupoids and Lie-Rinehart algebras,
and in particular their corresponding homology and cohomology operators, naturally ask for the existence
of two bialgebroid structures of different kind. We also mention here that already [Mrc¢1, Mr¢2] is tacitly
dealing with both left and right bialgebroid structures for convolution algebras over étale groupoids, without,
however, regarding these as being part of one global structure.

Furthermore, notice that for simplicity all ‘competing’ approaches [Lu, KhR3, BSz2] assume the antipode
to be bijective (although this assumption was recently dropped in [B3], a slight reformulation of the definition
in [B1, BSz2]). This is a class large enough for most interesting examples (if the antipode exists at all), such
as quantum groups and certain quantum groupoids.

However, one should be aware of the fact that, in contrast to Hopf algebras, the notion of Hopf algebroid
is not self-dual: the construction of a Hopf algebroid structure on (a suitable definition of) a dual of a Hopf
algebroid is in general quite intricate [BSz2, KSz], and this also causes difficulties in the corresponding cyclic
theory (see below).

Let us finally mention that a weaker approach of generalising Hopf algebras towards possibly noncom-
mutative base algebras is given by the so-called x 4-Hopf algebras from [Schau2]. We shall mostly refer to



4 INTRODUCTION

them as left Hopf algebroids, inasmuch as the Hopf algebroids from [B1, BSz2] are special cases of them.
We are going to explain this later in more detail.

Cyclic Theory of Hopf Algebras and Hopf Algebroids

Let us now depict the situation for the associated cohomologies:

Cohomology in = Differential Noncommutative
for § Geometry Geometry
Spaces De Rham Cohomology Cyclic Cohomology
Symmetries Lie Algebra Cohomology | Hopf-Cyclic Cohomologies
Generalised Symmetries | Lie Algebroid Cohomology ?

A similar table can be formulated for the respective homology theories. Some of the entries of this table will
be explained now.

Cyclic (Co)Homology

Among the first basic constructions in noncommutative geometry was the cyclic (co)homology of algebras,
which may be seen as the correct noncommutative analogue of de Rham (co)homology. The building pieces
for cyclic homology theories can be axiomatised so as to produce the more general notion of cyclic objects.
There are two main avenues to cyclic cohomology: Connes [Co3] developed a cohomological theory in
order to interpret index theorems of noncommutative Banach algebras, via a generalisation of the Chern
character. The homological approach, introduced by Tsygan [Ts1] and Loday and Quillen [LoQ], shows that
cyclic homology can be considered a Lie analogue of algebraic K -theory.

Hopf-Cyclic Cohomology for Hopf Algebras

Cyclic cohomology for Hopf algebras, or Hopf-cyclic cohomology, is the noncommutative analogue of Lie
algebra homology (which is recovered in the case of universal enveloping algebras of Lie algebras). This was
launched in the work of Connes and Moscovici [CoMos2] on the transversal index theorem for foliations and
defined in general in [Cr3] (cf. also [CoMos3, CoMos4]).

In the transversal index theorem of Connes and Moscovici, the characteristic classes involved are a priori
cyclic cocycles on the algebra A modeling the (singular) leaf space of the foliation. Computing these cocy-
cles turned out to be tremendously complicated, even in the 1-dimensional case. The key remark for under-
standing these cyclic cocycles is that they are quite special: their expression involves only some ‘transversal
differential operators’ originating from the transversal geometry, and an ‘integration map’, determined by a
trace on the algebra A. This translates into two conceptual pieces:

(i) The operators involved may be organised in a Hopf algebra H acting on the algebra A of functions
on the leaf space (analogous to the description of universal enveloping algebras of Lie algebras as
differential operators on the Lie group).

(i) By means of the action of H on A and the trace, the cyclic theory of the algebra A is reflected into a
new cyclic theory, which is associated to H (making use of the entire Hopf algebra structure).

With these conceptual pieces in mind, the special nature of the cyclic cocycles takes the following precise
form: they arise from the cyclic cohomology of the Hopf algebra, via a canonical map (the characteristic
map) associated to the action and the trace. In contrast to the cyclic cohomology of the algebra (which is
pretty wild), the cyclic cohomology of H is much easier to compute as Gel fand-Fuchs cohomology.

Moreover, it is shown in [CoMos3, CoMos4, Cr3] that the cyclic theory makes sense for any Hopf
algebra equipped with a so-called modular pair in involution (or twisted antipode). It is useful to keep in
mind (as made clear in [Cr3]) that the resulting theory primarily makes use of the coalgebra structure of H
and of certain coinvariants.

Dual Hopf-Cyclic Homology for Hopf Algebras

While the notion of Hopf algebra is self-dual, Hopf-cyclic cohomology is not. For instance, while it gives
interesting results for universal enveloping algebras of Lie algebras (recovering Lie algebra homology), it
tends to be quite trivial for algebras of functions or group algebras (or whenever a Haar measure exists). The
dual Hopf-cyclic homology appears as a companion to Hopf-cyclic cohomology that is better behaved for
e.g. function algebras. In what sense these are dual to each other is best explained using the so-called cyclic



duality [Co2], see also below. While the Hopf-cyclic cohomology depends primarily on the coproduct,
the unit and coinvariants, the dual theory makes use of the product, the counit and certain invariants
[Cr2, KhR2, KhR4, Tai]. It also shows that the passage from cyclic homology of algebras to the dual
Hopf-cyclic cohomology has some similarities to the interpretation of Lie algebra cohomology (for a Lie
algebra of a Lie group) as invariant de Rham cohomology of its Lie group manifold structure [CheE]. The
need for such a dual theory is furthermore evident if one studies e.g. coactions of Hopf algebras (rather than
the actions mentioned in the example of the transverse Hopf algebra above).

In general, Hopf-cyclic cohomology (and likewise dual Hopf-cyclic homology) cannot be seen as the cyclic
cohomology of some coalgebra, but only makes sense as the cohomology of some specific cocyclic modules
(which was known to describe the same theory right from the beginning [Co2], see e.g. [Lol] for a full
account). This observation will carry over to the cyclic theory of Hopf algebroids, see below.

The Action and Coaction Picture

As already mentioned, both theories of Hopf algebra cohomology and homology are ‘parametrised’
by a Hopf algebra character (to define coinvariants) and a grouplike element (to define invariants). In
particular, this allows for cyclic cohomology (or dual homology) with coefficients, which is not possible
for the ‘standard’ cosimplicial modules associated to coassociative coalgebras. General type (co)cyclic
modules for Hopf-cyclic (co)homology with values in certain suitable modules were introduced in
[HKhRSo02, HKhRSo1]. The need for this came from quantum groups and invariants of K-theory. Here,
so-called stable anti-Yetter-Drinfel’d modules arise as generalisations of modular pairs in involution (more
precisely, a modular pair in involution is equivalent to such a module structure on the ground ring k), and
a generalisation of the characteristic map as a ‘transfer’ map allows to generally define para-(co)cyclic
structures on (co)algebras on which a Hopf algebra acts or coacts, cf. [HKhRS02, HKhRSo1, KhR2, Kay1]
and also [JS] for a dual approach. Even more, a universal form suited to describe all examples of cyclic
(co)homology arising from Hopf algebras (up to cyclic duality) was given in [Kay?2], based on a construction
of para-(co)cyclic objects in symmetric monoidal categories in terms of (co)monoids.

The Cyclic Theory for Hopf Algebroids

The generalisation of Hopf-cyclic cohomology to noncommutative base rings A, i.e. to Hopf algebroids,
has been less explored. For instance, the general machinery from [Kay2] does not apply to this context
(because the relevant category of modules is not symmetric, and in general is not even braided). Cyclic
cohomology of Hopf algebroids appeared for the first time in the context of the transversal ‘extended’ Hopf
algebra Hrj; mentioned above [CoMos5], i.e. in the case of a particular example rather than as a general
theory. In this context, certain bialgebroids (in fact, left Hopf algebroids) carrying a cocyclic structure arise
naturally. Extending this situation to general Hopf algebroids is not a totally straightforward issue. First of
all, one encounters the problem what a Hopf algebroid is. For example, the notion of Hopf algebroid in [Lu]
is apparently not well-suited to the problem. This led in [KhR3] to the definition of para-Hopf algebroids,
in which the antipode of [Lu] is replaced by a para-antipode. Its axioms are principally designed for the
cocyclic structure to be easily defined by just adapting the Hopf algebra case. However, the para-antipode
axioms remain—as we think—too complicated to comprehend their intrinsic structure and purpose, beyond
defining (co)cyclic structures; in particular, guessing an antipode (and hence the cyclic operator) in concrete
examples remains intricate.

A general theory in [BS] that deals with cyclic (co)homology of bialgebroids (and x 4-Hopf algebras)
appeared while this thesis was written. There, a cyclic theory (in terms of so-called (co)monads) is developed
that works in an arbitrary category and hence embraces the construction in [Kay2] for symmetric monoidal
categories (in case the (co)monads in question are induced by (co)monoids). This approach is certainly
related to our own method, but the precise relation is not completely clear to us.

Principal Results of this Thesis

The main objective of this thesis is to clarify the notion and concepts of generalised symmetries in noncom-
mutative geometry and their associated (co)homologies—that is, the question marks in the previous tables.

As for the notion of a Hopf algebroid itself, i.e. the question mark in the first table, we do not claim that
we have developed this notion ourselves. Instead, we present our own point of view on the theory and in
particular which of the ‘competing’ notions [B1, BSz2, KhR3, Lu, Schau2] appears to be best suited for our
purposes (i.e. the question mark in the second table), with some contributions along the way.



6 INTRODUCTION

New Examples of Hopf Algebroids

We reveal that the universal enveloping algebra of a Lie-Rinehart algebra (of a Lie algebroid) is always a
left Hopf algebroid (x s-Hopf algebra) in a canonical way (Subsection 4.2.1). However, despite of what
was originally believed, these enveloping algebras may fail to be Hopf algebroids—an aspect we completely
clarify. In particular, we show that the right connections from [Hue2] are precisely the extra datum needed:
we prove that a well-defined Hopf algebroid structure is only given in case of existence of such a connection,
provided it is flat (Theorem 4.2.4, Proposition 4.2.9, Proposition 4.2.11). The next example deals with
Jjet spaces associated to Lie-Rinehart algebras, which may be seen as a construction ‘dual’ to the previous
example. This time, the Hopf algebroid structure only depends on the aforementioned canonical /eft Hopf
algebroid structure on the universal enveloping algebra and hence always exists (Theorem 4.3.1), in contrast
to the previous example.

Another class of natural examples for Hopf algebroids is given by convolution algebras over étale
groupoids. As already mentioned, the existence of two (opposite) bialgebroid structures was already ob-
served in [Mrc¢2], and we only need to connect these to give a Hopf algebroid in the sense of [B1, BSz2]
(Proposition 4.4.1).

Further examples of Hopf algebroids and bialgebroids we give include function algebras over étale
groupoids (Proposition 4.5.6) and (generalised) Connes-Moscovici algebras (or rather bialgebroids), i.e.
the space of transverse differential operators on arbitrary étale groupoids, see below for further statements.
These should be seen as a step towards the construction of Hopf algebroids associated to (Lie) pseudogroups.
Because of these examples—together with the (co)homology computations, see below—we feel sufficiently
encouraged to consider Hopf algebroids (in the sense of [B1, BSz2]) as the right noncommutative analogue
of both Lie groupoids and Lie algebroids/Lie-Rinehart algebras, respectively (see the analogies (A) and (A’)
above).

Left Hopf Algebroids versus Hopf Algebroids

As a spin-off of the examples mentioned above, we give a first counterexample (see §4.2.13) that not each
x 4-Hopf algebra originates in a Hopf algebroid, answering a question in [B3]. This motivates us to refer to
x a-Hopf algebras as left Hopf algebroids (which also solves a problem of pronunciation).

Bicrossed Products; Connes-Moscovici Algebras

As already outlined above, we use the bialgebroid examples arising from function algebras, Lie-Rinehart
algebras and Connes-Moscovici algebras to describe the general ‘background’ procedure of the constructions
in [CoMos5, CoMos6, MosR]. To this end, we introduce the concept of matched pairs of bialgebroids
and develop the construction of a bicrossed product bialgebroid (Theorem 3.3.5), as a generalisation of
similar considerations for bialgebras in [Maj]. This is a construction that establishes a (left or right)
bialgebroid structure on a certain tensor product of (left or right) bialgebroids over commutative bases.
The Connes-Moscovici algebras can then be shown to arise in such a way (Theorem 4.7.1, Proposition 4.7.3).

Duality and (Co)Modules

Another construction of how to produce new bialgebroids out of known ones is the construction of left
and right (Hom-)duals for left bialgebroids from [KSz]. We add to this theory a theorem that proves a
categorical equivalence between left bialgebroid comodules and modules over its duals (Theorem 3.1.11
and Proposition 3.1.9). Also, we prove an equivalence between grouplike elements of a left bialgebroid and
generalised right characters, i.e. maps that behave like a right counit on the duals (Proposition 3.1.14). This
generalises a similar statement for bialgebras and their duals (see e.g. [Sw1]).

Hopf-Cyclic Cohomology for Hopf Algebroids

Central to this thesis is our argument that Hopf-cyclic cohomology is naturally defined when using the Hopf
algebroids from [B1, BSz2]. We are going to explain how Hopf-cyclic cohomology fits into the monoidal
category of (Hopf algebroid) modules and show that it descends (more precisely: projects) in a canonical
way from the cyclic cohomology of coalgebras, or rather corings, under the minimal condition S? = id for
the antipode (Proposition 5.2.1, Theorem 5.2.5). This is a generalisation of the consideration of coinvariants
for Hopf algebras in [Cr3].

Furthermore, we are able to introduce coefficients at the Hochschild level into the theory, and give an
interpretation of the Hopf-Hochschild cohomology groups as a derived functor (Theorem 5.3.3). The main
ingredient here is an appropriate resolution in the category of left bialgebroid comodules, the so-called cobar
complex. We can show that the cobar complex in case of a commutative Hopf algebroid can be additionally



equipped with a cocyclic structure (Proposition 5.4.2). As a consequence, we can express the cyclic
cohomology of commutative Hopf algebroid by their Hochschild cohomology groups (Theorem 5.4.4).
These statements generalise considerations in [KhR1] from Hopf algebras to Hopf algebroids.

Dual Hopf-Cyclic Homology for Hopf Algebroids

Besides cyclic cohomology of Hopf algebroids, we will also develop a dual cyclic homology theory for Hopf
algebroids, by applying cyclic duality to the underlying cocyclic object (Theorem 6.1.1). This generalises
the corresponding theory for Hopf algebras (see above), and produces—analogously as for Hopf algebras—
interesting results even if the pertinent cyclic cohomology is trivial. This homology theory is related to
a certain category of comodules over the Hopf algebroid: the main difficulty is here that the underlying
(A, A)-bimodule category fails to be symmetric and on top of that differs from the one for cyclic cohomology.
More precisely, the tensor product used for defining cochains in cohomology originates from the monoidal
category of modules for the underlying left bialgebroid, whereas the tensor chains in homology make use of
the monoidal structure of right bialgebroid comodules. We came to the conclusion that we need to generalise
the Hopf-Galois map (see [Schau2]) and its inverse to ‘higher degrees’ (Lemma 6.1.2), to obtain the necessary
tool to translate the two structures into each other such that cyclic duality can be applied. We remark here
that this complex of problems does not appear for the symmetric category of k-modules in the Hopf algebra
case.

However, since the notion of Hopf algebroid is not self-dual (see above), a statement—dual to the co-
homology case—that dual Hopf-cyclic homology is obtained from the cyclic homology of algebras in a
canonical way (by restriction on invariants) does not seem to hold in general (see Subsection 6.1.1, although
we give such a construction in special cases, see Section 6.5 and Subsection 6.6.1).

Also in this dual theory, we are able to introduce coefficients at the Hochschild level, and give an
interpretation of the Hopf-Hochschild homology groups as derived functors (Theorem 6.2.3), using a
generalised bar complex. We can then analogously prove that the bar complex in case of a cocommmutative
Hopf algebroid can be equipped with a cyclic structure (Proposition 6.3.1), and show in Theorem 6.3.3
that the dual cyclic homology of cocommutative Hopf algebroids can be expressed by Hopf-Hochschild
homology groups, generalising again the corresponding statement in [KhR1] for Hopf algebras.

Hopf-Cyclic (Co)Homology Computations

We calculate Hopf-cyclic cohomology and dual Hopf-cyclic homology in concrete examples of Hopf al-
gebroids, such as the universal enveloping algebra of a Lie-Rinehart algebra, jet spaces and convolution
algebras over étale groupoids. The results of these computations establish a connection between Hopf-
cyclic theory and Lie-Rinehart (co)homology and groupoid homology, respectively (Theorems 5.5.7, 5.6.2,
5.7.1,6.4.1, 6.5.1, 6.6.4). This motivates to consider Hopf-cyclic (co)homology as the ‘correct’ noncommu-
tative analogue of both Lie-Rinehart (co)homology and groupoid homology.

On top of that, we are able to construct a special method to obtain dual Hopf-cyclic homology for
convolution algebras over étale groupoids, which shows how the theory fits into the monoidal category of
(left and right bialgebroid) comodules. The dual Hopf-cyclic homology is then obtained by restricting the
(generalised) algebra cyclic module structure to invariants (Proposition 6.6.8, Theorem 6.6.10), which is
a procedure dual to the considerations of coinvariants in Sections 5.1 and 5.2, working (at least) in this
particular example.

Multiplicative Structures and Duality in (Co)Homology Theories

Finally, we prove a theorem that suggests that left Hopf algebroids are a key concept for multiplicative struc-
tures (such as cup, cap and Yoneda products) and certain duality isomorphisms in algebraic (co)homology
theories (Theorem 7.1.1). In particular, results on Hochschild (co)homology [VdB] and Lie-Rinehart
(co)homology [Hue3] are included this way.

Outline of the Thesis

Chapter One

In chapter one, we introduce preliminary concepts used throughout the thesis. We give a presentation of
basic concepts in cyclic (co)homology in Section 1.1. We then discuss in Section 1.2 the fundamental notion
of A-rings and A-corings for an arbitrary k-algebra A, which are the generalisations of k-algebras and
k-coalgebras in bimodule categories, and explain how these generalised (co)algebras give rise to (co)cyclic
modules. In Section 1.3, we proceed to define Hopf algebras and their cyclic cohomology, which are some



8 INTRODUCTION

of the concepts that will be generalised in the following chapters. Finally, in Sections 1.4 and 1.5 we
introduce Lie-Rinehart algebras and groupoids, as a generalisation for Lie algebras and groups. These will
give fundamental examples in the theory of Hopf algebroids.

Chapter Two

Chapter two contains the notion of a Hopf algebroid as introduced in [B1, BSz2]. First, we will consider
left bialgebroids in Section 2.1, and also the corresponding monoidal categories of bialgebroid modules and
bialgebroids comodules in Section 2.3. We proceed in Section 2.4 with discussing how these comodules
give rise to derived functors, which will be important for the computations of cyclic (co)homology of
chapters five and six. Section 2.2 deals with a weaker version of Hopf algebroids, the so-called left Hopf
algebroids (x 4-Hopf algebras) from [Schau2]. These turn out to be a key concept for our considerations in
chapter seven, and are also important for the construction of antipodes on jet spaces in chapter four. In the
framework of right bialgebroids in Section 2.5, we also introduce in §2.5.1 the notion of (right) connections,
as a generalisation to the Lie-Rinehart connections in [Hue2, Hue3], which will appear in examples in
chapters three and four. Then, Hopf algebroids are discussed in the final Section 2.6, and we conclude the
chapter by some comments on alternative notions of Hopf algebroids.

Chapter Three
In chapter three, we give several constructions of how to produce new bialgebroids out of known ones.
Section 3.1 discusses the duals for left bialgebroids [KSz], and we prove categorical equivalences between
modules and comodules and study the interplay between grouplike elements and (generalised) characters.
Section 3.2 gives a construction how to push forward bialgebroids in case a certain algebra morphism
is given. We use the resulting construction to ‘localise’ certain Hopf algebroids, so as to give an associated
Hopf algebra. The chapter continues with our construction of bicrossed product bialgebroids for matched
pairs of bialgebroids in Section 3.3. The basic ingredients here are the generalised notions of module rings
and comodule corings, as generalised notions of the action and coaction picture for bialgebras, i.e. module
algebras and comodule coalgebras.

Chapter Four

Chapter four deals with examples of Hopf algebroids. We first indicate in Section 4.1 how enveloping
algebras and Hopf algebras (with possibly twisted antipode) fit into the picture. We then devote our attention
in Section 4.2 to construct the canonical left Hopf algebroid structure for the universal enveloping algebra
V'L of a Lie-Rinehart algebra (A, L), and to the relation of (certain) left bialgebroids to their primitive
elements. To obtain an antipode on V' L, we need to recall Lie-Rinehart connections [Hue2, Hue3], and
can then describe the full Hopf algebroid structure on V' L. In Section 4.3 we construct the Hopf algebroid
structure on a certain dual of V'L, the so-called jet spaces. Sections 4.4 and 4.5 indicate how étale groupoids
give rise to Hopf algebroid structures in two different ways, where the one in Section 4.5 serves as a basic
ingredient in Connes-Moscovici algebras (or rather bialgebroids), which we describe in Section 4.6. This
very general construction is shown to be essentially a bicrossed product bialgebroid in Section 4.7.

Chapter Five

In chapter five we discuss Hopf-cyclic cohomology for Hopf algebroids. A fundamental step here is to
define coinvariants in Section 5.1, which lead to necessary and sufficient conditions for a well-defined
cocyclic module structure to exist on any Hopf algebroid, as we explain in Section 5.2. Also, we introduce
coefficients into the Hochschild theory and then construct Hopf-Hochschild cohomology as a derived
functor in Section 5.3. The following Section 5.4 specialises to the case of Hopf-cyclic cohomology for
commutative Hopf algebroids. In the following three Example Sections 5.5-5.7, we discuss and compute
Hopf-cyclic cohomology for Lie-Rinehart algebras, jet spaces, and convolution algebras.

Chapter Six

Chapter six deals with the dual Hopf-cyclic homology. In Section 6.1, we discuss and construct the corre-
sponding chain complex as the cyclic dual of the cochain complex of chapter five, whereas in Subsection
6.1.1 we discuss a few problems attached to invariants. Parallel to chapter five, we introduce coefficients
at the Hochschild level and consequently give an interpretation of dual Hopf-Hochschild homology as a de-
rived functor in Section 6.2, whereas in Section 6.3 we discuss and compute dual Hopf-cyclic homology for
cocommutative Hopf algebroids. Again, in the Example Section 6.4, we compute and discuss in detail the
cases of Lie-Rinehart algebras, jet spaces and convolution algebras.

Parts of chapters five and six are versions of parts of our joint work with Hessel Posthuma [KowPo].



Chapter Seven

Finally, chapter seven is a version of our joint work with Ulrich Kridhmer [KowKr]. It is mainly devoted
to the proof of the central Theorem 7.1.1. Section 7.2 is concerned with the construction of cup and cap
products, and with a certain functor that combines left and right modules over left Hopf algebroids. Section
7.3 explains the duality and concludes the proof of Theorem 7.1.1.

Appendix
In the Appendix we gather some standard algebraic facts used throughout the text, basically to fix some of
our notation and terminology.

Some conventions

Throughout this work, ‘ring’ means ‘unital associative ring’, and we fix a commutative ground ring k. All
other algebras, coalgebras, modules and comodules will have the underlying structure of an object of the
symmetric monoidal category k-Mod of left k-modules. In general, for any ring U the spaces U-Mod and
U°P-Mod (or Mod-U) denote the category of left U-modules and right U-modules, respectively, in the
standard sense. Also, we fix a (not necessarily commutative) k-algebra A, i.e. a ring with a ring homomor-
phism 7 : k — Z(A) into its centre. We denote by A°P the opposite and by A° := A ®j A°P the enveloping
algebra of A. Thus left A®-modules are (A, A)-bimodules with symmetric action of k. For U,V any rings,
we will write a (U, V')-bimodule M as M, if need be. To indicate with respect to which structure a Hom-
functor is defined, we shall write Hom g, _y (M, N)) for Hom(;;M , ;N ) and analogously Hom_ (M, N)
for Hom(My, Ny ); also Hom g, vy (M, N) for bimodules appears, and the same kind of notation applies for
the sake of uniformity when both M, N or only one of them carries a one-sided module structure only.






Chapter 1

Preliminaries

1.1 Cyclic Theory

One of the basic constructions in noncommutative geometry is the cyclic (co)homology of algebras, which
arises as the correct de Rham (co)homology in the noncommutative context. Cyclic homology theories can
be axiomatised, giving rise to the more general notion of cyclic objects. In this chapter we recall some of
the basic concepts and definitions regarding cyclic objects and their associated cyclic homologies. The main
references for much of the material presented here are [FeTs, LoQ, Co3, Lol, W]. We start by discussing
simplicial objects, a notion which comes from algebraic topology and which determines the ‘underlying’
structure of a cyclic object.

1.1.1 The Simplicial Category Let [k] be the ordered set of k+ 1 points {0 < 1 < ... < k}. A map is called
nondecreasing if f(i) > f(j) wheneveri > j. The simplicial category A has as objects the sets [k] for k > 0
and as morphisms the nondecreasing maps. Of particular interest are the face morphisms ¢; : [k — 1] — [k],
the injection which misses 4, and the degeneracy morphism o : [k + 1] — [], the surjection that sends both
jand j 4 1 to j. We denote the set of morphisms between [k] and [m] by homa ([k], [m]). In particular, one
can show [Lol, Thm. B.2] that any morphism ¢ : [n] — [m] can be uniquely written as a composition of
faces and degeneracies, i.e.,
(15 = 52'1 .. '5ir0j1 B O

such thati; < i,.and j; < ...js withm = n—s+r, and ¢ = id if the index set is empty. As a corollary one
obtains a presentation of A with generators d;, o; for 0 < 4, j < n (one for each n) subject to the relations

5j 0; = 0; 5j—1 if 1 < 7,
00y = 0i 0541 lflg_%
0; 051 if 7 < j, (1.1.1D)

di_1 aj ife > 35+ 1.

The opposite category of A is denoted by A°P. Observe that the isomorphisms in A are identities on [k]
since the identity is the only nondecreasing map that is bijective.

1.1.2 (Co)Simplicial Objects Let M be an arbitrary category. A simplicial object (X,,d,,s,) in M is a
functor X, : A°? — M. Write X,, := X([n]) and d; = J}, s; = o for the images of the morphisms ¢; and
o; under the functor X. By means of the presentation of A mentioned above, a simplicial object is therefore
given by a set of objects {Xn}nZO in M as well as by two collections of morphisms d; : X,, — X,,—1 for
0<i<mnands;: X, — X,y for0 < j < nforalln > 0, satisfying

d; dj = dj,1 d; if i < 7,
Si 85 = Sj+1 Si if ¢ < j,

sj_1d;  ifi <y, (1.1.2)
diSj = id if’i:j,i:j+1,

Sj di—l 1fZ>]+].

A cosimplicial object (Y*,°,0°) in M is a functor Y* : A — M; this time write Y™ := Y ([n]) for the
images of the objects in the simplicial category under the functor Y and 0’ := §;, 07 := o; for the images

11
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of the morphisms 6;, ;. They fulfill relations identical to those in (1.1.1). A presimplicial or semisimplicial
object is similarly as above, if one ignores the degeneracies.

The main example for M we will use is the category of modules (over some ring given by the context);
correspondingly, we speak of simplicial modules. Define a morphism f : X — X’ of simplicial modules
to be a family of linear maps f, : X,, — X/ of modules commuting with both faces f,_1d; = d;f, and
degeneracies f,,115; = d;s, for all ¢ and n.

1.1.3 The Cyclic Category Next, we recall the definition of Connes’ cyclic category A from [Co2] and of
its generalisations AC),. from [FeTs], defined for all integers 1 < r < oo; when r = 1, one has AC, =
A. Although these cyclic categories can be realised explicitly, for our purposes it suffices to recall their
descriptions in terms of generators and relations. Roughly speaking, AC.,. is a combination of the simplicial
category A and the cyclic groups. More precisely, AC,. has the same objects as A, but the morphisms are
generated by the morphisms d;, o; of A and new morphisms 7,, : [n] — [n], the cyclic operators, one for
each integer n > 0. These operators serve to express elements in the automorphism groups Aut ac,. ([n]) ~
Z/(n + 1)rZ for the case r < 0o, and Aut ac__ ([n]) =~ Z in case of r = oco. The relations they satisfy are
the simplicial relations (1.1.1) together with new relations involving the cyclic operator:

S Y 0i—1Tn—1 ifl1<i<n
SR ifi =0,
o = Oi—1Tn+1 ifl<i<n
e B O-TLT'r%J,-l 1f’L - O
r{ntbr = q,

In case r = oo, the last equation is void.

1.1.4 Cyclic Objects Let M be a category and 1 < r < oo. An r-cyclic object [FeTs] in M is a functor
X : ACP® — M, that is, a simplicial object (X,, d,, s,) together with morphisms ¢,, : X,, — X,, which are
the images 7, of 7, under X subject to

, _ tn—1d;—1 ifl<i<n
ditn = { dy, ifi =0, (1.1.3)

. _ lnt1Si—1 ifl<i<n
= { thi15n ifi=0, (1.1.4)
= d. (1.1.5)

Again, in case r = oo the last equation (1.1.5) is replaced by the empty relation. The resulting co-objects
are also called para-cyclic objects. When r = 1, we recover Connes’ cyclic category AC, also denoted AC'
or A and we speak of cyclic objects. Composition with the obvious functor A°? — ACPP reproduces the
underlying simplicial object.

Throughout this thesis, we will be mainly interested in cyclic objects in the category of modules over a
(not necessarily commutative) ring. In this case we speak of cyclic modules (the ring being clear from the
context). A morphism of cyclic modules f : X — Xisa morphism of simplicial modules that commutes
with the cyclic structure, i.e., f,t, = t, f, for all n. One can also define a cyclic module with signs [Lol,
Def. 2.5.1], with the same set of axioms but with the factor signt¢,, = (—1)™ appearing in front of ¢,, in
(1.1.3) and (1.1.4).

1.1.5 Examples (i) The standard example (see e.g. [FeTs, Nis]) is the cyclic module associated to a (uni-
tal, associative) k-algebra U: set UY := {U®rn+1} - with face, degeneracy and cyclic operators
given by

. _ ) w0 @k Ok Uil O - Qg up f0< T <n—1,
dz(uO ®k ®k un) _{ UnUo ®k Uy ®k®k Up—1 1fz:n,

Si(uo @k -+ + R Un) = Uo R+ Ok Us Ok 1 Ok Ujg1 R+ O Un if0 <P <,
tn(uO Rk - Qe un) = Uy O U Ok U1 Ok ++* @k Up—1-

(i) Smooth Functions on a Compact Manifold. Variations of the previous example arise when working
in various categories of topological algebras and replacing the tensor product by topological (com-
pleted) versions of the algebraic one. The central example is that of smooth functions on a compact
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manifold M. In this case it is interesting to consider a completed tensor product @, (see e.g. [Gro])
such that C>°(M)&,C>®(M') ~ C=®((M x M")) for any two compact manifolds M, M’. For any
compact manifold one therefore has an associated cyclic module C*>° (M )h = {C®(M>* )}, 5,
i.e. Co°(M>*(™+1) in degree n. Considering that C> (M) is commutative with the pointwise product,
the above face, degeneracy and cyclic operators become, for any f € C*° (M),

) . f(.%‘o,...,l‘i,l‘i,...,xn_l) lfOSZS’I'L—Q,

dzf(x07 71.7’7,71) - { f($07x17.._’1:n’x0) le:n—l’

Sif(l‘o,...,xn_._l) = f(l‘o,l’l,...,2%1'_;,_1,...,%”,1‘”4_1) 1f()§z§n,
tof(zo,y. . xn) = fx1,...,20,T0).

As long as they fulfill the mentioned property of C°°(M)®" ~ C°°(M*™), different tensor prod-
ucts ® (e.g. projective or inductive ones [Gro]) also lead to meaningful results in calculating cyclic
homology, as will be seen in a moment in Example 1.1.10(ii). Further possibilities are given by defin-
ing tensor products C°(M)®" := germs, C(M*™) or C®(M)®" = jets,C(M*") where
A:M— M*" x v+ (x,...,x) is the diagonal, confer [Ts2, Te] for details.

(iii) A generalisation of the first example is associated to an algebra U endowed with an endomorphism

€ Endy, U: the resulting cyclic module U%? := k n>0 has as face, degeneracy and cyclic

Endy U: th Iting cyclic module U%¢ Uentil Soh face, deg y and cycli
operators

U0®k ®kuiui+1®k"'®kun if0<i<n—-1,
d. = o
z(UO Rk Rk Un { un Up Ok UL O+ Dk Up—1 ifi = n,
si(up @ -+ O Up) = U Ok -+ O U; D 1 ®k Ujp1 Ok -+ Qp Uy, If 0 <7 <,y
tn (o ®f -+ Qf un) = dlu )®k U @ U1 Q-+ f Up—1-

Then U%? is r-cyclic if the order of ¢ is less than infinity and cyclic if and only if ¢ = id. In this case
we recover U? from (7).

(iv) In §1.2.4 we will discuss another generalisation of Example (i) (and simultaneously of (iii)) which
arises when the commutative ground ring k is replaced by a not necessarily commutative algebra.

1.1.6 Hochschild and Cyclic Homology for Cyclic Objects Next, we recall the definition of cyclic homolo-
gies associated to cyclic objects in an abelian category. Hence, let M be an abelian category and let X be
an r-cyclic object in M. There are several equivalent ways to define the cyclic homology of X, all with
their own advantages. We dedicate our attention first to Tsygan’s double complex, which is one of the most
complicated methods but has the best conceptual properties. Firstly, consider the operators

n—1

b, Xn = Xno1, b, =Y (=1)7d;,
j=0

by Xy — Xn-1, by == b{n + (_l)ndn

(1.1.6)

Note that b and ' differ by the last face operator only. Secondly, set #,, := (—1)"t,,41 for  # oo and define
the norm operator

(n+1)r—1

N = Z .

Jj=0

The cyclic homology groups HC,(X) may be defined [FeTs] as the homology of the associated cyclic
bicomplex CC, ,X (Tsygan’s double complex, see the figure below). It has entries CC)p X := X, for
p,q > 0, independently of p. In this complex, the columns are periodic of order 2; for p even, the pth column
is the Hochschild complex (C,X,b) (where C,,X = X,,); in case p is odd, the respective column is the
acyclic complex C3*¥¢X := (C,X,b') (where C,, X = X,, as before). The ¢'" row is the periodic complex
associated to the action of the cyclic group Z,41 on X, in which the generator acts by multiplying with fq;
thus, the differential X, — X, is multiplication by 1 — t~q when p is odd and by IV otherwise. Hence, in our
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sign convention, the bicomplex reads

b b b b

X, 1—t X, N X, 1—t X, N

b b/ b b/
CC’.’.X . X, 1+t X, N X, 1+t X, N

b b/ b b/

Xo 1—t X() N XO 1—t Xo N

Hochschild homology H H,(X) of X is now the homology of the zeroth column and its cyclic homology is
defined as
HC,(X):=H,(TotCC, . X),

where we recall that the total complex is defined as

(Tot CC, . X), = @ CC,X.

ptg=n

Standard homological algebra leads to the fact that short exact sequences 0 — X — X' — X" — 0
of cyclic objects give rise to short exact sequences of both Hochschild complexes and Tsygan bicomplexes,
which, in turn, give rise to long exact sequences in homology,

. — HH,(X) — HH,(X') — HH,(X") — HH, 1(X) — ...
. — HC,(X) — HC,(X') — HC,(X") — HC, 1(X) — ... .

1.1.7 The SBI-sequence Hochschild and cyclic homology are organised by three basic homomorphisms
1, S, B into a long exact sequence

. — HCpi(X) -5 HC,_(X) 25 HH,(X) -5 HC,(X) =5 ...,
also called Connes’ exact sequence, which is often (and often implicitly) used for concrete calculations. If X
is a cyclic object in an abelian category, inclusion of the Hochschild complex C, X — CC, ., X into Tsygan’s
double complex as zeroth column yields amap I : HH,(X) — HC,,(X). Considering only the zeroth and
first column in C'C, , X leads to a double subcomplex denoted CC;{’%}X ; the inclusion C, X — CC’;{E}X
induces an isomorphism
HH,(X) ~ H,(Tot (CC{2 X))

since the quotient is the first column that is acyclic. Also, there is an isomorphism
CC,.X[-2] = CC, . X/CCIHX ~CC, . X

of the quotient complex consisting of columns p > 2 with the original double complex itself, but shifted two
columns to the right. The shifting operator S : HC,,(X) — HC,,_2(X) is therefore induced by the quotient
map Tot (CC, ,X) — Tot (CC, ,X[—-2]). The resulting short exact sequence

0 — ccix Loco..x £ oo, x[-2] -0

of double complexes yields a boundary map B : HC),_1(X) — H H,,(X) which fits into Connes’ long exact
sequence above. The SBI-sequence is an efficient tool to compute cyclic homology once the Hochschild
homology is known. In particular, it follows by induction as well as the 5-Lemma that every morphism
of cyclic objects that induces an isomorphism on Hochschild homology induces an isomorphism on cyclic
homology (note that H Hy(X) = HCy(X)).

1.1.8 Periodic Cyclic Homology We now come to the most important version of cyclic homology, the pe-
riodic one. This the correct noncommutative analogue to the classical de Rham cohomology (see Examples
1.1.10(ii)—(iii) for illustrating results). The role of Hochschild and cyclic homology is merely that of inter-
mediate steps towards the final, periodic theory; this philosophy also applies when doing computations.
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As above, let X be an r-cyclic object in an abelian category M, where we assume that r # co. Due to
its obvious periodicity, Tsygan’s double complex can be extended to the left to form the upper half plane
complex CP, ,X. The periodic cyclic homology, denoted H P, (X), is the homology of the ‘product’ total
complex

HP,(X)=H,(Tot"(CP, ,X)).

Here, by product total complex Tot T we mean the total complex formed by using products (thought of as
‘infinite sums’) rather than sums. Recall [Lol, 5.1.2] that the homology of the standard ‘sum’ total complex
does not lead to meaningful results (observe that in contrast to C'C, ,X there is now an infinite number of
non-zero modules CC), 4 with p 4+ ¢ = n). It is visually evident from the periodicity of C'P, ,X that each
of the maps S : HP,2(X) — HP,(X) is an isomorphism; hence its name: the modules H P, (X) are
periodic of order 2.

1.1.9 Mixed Complexes There is another (simpler) double complex computing the cyclic homologies—
Connes’ double complex—which we now recall. This double complex arises as a simplification of Tsygan’s
double complex due to the fact that some of its columns are contractible: exploiting the fact that a cyclic ob-
ject X has degeneracies, one can eliminate the acyclic columns applying the ‘killing contractible complexes
lemma’ [Lol, Lem. 2.1.6] to obtain a double complex BC, , X, called Connes’ double complex. To this end,
introduce the ‘extra’ degeneracy

5.1 =1lnt18n 1 Xy — Xny1, (1.1.7)

which can be shown to be a chain contraction of C2%¢(X) (one may equally consider s,,41 := t;}rlso).
Also, define
B = (1 — Ifn>S,1N : Xn — Xn+1,

which is commonly called Connes’ coboundary map or Connes’ cyclic operator (notice, however, that it
already appears in the early work of Rinehart [Rin]). One can easily see that B2 = 0, Bb + bB = 0, besides
b* = 0 for the Hochschild boundary. Define BC, ,X by BC) ,(X) := X,_, for 0 < p < ¢ and zero
otherwise, and organise it into the following double complex:

b b b b
' B ! B B

Xg - X2 - X1 - XQ
b b b

Y B Y B Y

BC, X : X X, ~ X

b b
Y B \

Xl -~ XO
b
Y

Xo.

Again, one obtains an exact sequence of complexes
0 — C.X — Tot BC, X —> Tot BC, . X[2] — 0, (1.1.8)

from which one may derive the SBI-sequence again, showing basically that the two operators which we
both denoted by B actually coincide.

The homology of the zeroth column in BC, X is still the Hochschild homology HH,(X) =
H,(C,X,b), whereas the morphism of complexes Tot CC, ,X « Tot BC, ,X is a quasi-isomorphism.
Hence

HC,(X) = H,(TotCC, ,X) «— H,(Tot BC, ,X) (1.1.9)

is an isomorphism if X is a cyclic object, so that BC, ,X can be taken to compute cyclic homology. If X
happens to be a cyclic module for some ring &, each column can be replaced by its normalised version. That
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is, put X; := X;/k = Coker (k — X;) in place of X; which leads to a new complex denoted BC, , X with
horizontal differential of the form B := s_; N. The main issue here is that one can replace BC, ,X in both
(1.1.8) and (1.1.9) by BC, . X, hence it computes the same homology.

In a general framework, such an object that is both a chain and a cochain complex is called a mixed
complex [Kasl]: this is a graded object {X,,},>0 with two families of operators b : X,, — X,,_; and
B : X, — X, subject to b> = B2 = Bb+ bB = 0. Hence each cyclic object gives rise to a mixed
complex (but not necessarily the other way round). In any case, the isomorphism in (1.1.9) may serve as a
definition of Hochschild and cyclic homologies of a mixed complex.

1.1.10 Examples Here we will give some typical ‘classical’ illustrations which will possibly be helpful later
on.

(i) The cyclic homology of a k-algebra U (as originally defined in [Co3]) is the cyclic homology of the
cyclic object U of Example 1.1.5(i). In particular, HC,(U) = U/[U, U].

(ii) The Algebraic HKR-Theorem [HoKoRos, LoQ] If U is a unital commutative algebra over a commuta-
tive ring k containing Q, its U-module of Kdhler differentials QTlJI & 18 generated over U by symbols
du, v € U subject to the conditions

d(au) = adu, d(u+v) = du+ dv, d(uwv) = udv +vdu

for all u,v € U, a € k. Denote by QEJI k= /\'UQ%]| . the U-exterior algebra of Kihler differentials

where QOU|k := U and write typical elements in Q’l}lk as ug duy - - - duy, := ugdug A -+ A du,. The
de Rham differential d is the family of maps

d: QW — leﬁj, d(ug duy - - - duy) = dug duy - - - duy,,

for u; € U. It fulfills d* = 0, so that one may define the de Rham cohomology of U as H3g (U) :=
H*(Qu)-

One now has two natural maps, the antisymmetrisation map and its section, respectively,

Mot HH(U) — Qs (wosu, .oy tn) = ug dug -+ dug,
€n t U, — HH,(U),  uodug -+ dup — Z Sign o (Uo, Ue—1(1)s - -+ Uo—1(n))>
oSy

and 7, €, = nlid holds. In particular, both maps commute with the map B, : HH,(U) —
HH,1(U) induced by B, that is B, €, = €,4+1d and (n + 1)dm, = 7,41 Bs; hence B is com-
patible with d. Under the assumption that k contains Q, the map %wn induces a morphism of mixed
complexes

(CanbaB) - ( ;]‘k;707d)7

and if U is smooth (confer [Lol, App. E] for the precise definition), one can prove

1.1.11 Theorem If U is a smooth algebra over k, the antisymmetrisation map € : Q;]‘k — HH,(U)
is an isomorphism of graded algebras . As a consequence, if k contains QQ, one additionally has a
canonical isomorphism

HCW(U) =~ Q. /dQpe @ Hig?(U) @ Hig'(U) @ . ..,
the last summand being H3g (U) or Hi (U) depending on n even or odd, respectively. Finally,

HP,(U) ~ [ Hi>™ ().
mEeEZ

Since HC,(U) is defined even for noncommutative U, one may think of (periodic) cyclic homology
as a generalisation of de Rham cohomology to a noncommutative setting.
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(iii) Connes’ Theorem [Co3] A differential geometric version of the preceding example is as follows. The
algebraic theory HC, (U) for a general algebra U is usually hard to calculate; in applications, however,
U is often determined more specifically, for example it is given as a topological locally convex algebra.
In such a situation the algebraic tensor product in Example 1.1.5(i) has to be replaced by one that does
not ignore the topology since already in the case C°(M) of compactly supported smooth functions
on a manifold M the algebraic cyclic homology is not known. As already discussed in Example
1.1.5(ii), one has different possibilities for choosing such a tensor product &, as long as the property
C>°(M)®™ ~ C°°(M*") is fulfilled. In either case, for C,(C>(M)) = €°°(M)®**" using any of
the tensor products with the desired property, the map

b fo® (@ @ fur - fodfy - df
defines a quasi-isomorphism of complexes
(C.(C*(M)),b) — (2°M, 0)
as well as a map of mixed complexes
(C.(C*°(M)),b, B) + ("M, 0, dgR).

Note that the fact that i is a map of mixed complexes indicates that, up to a factor, B seems to be the
correct replacement of dgg to a noncommutative setting. In particular, if the manifold M is compact
one has the isomorphisms [Co3]

HH,(C®(M))~Q*M andhence HP,(C>®(M)) =~ H5"(M) @ HSS(M).

(iv) Almost Symmetric Algebras Let (U, -) be a non-negatively filtered algebra over a commutative ring k,
i.e., there is a sequence of k-modules { F;U };>¢ such that

F’Q[JCF&(]CF’Q(]C...7
U FU=U  nFU=0, (F7U) : (FJU) C FH_jU forz,7 > 0.

Now U is called an almost symmetric algebra if its associated graded algebra gr U = @;gr; U, where
gr, U = F;U/F;_1U, is isomorphic to the symmetric algebra SV where V := F,U/ FyU; this requires
in particular FoU = k and gr U to be commutative. Moreover, gr U becomes a Poisson algebra, that
is, a (possibly unital and commutative) associative algebra together with a Lie bracket that satisfies a
Leibniz derivation rule in each of its arguments. Now consider the canonical map p; : F;U — grU,
take two elements f € gr; U and g € gr; U, and choose u € F;U, u" € F;U such that f = p;(u) and
g = p;(u'). Since gr U is commutative, the commutator [u, u'] = uu’ — w'u lies in F;4;_1U and one
verifies that { f, g} := pi+,j—1([u, «']) only depends on f, g and indeed defines a Poisson structure on
grU. Finally, the symmetric algebra SV inherits a Poisson structure by pullback and the degree —1
differential

n

5(’[)0 dvy -+ - d'l}n) = Z(_l)i{v()a ’Ul}dvl T dg}l < doy

=1
+ Z (—1)i+j1)0d{v7;,’0j}d’01 d%)zd%j o 'd’Un

1<i<j<n

on Q:s*vuc anti-commutes with the degree +1 de Rham differential d. Hence this construction defines
a mixed complex (2%, 6, d). Then one can prove [Kas2, Lol]:

1.1.12 Theorem If k contains QQ and U is almost symmetric, one obtains isomorphisms

HH.(U) i’ Ho( .Sv\ka(s)v
HC,(U) = HC,(Qy . 0,d),
HP,(U) = HP.(Q%y6,d)
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In particular, one can apply this theorem to the universal enveloping algebra UL of a (free as a k-
module) Lie algebra L, reproducing e.g. the classical result HH,(UL) ~ H,(L,UL?%) of [CarE,
Chapt. XIII, Thm. 7.1], or to a similar construction in the framework of Lie-Rinehart algebras (pro-
vided one is interested in their algebra homology). We will, however, take a different route to the same
result, see Theorem 6.4.1(i).

1.1.13 Cocyclic Objects As before, let N be an abelian category and pick 1 < r < oco. An r-cocyclic
objectin N is a functor Y : AC,. — N, that is, a cosimplicial object (Y*, d,, o, ) together with a morphism
T+ Y™ — Y™, subject to

5 = L oimia if1<i<n,
T da ifi =0,
. Oi—1Tn+1 if1 <i<n, (1.1.10)
Tn0i = 2 ifi—
OnTpi1 1?2 = 07
=,

Again, in case 7 = oo the last equation is replaced by the empty relation. In such a case the resulting oco-
cocyclic objects are also called para-cocyclic objects; if r = 1, we simply speak of cocyclic objects. As
before, we will be often dealing with the case in which N is the category of modules over a ring, that is,
we will be considering cocyclic modules. On the other hand, natural objects to deal with in this context are
actually comodules with respect to some coalgebra and some ring (hence still some modules over some ring,
see §1.2.2 for more details). In those cases we shall speak of cocyclic comodules.

1.1.14 Example Dually to Example 1.2.4(i), one can assign to each k-coalgebra C and ¢y € End; C a
cocyclic module C’;/’ ; cf. [FeTs]. We do not give the details here, but rather refer to the generalised version
in §1.2.5, where k is replaced by an arbitrary k-algebra.

1.1.15 Hochschild and Cyclic Cohomology for Cocyclic Objects For a cocyclic object Y'*, define

n

B Y™ — Y Bl =Y (—1)76;

=0 (1.1.11)
B Y™ — Y™ B =B 4 (1) 6,
along with the extra codegeneracy o1 := 0, 7,41 Which serves here as contracting homotopy (one could

also take o1 = 0077;11), and A, := (—1)"r, for r # co. Moreover, set

(n+1)r—1
N = Z N B:=No_1(1 - \py1).
=0

Then the resulting mixed complex (Y'*, 3, B) defines the Hochschild and cyclic cohomologies HH*(Y) and
HC*(Y), respectively; again, if r = oo, set HH*(Y) = H*(Y,3). As before, one could alternatively
consider a ‘cocyclic’ bicomplex, but we refrain from spelling out the details here. See, however, (5.2.14) for
an example of a reduced (normalised) bicomplex where Y* is in the category of cocyclic modules.

1.1.16 Tor and Ext Interpretation of Cyclic (Co)Homology One can apply methods of homological algebra
in the abelian category of (co)simplicial k-modules. If X is a simplicial and Y is a cosimplicial k-module,
the groups Torfop(Y, X) are well-defined and in fact are k-modules. The #rivial simplicial or cosimplicial
module  is the functor [n] — k for all n > 0 with (co)faces and (co)degeneracies given by the identity; one
can show that Tor2” (k, X) ~ HH, (X) and Ext"., (Y, k) ~ HH™(Y), cf. e.g. [Lol].

The interpretation of cyclic homology and cohomology as Tor and Ext functors, respectively, consists
essentially in replacing the simplicial category A by AC. A theorem in [Co2] (see also [Lol, 6.2.8] for a
proof) establishes canonical isomorphisms

Tor2™C(k, X) ~ HC,,(X) Ext%opc (Y, k) ~ HC™(Y)

for X, Y cyclic and cocyclic, respectively. The proof works essentially in an analogous manner as the one for
Hochschild homology and simplicial modules; however, instead of constructing a particular resolution for
the trivial cyclic module k% as in the case of simplicial modules, one rather constructs a certain biresolution;
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see [Lol] for details. In case of Example 1.2.4(i), one obtains in a canonical way for a unital associative
k-algebra U
Tor2™C(k,U*) ~ HC,(U), Extope (U, k) = HC™(U).

1.1.17 The Cyclic Dual A remarkable property of the cyclic category AC.,. is the existence of a natural
isomorphism to its opposite category A°PC)., so to say a self-duality. For the sake of simplicity we give the
explicit construction for r = 1; confer [FeTs] for the more general case. Roughly speaking, the corresponding
duality functor AC' — A°P(' is the identity on objects, exchanges (co)faces and (co)degeneracies and sends
the (co)cyclic operator to its inverse. More precisely, if X = (X,,d,, s,,t,) is a para-cyclic object with ¢,,
assumed to be invertible for all n > 0, define its cyclic dual X = (X *.0.,0.,7,) Where X" .= X, in
degree n and

0; =81 : X" — X"*l, 1<i<n,

80 i=tns, : X" — Xntl

o; = d; X X"‘l, 0<i1<n-—1,
=t X - Xn

Also, if Y = (Y*,4,,0,,7,) is a para-cocyclic object with invertible operator 7, its cyclic dual is defined as
Y :=(Y.,d,,s.,t.), where Y;, :== Y in degree n and

d; =01 Y, — Y1, 1<i<n,

do :=0n_1Tn }i/n - ?n—l;

S; = (51 Yn — Yn+17 OS’LSTL—L

tn = Tn_1 Y/n - Y/n~

Note, however, that there are other possible formulae for an isomorphism AC' — A°PC since AC has
nontrivial automorphisms (see e.g. [Lol, 6.1.14]). One easily proves [Co2]:

1.1.18 Lemma Let X be a para-cyclic object and Y a para-cocyclic object, as above.
(i) The quadruple X = (X‘, d.,0.,T.) is a para-cocyclic object and is cocyclic if X is cyclic.

(ii) Analogously, the quadruple Y = (Y,, d., s.,t,) carries the structure of a para-cyclic object and is
cyclic if' Y carries a cocyclic structure.

The following proposition (see e.g. [KhR4]) reveals that the respective Hochschild (co)homology groups of
the (co)cyclic duals of Examples 1.1.5(i) and 1.1.14 turn out not to cause enormous excitement.

1.1.19 Proposition Let U be a unital algebra and let C' be a (counital) coalgebra, both over some field k.
(i) The Hochschild cohomology of the cocyclic module U* is trivial in positive dimensions.

(@i ) In the same fashion, the Hochschild homology groups of the cyclic module C'h are trivial in positive
dimensions.

PROOF:  The proof of both statements relies on giving a contracting homotopy. If ¢ : U — k is a linear
functional with the property ¢(1y) = 1, defining

o USH S UB ug @p -+ @ty — G(Ug) Uy Ry - -+ R Uy,

and remembering that U,:=U ‘%"*1 in degree n > 0, one can verify that this defines a contracting homotopy
for the Hochschild complex of U*. Likewise, for an element 7 € C' with (1) = 1y, for example a grouplike
element, the map

N 1 . 2
§: OOl OFRT2 0 ) @) @ Oy o T O €0 B -+ O Cpy

defines a contracting homotopy for the Hochschild complex of Oh~ O

This homological triviality generally fails; confer Chapter 6 for meaningful results for the homology of a
cyclic dual.
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1.2 A-rings and A-corings

This section presents the generalisations from k-algebras and k-coalgebras to algebras and coalgebras over
not necessarily commutative ground rings; we also discuss their associated cyclic objects. The content of this
section will be needed throughout all subsequent chapters.

1.2.1 A-rings An A-ring (cf. e.g. [BrzWi, B3, Str]) is a monoid in the monoidal category (A°-Mod, ® 4, A)
of (A, A)-bimodules over a not necessarily commutative k-algebra A. We refer to A as the base ring (or base
algebra) whereas k will still be called the ground ring. Let A° := A ®j, A°P be the enveloping algebra of A.

An A-ring U is therefore a triple (U, m,;,n) where U € A>-Mod and my, : U @4 U — U,u ® v — uv
aswell asnp: A — U are (A, A)-bimodule maps such that

my(my ®idy) = my(idy @ my) (associativity),
my(n®idy) = my(idy @n) (unitality).

We refer to U as the total ring. Moreover, we will make frequent use of the well-known fact that A-rings U
correspond bijectively to k-algebra homomorphisms

n:A—U, (1.2.1)

see e.g. [B3] for a proof. With this characterisation, we may express the (A, A)-bimodule structure by
aub := n(a)un(b) for a,b € Aand u € U, hence fora € A, u,v € U one has

a(uw) = (au)v, wu(va) = (w)a, (ua)v =u(av), (1.2.2)

A morphism of A-rings f : U — V is an (A, A)-bimodule morphism satisfying u(f ® f) = fu as well as
the property fn = n, which we shall baptise unitality again. Let A-Ring denote the category of A-rings and
(unital) A-ring morphisms. If A = k coincides with the commutative ground ring, k£ being mapped into the
centre of U by means of 7, one recovers the conventional notion of a k-algebra.

1.2.2 A-corings Dual to the notion of an A-ring is the concept of an A-coring: this is a comonoid in the
monoidal category (A°-Mod, ® 4, A) of (A, A)-bimodules for a k-algebra A. Explicitly, an A-coring C' is
a triple (C, A, ¢€), where C' is an (A, A)-bimodule (with left and right actions L, and R,) and A : C —
C®sC,e:C — Aare (A, A)-bimodule maps (called coproduct and counit) such that

(A®ide)A = (idde ® A)A (coassociativity),
Ly(e®cidc)A = R,(ide ® €)A =ide (counitality).

The notion of a cocommutative A-coring only makes sense if A is commutative and L, and R, coincide. It
is then defined by the condition oo, A = A where o¢ (¢ ®a ¢’) = ¢/ ® 4 cis the tensor flip. An A-coring
morphism is an (A, A)-bimodule morphism f : C — D with Af = (f ®4 f)A and ef = ¢, which we call
counitality again. Denote by A-Coring the category of (counital coassociative) A-corings and (counital)
A-coring morphisms. If A = k coincides with the commutative ground ring, one recovers the conventional
notion of k-coalgebra. See [BrzWi] for more details on A-corings.

1.2.3 Cyclic Tensor Products In order to give a well-defined meaning to the cyclic theories for A-(co)rings,
we first have to discuss the notion of cyclic tensor product of [Q2]. The tensor product My ® 4 --- ®4 M,
of a sequence of (A, A)-bimodules M;, i« = 1,...,n, is again an (A, A)-bimodule and can be therefore
equipped with the structure of a (say, right) A°-module by means of

(M1 ®4- - @amy)- (a®kb) :=bmy ®4 -+ ®4a Mpa, Va,bec A

On the other hand, A itself carries a left A®-action by (a ®j, b) - ¢ := acb where a,b,c € A, and one
forms the cyclic tensor product

Mi®@4a @4 M4 :=M &4 Qa4 M, @asc A

Analogously to usual tensor products, this k-module is universal for multilinear functions f : M; X
- X M, — V into any space V satisfying f(...,m;a,m;y1,...) = f(...,m;,am;z1,...) as well as
flmi,...,mua) = f(amy,...,m,) fora € A, m; € M. In particular, for the lowest degree one has

M @40 A= MJ[A, M],



1.2. A-RINGS AND A-CORINGS 21

where [A, M] = {am—mala € A, m € M}. Of course, one can also consider A® ge M1®4---®@4 My, ie.,
consider the left A®-action on M7 X --- x M, and the right A°-action on A: this leads to the same universal
k-module. For notational reasons we always put the abbreviation —® 4 on the right, even if A ® 4c — stands
on the left. If all M; = M, i = 1,...,n, are identical, its n-fold cyclic tensor product M ®4 --- @4 M® 4
carries two natural actions of the cyclic group Z/nZ, the generators of which are either given by

t(m1 @4 QaAMpR4) =My, @AM Q4 -+ D4 Myp_184,

or by the operators A = (—1)"~'¢.

1.2.4 A-rings as Cyclic Objects There is a functor 7 : A-Ring — M“C" from the category of A-rings to
the category of cyclic modules, defined as follows. For an A-ring U, the right A®-action on the (n 4 1)-th
tensor power U®47*1 ig, as before, given by

(up ®A - QA Up) - (a QD) :=bug R4 -+ R4 upa.

Let
BAU .= U®atl @40 A = U®A" Tl @, .

For ¢ € End(4,4)(U), we associate in degree n the face, degeneracy and cyclic operators

S up®a ®s U1 Ra Oa Up®, 00 <n—1,
di(u()@A~..®Aun®A)_{¢(un)uO®Aul R4 s Up 1R 4 ifi =n, 123
Si(u0®A"'®Aun®A):UO®A"'®Aui®A 1U®Aui+1®A"'®A ingz'gn, (1.2.3)
tn(uO Qs Q®a u’n®A) :(b(un) Ra Uy @a UL Py Qg Up—1Q4
to the space Ui"i’ := {BAU},>0. Then UE{¢ is r-cyclic if the order of ¢ is less than infinity, and cyclic if
and only if ¢ = id, in which case we will write U i. The notion of cyclic tensor products is required here to
make these operators well-defined and allows one to drop the condition that n(A) C Z(U) lies in the centre
of U. The condition (1.2.2) is required to make the face operators well-defined. A unital A-ring morphism
f : U — V induces a morphism of cyclic modules f? : Uﬁl"ﬁ — Vj’fm by fi(ug @4 - @4 Up®a) =
f(up) ®4 -+ ®4 f(an)®4. In case that A = k, the commutative ground ring (as a k-module over itself),
the cyclic structure given here specialises to the conventional one for k-algebras from e.g. [FeTs] or [Nis] as
presented in Example 1.1.5(iii).

1.2.5 A-corings as Cocyclic Objects Similarly, there is a functor ; : A-Coring — N4¢" from the category
of A-corings to the category of cocyclic modules, defined as follows: Let (C, A, €) be an A-coring, and use
Sweedler’s [Sw1] shorthand notation Ac =: (1) @A c(g) for the coproduct. Recall that the left A¢®-action on
the (n + 1)-th tensor power C®4"*1 is given by

(a@pb)- (@4 @ac") :=ac® @4 @4 "D.

On the other hand, a right A®-action on A°P is given by a - (b ®y, ¢) := cab and we consider the cyclic tensor
products
CRa Q404 = AP RueCR4---4C.

For ¢ € End (4 4)(C), define the cocyclic module CQZ’ := {B%C},>0 where B%C 1= A°P® 4. C®a"H] =
C®antl® 4 in degree n with coface, codegeneracies and cocyclic operators

0 i ” i '
(0 n _ R RQAAC Ry Ry "Ry f0<i<n
(Sz(C ®A ®AC ®A) - { 0?2) ®A C1 ®A"'®A ¢(C?I))®A le:n+17
0@y @s"R,4) =Ry R e(TH @, PR, @, T0<i<n—1,
Tn(CO RaQa CH®A) =c! R a c? Qs Da ¢(CO) @4 -

(1.2.4)

Again, C’h‘}w is r-cocyclic if the order 7 of 1) is less than infinity and cocyclic if and only if ¢ = id in which
case we will only write C,f. Similarly as before, a counital coalgebra morphism f : C' — D induces a
morphism of cocyclic modules f; : C’fw — th}fow by fi((® @4 ®ac"@4) = f()Ra- @4 f(c")R2
in degree n. In case A = k coincides with the commutative ground ring (as k-module over itself), the
cocyclic structure given here specialises with the conventional one for k-coalgebras as given e.g. in [FeTs].
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1.3 Hopf Algebras and Their Cyclic Cohomology

Hopf algebras can be seen as a noncommutative analogue of Lie groups. More precisely, symmetries in
noncommutative geometry are determined by the action or coaction of some Hopf algebra on an algebra or
coalgebra.

A large part of this thesis is devoted to generalisations of Hopf algebra theories towards Hopf algebroids
We therefore briefly give an overview on Hopf algebras and their Hopf-cyclic cohomology.

1.3.1 Bialgebras and Hopf Algebras

Let U be a k-module equipped simultaneously with a k-algebra structure (U, m,7n) (cf. §1.2.1) and a k-
coalgebra structure (cf. §1.2.2). Equip U ®; U with the induced structure of a tensor product of algebras
(by factorwise multiplication and unit 1, ®j 1) and also with the induced structure of a tensor product of
coalgebras (with comultiplication (id, ®j oy,v @k 1dy ) (A ® A) and counit € ® €). The proof of the following
classical lemma can be e.g. found in [Kas3, Str]

1.3.1 Lemma The following statements are equivalent
(i) The maps m, and n are morphisms of k-coalgebras.
(i) The maps A and e are morphisms of k-algebras.

This leads to the following definition.

1.3.2 Definition (i) A k-bialgebra is a quintuple (U, m,n, A, €), where (U, m,,n) is a k-algebra and
(U, A, €) a k-coalgebra verifying the equivalent conditions of the preceding lemma. A morphism of
k-bialgebras is a morphism for both the underlying k-algebra and k-coalgebra.

(ii) Let (H,my,n, A, ¢) be a k-bialgebra. An endomorphism S : H — H is called an antipode for H if
my(S ®idg)A = my(idy @ S)A = ne.

A Hopf algebra is a k-bialgebra with an antipode. A morphism of Hopf algebras is a morphism
between the underlying k-bialgebras commuting with the respective antipodes.

It can be shown that the antipode is unique (if it exists) and is both an anti-algebra morphism and anti-
coalgebra morphism.

1.3.3 Examples Commutative or cocommutative Hopf algebras arise naturally from groups and Lie algebras.

(i) Let I be a discrete (not necessarily finite) group with group algebra CI'. Extending the maps

Ag=g®cg, eg=1c, Sg=g ',  VgeT,

linearly to all of CI', one obtains a cocommutative Hopf algebra structure on CI". This Hopf algebra
is commutative if and only if I' is commutative.

(i) The universal enveloping algebra U g of a Lie algebra g is a cocommutative Hopf algebra. The structure
maps have the defining properties

AX=X®cl+1l®cX, eX=0, SX=-X VXeg

Ug is a commutative Hopf algebra if and only if g is abelian, in which case Ug coincides with the
symmetric algebra Sg of g.

See e.g. [Swl, Kas3, Str, ChPr] for extensive material on Hopf algebras.
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1.3.2 Hopf-Cyclic Cohomology

In [CoMos2] a new cohomology theory of Hopf algebras was launched, nowadays referred to as Hopf-cyclic
(co)homology. One may consider this as the correct noncommutative analogue of both group and Lie algebra
homology, see below. The original motivation was to obtain a noncommutative characteristic map

Xe : HC3 ,(H) — HC*(A) (1.3.1)

from a certain cyclic cohomology group to the standard cyclic cohomology group of an algebra A needed for
the study of transverse elliptic operators, induced on the cochain level by a map

Yo : HO* — C" A, X (h1,. .. hn)(ag, ..., a,) = tr(aghyi(a1), ..., ha(an)) (1.3.2)

in degree n. Here, H is a Hopf algebra (with structure maps as before) acting on a unital k-algebra A by the
assignment (h, a) — h(a), satisfying in particular the Leibniz rule

h(ab) = h(l)(a,)h(g)(b), a,be A, h € H.

Such a Hopf algebra action may be seen as a notion of ‘quantum’ symmetry on a noncommutative space, see
e.g. [CoMosl1]. The data (4, o) that appears in (1.3.1) form an algebraic analogue of the modular function of
a locally compact group:

1.3.4 Definition A character 6 € H™* (i.e. a ring homomorphism § : H — k) together with a grouplike
element o € H (i.e. an element that fulfills Ac = 0 ®j, 0, €0 = 1) related to each other by the condition
6o = 1y is called a modular pair.

Modular pairs turns out to be self-dual in some sense when passing to the dual Hopf algebra, see [CoMos4].
Finally, the linear map tr : A — k that appears in (1.3.2) is a o-invariant d-trace, i.e. a map fulfilling

tr (h(a)) = d(h)tr (a), tr(adb) = tr(bo(a)), a,be A
Maps of the kind (1.3.2), originally introduced in [Co1], are typical ingredients in cyclic cohomology.
1.3.5 Twisted Antipodes The character § gives rise to a twisted antipode S: H — H, defined by [CoMos4]
Sh = n(6hq))Sha), h € H, (1.33)

where S is the antipode of the Hopf algebra H. The twisted antipode S is an anti-algebra morphism and a
twisted anti-coalgebra morphism, that is

ASh = Shz) ®y, Shq, heH. (1.3.4)
Furthermore, it satisfies R ~
eS=0, dS=ce (1.3.5)
If A is unital, one also proves that J-invariance of tr is equivalent to partial integration
tr (h(a)b) = tr (a(Sh)(b)), a,b€ A, he H,

and (6, o) is called a modular pair in involution if
S%h = oho™ 1, he H, (1.3.6)

where 0~! := So.

1.3.6 Example For any commutative or cocommutative Hopf algebra we have S? = id,; (cf. e.g. [Kas3]).
Hence (¢, 1) is a modular pair in involution. See, however, [CoMos2] for a less trivial example.

1.3.7 The Hopf-Cocyclic Module In [CoMos2] a cocyclic module is attached to the triple (H, §, o) as fol-
lows. Set Ht‘f"’ = {H®"},,>0, i.e. H®" in degree n and H®? := k in degree zero. The cosimplicial
operators are then given as

1@k h! @) -+ @ A" ifi =0,
§i(h' @ - @ h") = h' @p - @k Agh' @p -+ - @ ™ if1 <i<n,
h' @ - @k K" Q) 0 ifi=n+1,

oi(h' @ - @ahF) = W@y @ eh @ - @4 h" if0<i<n—1,
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and in degree zero

[ 1, ifj=0,
Oilk _{a if j =1.

Finally, the cocyclic operator is defined as

To(hr @ - @ B™) = (AFTISRY) (W2 @y -+ @) ™ @y, 0)
= S(h{p))h® @y -+ @k S(hiy)h" @k S(h{y))o.

These operators were originally obtained by pulling back the cocyclic structure of C'* A and were dictated by
requiring the characteristic map (1.3.2) to be a morphism of cocyclic modules. One can now show [CoMos4]
that H g "7 is cocyclic if and only if (1.3.6) is fulfilled. In such a case we speak of the Hopf-cyclic cohomology
of the triple (H, 6, o), denoted HCj ,(H) and H Py ,(H), respectively.

1.3.8 Examples Let us state two results corresponding to the Examples 1.3.3; cf. [CoMos2, Cr3] for the
proofs.

(i) For the group algebra CT of a discrete not necessarily finite group I" one obtains

HP)|(CT)~C,  HP!/(CI)~0.

(ii) For a Lie algebra g, a character § : g — C is a linear map with d|(g ) = 0, and denote its unique
extension to an algebra morphism Ug — C by the same symbol . We write Cs for C, seen as a g-
module via §. For elements X € g one obtains SX =—X+6X , hence o = 1: this is the unimodular
case. One then computes [CoMos2, Cr3]

Hpg,l(Ug) = Hodd(gv(cé) D Heven(ga Cé)a

where the right hand side denotes the Chevalley-Eilenberg homology of Lie algebras with values in the
g-module Cy.

Example 1.3.8(ii) gives a hint why one should consider Hopf-cyclic cohomology as a noncommutative ana-
logue of Lie algebra homology. We will make a similar statement in the generalised context of Hopf alge-
broids and Lie algebroids (Lie-Rinehart algebras, respectively) as a consequence of Theorem 5.5.7(ii) below.

See e.g. [CoMos4, CoMos2, Cr3, HKhRSol, HKhRSo02] for more material on Hopf-cyclic (co)homology
of Hopf algebras. There is also a Hopf-cyclic homology theory dual to the one above in the sense of cyclic
duality. We will not give the details here (cf. [KhR1, KhR4, KhR2, Tai]), but will immediately extend this
theory to the realm of Hopf algebroids in Chapter 6.

1.4 Lie-Rinehart Algebras

In this section we collect some material on Lie-Rinehart algebras. Lie-Rinehart algebras can be thought of as
algebraic versions of Lie algebroids. As for Lie algebroids (cf. [NisWeiX]), there is an associated universal
enveloping object associated to it. In Section 4.2 we will discuss the possibilities how this object can be
considered an example of a ‘generalised Hopf algebra’.

As before, let k£ be a commutative unital ring (containing Q) and A a commutative k-algebra. For the
subsequent definition unitality of A is not strictly required, but for convenience we will assume this as well.

1.4.1 Definition [Rin] Let L be a k-Lie algebra L, a @ X — aX fora € A, X € L aleft A-module
structure on L, and w : L — Dery A, X — {a — X (a)} a morphism of k-Lie algebras. The pair (A, L) is
called a Lie-Rinehart algebra with anchor w, provided

(aX)(b) = a(X (b)) XeL, abeA, (1.4.1)
[X,aY] = a[X,Y]+X()Y X,Y€eL, acA. (14.2)
A morphism (A, L) — (A’, L") of Lie-Rinehart algebras is a pair of maps (¢ : A — A’ ¢ : L — L’) where

¢ is a morphism of k-algebras and ¢ a morphism of k-Lie algebras with the properties ¥ (aX) = ¢(a)(X)
and ¢(X (a)) = P(X)(4(a))-
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1.4.2 Examples Two immediate examples are given by the following:

(i) The pair (A, Dery A) of a commutative algebra A and its k-derivations with obvious anchor yields a
Lie-Rinehart algebra.

(ii) A Lie algebroid is a vector bundle £ — M over a smooth manifold M, together with a map w :
E — TM of vector bundles and a (real) Lie algebra structure [., .] on the vector space I'E' of sections
of E, such that the induced map I'(w) : TE — X (M) is a Lie algebra homomorphism, and for all
X,Y € TE and any f € C*(M), one has [X, fY] = f[X,Y] + I'(w)(X)(f)Y. Then the pair
(C>*(M),TE) is obviously a Lie-Rinehart algebra; see e.g. [CanWei] and [Mac] for more details on
Lie algebroids.

1.4.3 Definition [Rin, Huel] The universal object (V L,ir,i4) of a Lie-Rinehart algebra (A, L) is a k-
algebra V L with two morphisms i4 : A — VL and i : L — VL of k-algebras and k-Lie algebras,
respectively, subject to the conditions

ia(a)ip(X) =ip(aX),  ip(X)ia(a) —iala)ip(X) =1ia(X(a)), a€ A, X €L,

universal in the following sense: for any other triple (W, ¢, ¢4) of a k-algebra W and two morphisms
oa:A— W, ¢p: L — Wy, of k-algebras and k-Lie algebras, respectively (where W7, is the commutator
Lie algebra) that obey

pa(a)pr(X) = ¢r(aX), opr(X)pa(a) — pa(a)pr(X) = pa(X(a)), (1.4.3)

there is a unique morphism
. VL-W 1.4.4)

of k-algebras such that ®i4 = ¢4 and iy, = ¢ .

Note that in case of a trivial anchor one obtains the universal enveloping algebra of L as an A-Lie algebra.

1.4.4 Remark An alternative construction [Huel] describes V' L as a Massey-Peterson algebra [MasPe]:
this coincides with what we will call a ‘smash ring’ in Lemma 3.3.2, see below. Let UL be the universal
enveloping algebra of the k-Lie algebra L with coproduct Ay u = u(1) @ u(2). Then clearly Ais aleft UL-
module ring (under the canonical action (2.3.3) and considering (2.3.4)), and one can set VL = A><,UL
with product

(a>au)(a'>1v") = auqy(a’)><au@’, a,a’ € A, u,u’ € UL.

We may now obviously setiy : L — VL, X — 1g>yX andiy : A — VL, a — a>ixlyp; from this
description it is obvious that 7 4 is an algebra morphism and iy, is a morphism of Lie algebras.

1.4.5 The Poincaré-Birkhoff-Witt Theorem for V' L The algebra V'L carries a natural filtration
WLcWLCWLC...,

where V_1L := 0, uL := A and for p > 0, V,,L is the left A-submodule of V'L generated by iz, (L),
i.e. products of the image of L in VL of length at most p. Since au — ua € V,_;L for any a € A and
u € V, L, left and right A-module structures coincide on V,,L/V,,_1 L. It follows that the associated graded
object gr V'L inherits the structure of a graded commutative A-algebra. Denote the symmetric A-algebra by
S4L and define S% L as the p'" symmetric power of L. If L is projective over A, the canonical A-linear
epimorphism S'4 L =, gr V'L is an isomorphism of A-algebras (cf. [Rin, Thm. 3.1] see also [NisWeiX] for
a more differential geometric version). Hence 7, and 74 are injective; we may therefore identify elements
a € Aand X € L with their images in V L. As in the classical Lie algebra case, the symmetrisation

1

TSRV = VL, vr-eevpy e D V(1) ®a - @A Vo(p)s (1.4.5)

" oeP(p)

(where v; € L or v; € A) induces an isomorphism of (left) A-modules SqL — V L. As an algebra with
multiplication my 1, we may also describe V L as generated by elements X € L and a € A respecting the
relations my 1, (a, X) = aX and [ X, a] := my(X,a) — myr(a,X) = X(a).
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1.5 Groupoids
This section contains some basic material on groupoids.

1.5.1 (Etale) Groupoids A groupoid G is a small category in which each arrow is invertible. Somewhat
more explicitly, a groupoid consists of a space of objects G, a space of arrows GG (often denoted G as well)
and five structure maps relating the two:

(i) source and target maps s,t : G; — Gy, assigning to each arrow ¢ its source s(g) and target t(g); we
say that g ‘goes from s(g) to t(g)’;

(ii) a partially defined composition of arrows, that is, only for those arrows g, h for which source and
target match, s(g) = t(h), i.e.amap m : G := G1°x§,G1 — G1, (g,h) — gh that is associative
whenever defined, producing the composite arrow going from s(gh) = s(h) to t(gh) = t(g);

(@ii) aunitmap 1 : Go — G1, z +— 1, that has the property 1;(45)9 = gls(g);

(iv) an inversion inv : G; — Gy, g + g~ that produces the inverse arrow going from s(g~!) = t(g) to
t(g™") = s(g). fulfilling g~'g = 1(g), 99~ = Ly(g).-

These maps can be assembled into a diagram
. s L
GQLGl%Gl?GOHGl.

An arrow may be denoted 2 <2 y to indicate that y = s(g) and 2 = t(g), but usually we abbreviate this to
R

A topological groupoid is a groupoid in which G, Gy are topological spaces and all the structure maps
are continuous. Mutatis mutandis one defines smooth groupoids, where in addition s and ¢ are required to
be surjective submersions in order to guarantee that Go = G ﬁxéUG 1 remains a manifold. A topological (or
smooth) groupoid is called étale if the source map is a local homeomorphism (or local diffeomorphism). This
implies that all structure maps are local homeomorphisms (or local diffeomorphisms, respectively). In the
smooth case, this equivalently amounts to saying that dim G; = dim Gy. In particular, an étale groupoid has
zero-dimensional source and target fibres, hence they are discrete. See e.g. [CanWei, L1, Mac, MoeMr¢2]
for more material on groupoids.

1.5.2 Local Bisections and Germs A /local bisection of a Lie groupoid G is a local section o : U — G
of s : G — Gy defined on an open subset U C G such that to is an open embedding. If G is étale,
any arrow g induces a germ of a homeomorphism o, : (U,s(g)) — (V,t(g)) from a neighbourhood U of
s(g) to a neighbourhood V' of ¢(g): choosing U small enough such that a bisection o exists and t|,¢ is a
homeomorphism into V' := t(cU), we simply set o := to. We usually do not distinguish between o, and
the ‘actual’ germ of this map at the point s(g).

1.5.3 Fibre Sum. Notation For a space X we denote the set of sheaves over X by Sh(X) (cf. [Br]). If
F € Sh(X), € € Sh(Y) are (c-soft [Br]) sheaves over some spaces X, Y, respectively, ¢ : X — Y an étale
map (i.e. a local homeomorphism) and « : F — ¢~ '& a sheaf morphism, we often consider maps of type

(@, ¢)s : Te(X, F) = Le(Y,E),  ((a,0)u)(y) = D au(ulz)) €&, zeX,yeY,
y=o(z)
where I'.(—, —) denote the groups of compactly supported sections (cf. e.g. [Br], and [Cr2] for an extension
of the functor I'. to non-Hausdorff spaces). This map is abbreviated to
(@, 0)s i Te(X, F) = Te(Y,E),  (u]2) = (a(u) [ 6(2)), =€ X ueF

In particular, if X,Y are two manifolds and CS°, C3° the sheaves of smooth functions over X and Y,
respectively, a smooth map ¢ : X — Y yields a homomorphism of commutative algebras ¢} : C;',‘f o)
CX . on each stalk for z € X. If ¢ is étale, i.e. a local diffeomorphism, ¢ is an isomorphism with inverse
@+, and ¢ induces the linear map

G4 1 CO(X) = CP(Y),  di(u)y = (($5,0)x)(y) = Y dualuz), (1.5.1)
y=9¢(x)

the sum over the ¢-fibres.



Chapter 2

Hopf Algebroids

Roughly speaking, a Hopf algebroid is an algebra carrying simultaneously
(1) a ‘left’ coalgebra structure,
(2) a ‘right’ coalgebra structure,
(3) an ‘antipode’ intertwining these two structures.

We emphasise here that although the information given in (1)—(3) is partly redundant, the Hopf algebroid
axioms and resulting identities are much more natural and symmetric if one distinguishes the three different
structures. For instance, the right coalgebra structure can be reconstructed from (1) and (3), but the Hopf
algebroid axioms written just in terms of the left coalgebra structure and the antipode would then become
unnatural and complicated.

More precisely, a Hopf algebroid should be a kind of generalised bialgebra—a so-called bialgebroid—
with a certain notion of an antipode on it. A typical generalisation of a k-bialgebra consists in replacing the
commutative ground ring k& by a noncommutative ring, involving the concepts of A-ring and coring from
§1.2.1 and §1.2.2, respectively, and a certain interaction between them. However, as said, instead of only
one even two such generalised bialgebra structures (left and right bialgebroids) of a different nature will be
required, two concepts that we recall below.

2.1 Left Bialgebroid Structures

Like k-bialgebras, bialgebroids are both algebras and coalgebras, but over different base rings. In other
words, they are monoids and comonoids in different monoidal categories and the interplay between these
is far from obvious. The correct setup presumably appeared for the first time in [Tak] under the name X 4-
bialgebras. They were rediscovered several times, apparently independently, and baptised bialgebroid in
[Lu], bialgebroid with anchor in [X3, X1], and all these notions were shown to be equivalent in [BrzMi].

Recall from §1.2.1 that an A°-ring U can be described by a k-algebra map ny = n : A° — U. Equiva-
lently, one can consider its restrictions

s:=n(—®r1la):A—>U and t:=n(la®;—): AP - U,

and call these the source and target map of the A®-ring U; hence an A°-ring may be equally given by such
a triple (U, s, t), which is also called an (s, t)-ring [Tak]. Using the left A°-module structure (¢ ®y, a, u) —
1(a ® a)u on U, one considers

U®aU:=U ®y U/span{n(l @ a)u @k v’ —u@xnla@, 1)u' | a € A, u,u’ €U}

2.1.1
=U @y, U/span{t(a)u @ v’ —u @y s(a)u’ | a € A, u,u’ € U}. @1.1)

Note that by (a ® a) - (u®4 u') := s(a)u®4 t(a)u', the tensor product U ® 4 U becomes a left A°-module
or (A, A)-bimodule in a standard way (see (A.1.1)).

2.1.1 Definition The k-submodule U x 4 U C U ®4 U defined by

UxaU:= {Zuz Qau, €U R4 U | Zuit(a) @A u; = Zul ®au;s(a), Va € A} (2.1.2)
i B ;

7

27
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is called the (left) Taukeuchi product of the A°-ring U with itself.

One easily verifies that U x 4 U is an A®-ring via factorwise multiplication, with unit element 1y ® 4 1y and
Nux.v(a® a) = s(a) @4 t(a). On the other hand, there is no well-defined algebra structure on U ® 4 U,
not even if A were commutative, since we do not assume 7(A°) C ZU, the centre of U: it is precisely the
defining property of U x 4 U which makes factorwise multiplication well-defined on this subspace.

2.1.2 Definition A left A-bialgebroid or X 4-bialgebra is a k-module U that carries simultaneously the struc-
ture of an A°-ring (U, s*,t%) as above and an A-coring (U, Ay, €) (cf. §1.2.2), subject to the following
compatibility axioms:

(i) The (A, A)-bimodule structure in the A-coring (U, Ay, €) is related to the A®-ring (U, s%, %) by
acu<d :=n'(a®a)u=s"(a)t(@u, aacA uel, (2.1.3)
and we refer to this structure by writing .U . In particular, we write U ® U :=U @4 U.

(it) Considering the bimodule . U_, the (left) coproduct Ay is a (unital) k-algebra morphism taking values
in U x A U.

(iii) Forall a,a € A, u,u’ € U, the (left) counit € has the property

e(s'(a)t*(@)u) = ae(u)a and e(un') = e(us’(eu)) = e(ut’(eu)). (2.1.4)

Observe that, being an A°-ring, such a left bialgebroid in total carries four A-module structures: one also has
aru<i:=un'(a®a) =us‘at'a, (2.1.5)

and whenever we refer to this situation, we denote it by , U, . Also note that (i) combined with (if) implies
that
Apsta =s‘a®a 1, Aptla =1 ®4 tha, fora € A. (2.1.6)

Hence A is also an A°-module morphism for the action in (2.1.5), i.e., for both (2.1.3) and (2.1.5) one has

Aglaru<a) = (asun)) ®a (up)<a),
~ 2 2.1.7)
Aglaru<a) = (uq)<a)®.a (arupm)).
2.1.3 Remarks (i) Even if A were commutative, source and target do not necessarily coincide, as we will
see in examples.

(i) Since this will be of frequent technical use in all that follows, let us also explicitly state the comonoid
identities involved. If m¢ and myer denote the multiplication in U and U°P, respectively, one has

my (s’ @ idy) Ay = myen (idy @ te) Ay = idy. (2.1.8)

For the coproduct of a left bialgebroid, we will use the Sweedler notation Apu = u(1) ®4 u(2) with
lower indices: it will become clear in a moment why we stress this distinction. The identity (2.1.8)
then reads

SZ(GU/(D)’U/(Q) = té(eu(g))u(l) = idy, u € U.

Finally, let us recall the notion of morphisms of bialgebroids [Sz].

2.1.4 Definition A left bialgebroid morphism (U, A, s, t*, Ay, €) — (U, A',s" 1, A, ¢) is a pair (¢ :
A — A' )¢ : U — U’) of ring homomorphisms that commute with the structure maps in the obvious
fashion. It is called a left bialgebroid isomorphism if ¢ and 1) are bijective ring homomorphisms.

2.1.5 Primitive and Grouplike Elements As for ordinary coalgebras, an element X € U is called primitive
if Ay X = X®41+1®4 X. Using (2.1.8), this means eX = 0 if X is primitive. Likewise, an element
o € U is called grouplike if Ajoc = 0 ®4 o and ec = 1. We denote the space of primitive elements and
grouplike elements by P*U and G*U, respectively.
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2.2 Left Hopf Algebroids

In this section, we present a generalisation of the notion of a Hopf algebra, which is based upon the notion
of left bialgebroids: namely, the so-called x 4-Hopf algebra of [Schau2]. We propose the name left Hopf
algebroid instead, the reason for which will be explained in §2.6.14 (apart from solving a pronunciation
problem). We will need this concept at various points, e.g. in Section 6.1 and Section 4.3. In particular, it
will be the main ingredient in Chapter 7.

Let U be a left bialgebroid over A and define the so-called (Hopf-)Galois map of U by

B:wU®prUg = U4 ®4 U, U@ gep U > U1) @A U2), 2.2.1)

where
» U ®upor Us =U @ U/span{ar u @i v —u®iv<alu,v € Uya € A}. (2.2.2)

One could flip the tensor components in order to avoid taking the tensor product over A°P, but we find it
more convenient to keep 3 in a form which is standard for bialgebras over fields. For the latter it is easily
seen that (3 is bijective if and only if U is a Hopf algebra with 57! (u @y v) := (1) ® S(u(2))v, where S is
the antipode of U. This motivates the following definition due to Schauenburg [Schau2]:

2.2.1 Definition A left A-bialgebroid U is called a left Hopf algebroid (or x 4-Hopf algebra) if (3 is a bijec-
tion.

Following [Schau2], we adopt a Sweedler-type notation
Uy Dpop u_ = H(u®41) (2.2.3)
for the so-called translation map
B(®al):U— »U®aer Us.

Since these are substantial for calculations, e.g. in Chapter 7, we list some properties of 3~! as proven in
[Schau2, Proposition 3.7]: one has for all u,v € U, a € A

Up(1) @A UL U—- = URA 1elUq ®a U, 2.2.4)

Uy Baop U)—Uz)y = URpor 1€ »U @pop U, (2.2.5)

Uy @pop U— € U Xpgop U, (2.2.6)

Uy (1) ®A Uy (2) R gop U = U(1) ®a U(2)+ & Aop U(2)—, 2.2.7)
Up @Aor U_(1) ®AU_(2) = Ugq Daop U Q4 Uj—, (2.2.8)
(uv)y ®a0p (UWV)- = ULV4 @ pop V_U_, (2.2.9)

uru— = nleu®1), (2.2.10)

Na@b); @aer N(a®@b)- = n(a®1)Raer N(bR 1), (2.2.11)

where in (2.2.6) we used the Takeuchi product

U X pgop U := {Zuz R g0 V; € » U ®gop Ug | Zui<a®Aop Vi :Zui & Aop a»vi} 2.2.12)

which is an algebra by factorwise multiplication, but with opposite multiplication on the second factor. Note
that in (2.2.8) the tensor product over A°P links the first and third tensor component (cf. [Schau2, Equation
(3.7)]). By (2.2.4) and (2.2.6) one can write

BHu®4v) = uyp @a00 u_v, (2.2.13)
which is easily checked to be well-defined over A with (2.2.9) and (2.2.11).

2.2.2 Examples (i) The enveloping algebra A° of an associative algebra A that governs Hochschild
(co)homology is an example of a left Hopf algebroid over A, as already pointed out in [Schau2];
see Subsection 4.1.1 for details.

(i) Clearly, Hopf algebras over k—such as universal enveloping algebras of Lie algebras or group
algebras—are also left Hopf algebroids over k. More precisely, it is well-known [Schau2, p. 9] that
Hopf algebras are in bijective correspondence with left Hopf algebroids over k: the inverse of (2.2.1)
for a Hopf algebra (H, 7, A, ¢, S) is given by 371 (h @y h') = h(1y @k Sh(yh'. Conversely, if H is a
left Hopf algebroid over &, an antipode for H is given by Sh := n(ehy)h_.
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2.3 Left Bialgebroid Modules and Comodules

2.3.1 The Monoidal category U-Mod

As for rings, one can consider modules over a left bialgebroid. However, there are some peculiarities attached
to it, which we discuss in this subsection.

A standard characterisation [P] of bialgebras (common in quantum group theory) is as follows. A k-
algebra U is a bialgebra if and only if the category U-Mod of left U-modules is a monoidal category such
that the underlying forgetful functor U-Mod — k-Mod is monoidal. The following theorem indicates
that the definition of bialgebroids, though somewhat complicated, appears to be the right notion in this more
general context.

2.3.1 Theorem [Schaul, Thm. 5.1] The left A-bialgebroid structures on an A°-ringn : A° — U correspond
bijectively to monoidal structures on U-Mod for which the forgetful functor U-Mod — A°-Mod induced
by n is strictly monoidal.

In particular, given a left A-bialgebroid structure on U, for M € U-Mod with action (u, m) — um the
induced A°-module structure is given by

ama = t'astam, me M, a,a € A. (2.3.1)

The monoidal structure on U-Mod is defined analogously as for bialgebras: for M, M’ € U-Mod, the
tensor product M ® 4 M of A-bimodules carries a U-module structure given by the diagonal

u(m @4 m') = upym @4 uym’, meM, m' e M, uel, (2.3.2)

which is well-defined since U is a left bialgebroid. The monoidal unit in U-Mod is A and U acts on A from
the left in a canonical way,
ua 1= e(usea) = e(utza), ac€ A ucl, (2.3.3)

where the (A, A)-bimodule structure , U, appears. This may be called a (left) anchor [X3] for the bialge-
broid. One easily gets the following Leibniz rule,

u(aa’) = e(us’(aa')) = e(us‘at’a) = e(u(l)sea)e(u(g)tza’) = (u(ya)(ue)b), (2.3.4)

hence PU C Derj, A by means of the canonical action.

On the other hand, for a left bialgebroid U there is in general no canonical monoidal structure on
U°P-Mod, and in particular no right action of U on A.

There is a straightforward generalisation of a (left) module structure to a (left) connection, a notion with
respect to which module structures give the special cases of flat left connections. Since we will need explicit
details of this concept only for the ‘opposite’ notion of right bialgebroids (see below), we refer to Section
2.5.1.

2.3.2 The Monoidal Categories U-Comod and Comod-U

Likewise, similarly as for coalgebras, one may define comodules over bialgebroids. This section contains
some issues characteristic to the situation of bialgebroids.

Let U be a left bialgebroid over A with structure maps as above. For the following definition confer e.g.
[Schaul, B2, BrzWi].

2.3.2 Definition (i) A right U-comodule for a left bialgebroid U over A is a right comodule of the under-
lying A-coring (U, Ay, €), i.e. aright A-module N with action R, : (n,a) — na and aright A-module
map

NN - N®aU, n = n) DA N(1), (2.3.5)

where
N®aU:=N Q4 U/span{na®u7n®sfau |a € A},

satisfying the usual coassociativity and counitality axioms, i.e.,

(VA®id) A =(1d®A)A and R,(ild®e), A =id,
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respectively. For two right U-comodules N, N, the set of right U-comodule morphisms is given as
Comy (N, N') := {¢ € Hom(_ 4)(N,N')|[(¢ ®id) A = A},

and the corresponding category of right U-comodules and right U-comodule morphisms will be de-
noted Comod-U.

(ii) A left U-comodule for a left bialgebroid U over A is a left comodule of the underlying A-coring
(U, Ay, €), i.e. aleft A-module M with action L4 : (a,m) — am and a left A-module map

Ay :M—>U®asM, m = m—1) ®a M), (2.3.6)

where
U®a M :=U®; M/span{t‘au @ m —u®am | a € A},

satisfying the usual coassociativity and counitality axioms
(A ®@id)Ay = (id® Ay)A, and L,(d®e)A, =id.
For two left U-comodules M, M’, the set of left U-comodule morphisms is given as
Comy (M, M') := {¢p € Homa,_y(M,M")|(id ® ¥) Ay = Apr1p},

and the corresponding category of left U-comodules and left U-comodule morphisms will be denoted
U-Comod.

2.3.3 Examples (i) Obviously, the k-module U underlying a left bialgebroid is both a left and right U-
comodule through the left coproduct.

(@i ) In particular (and in contrast to the situation of U-modules), the base algebra A carries both right and
left coaction. Let o € G*U be a grouplike element. Then

Aa=t'(a)oc and A,a=s'(a)o, acAocGU, (2.3.7)
define a right and left U-comodule structure on A, which we shall refer to as induced by o.
Furthermore, on any right U-comodule one can additionally define a left A-action
an = n(o)e(n(l)tea), a€ AnéeN, (2.3.8)

being the unique action that turns /N into an A°-module and with respect to which ,A becomes an A°-module
morphism

AN = N x, U := {Znﬂ&qui EN@AU\Zani(@ui:Zm@uisem VYa € A} (2.3.9)

to the Takeuchi product of NV with U. That means, for a,b € A and n € N one obtains the identities

WA(anb) = () ®a tbnat'a, (23.10)
an) ®anay = np) ®anms a.
Analogous considerations hold for left U-comodules M: one has an additional right A-action
ma = e(m(,l)sza)m(o),

and as a result gets the coaction as an A°-module morphism into yet another Takeuchi product

Ay M —-UxaM:= {Zuié@AmiEU®AM|Zuitea®m¢:Zui®mia, Va € A},

hence satisfying the identities

Ay (amdb) = séam(,l)seb(@Am(o),

M-y @ameye = meptia®@am).
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One can then prove (see [B3, Thm. 3.18] and [Schaul, Prop. 5.6]) that, say, the category Comod-U of right
U-comodules is monoidal such that the forgetful functor Comod-U — (A°P)¢-Mod is monoidal (and
similar for U-Comod): for any two comodules N, N’ € Comod-U, their tensor product N ® 400 N is a
right U-comodule by means of the coaction

N®AN’A:N®AOP N/ — (N®AOP N/) ®A U7

2.3.11
n®@aoe 0 = Ny @ a0p ”20) ®a n(l)n’(l)7 ( )

where
N @400 N' := N @), N'/span{an @z n' —n®@,n'a|a € A} (2.3.12)

is a right A-module by (n ® 4o0 n')a = na ® 4o0 n’. The map y  n-A is easily checked to be well-defined.
Turning the tensor product around to avoid A°P, this appears to be equivalent to a right U-coaction

NoNA T N@a N = (N@aN')@aU, n@an’ — ng ®@angg @anqna,

but for technical reasons in later sections and also because it is the analogue to the form which is standard
for bialgebras we will prefer (2.3.11). All statements can also be made mutatis mutandis for the category
U-Comod.

2.4 Homological Coalgebra for Left Bialgebroid Comodules

In this section we discuss the notion of cotensor product with its derived functor Cotor for U-comodules.
This will be of importance for our cyclic (co)homology computations in Chapter 5 and 6. Here, the term
‘homological coalgebra’ [Do] refers to the corresponding standard notions for k-coalgebras (see also [EMo]),
which we transfer to the categories U-Comod and Comod-U for a left bialgebroid U.

2.4.1 Theorem Let U be a left bialgebroid. If ~U is flat over A, then the category Comod-U is abelian.
The same statement can be made about U-Comod if U 4 is flat.

PROOF: The theorem appears in [Ra] in the special situation U and A are commutative, but can be
generalised without major changes to the present situation: the proof relies entirely on standard arguments
from homological algebra, so we omit the details. O

2.4.2 Definition Let U be a left bialgebroid, and take M € U-Comod and N € Comod-U.
(i) The cotensor product of N and M over U is the A-module defined by the exact sequence

0—> NOgM —> N @, M X2 TdNeA o U @ M.

(ii) Consider the base algebra A as a right U-comodule as in (2.3.7). The subspace
ADyM ={me M | |Aym =0 @4 m} C M, (2.4.1)

where o € GU is a grouplike element, will be called the subspace of left bialgebroid (left) invariants
of M.

Form the terminology and (2.3.7) it is clear that one may analogously introduce left bialgebroid right invari-
ants on a right U-comodule N.

2.4.3 Lemma Let M, M' € U-Comod be left U-comodules, with ,M finitely generated projective over
A. In such a case

(i) Homg,_y(M, A) is a right U-comodule,

(ii) ComU(M, M’) = HOIIl(A’_)(]\f7 A)DUM,, e.g. COIHU(A,M/) = ADUM/.
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PROOF: Part (i): leteq, ..., e, be a generating set of M. Hence, there are elements e',...,e" in M* :=
Hom4,_y(M, A) such that each element m € M can be decomposed as m = »_" , €’(mn)e;. Now consider
the map

¢ :Homga _y(M, A) — Hom(a, _y(M, = U), f+— myes(idy @t f)Anr.

Using the isomorphism

¢ :Homy (M, = U) — (Homa (M, A) 4 @ = U, = Y €' @a1)(e;),

i=1

we obtain a map

At M* =Homa (M, A) — (Homa, (M, A)a® = U, fr—> e ®a(Cf)(e),

=1

and we claim that this defines a right U-coaction on M *, where Hom 4 _y (M, A) is seen as a right A-module
with action R4 : (f,a) — fain the standard way. One verifies counitality as follows. For f € M*, m € M,
applying the inverse €1 : (g ® u)(m) — g(m)u, we obtain

mp,(id®@e)Ay f = Z (e' ®a €lei—1))f(eio)( Z e' @a flei))(m) = f(m),

=1 =1

since M € U-Comod. Also, coassociativity is straightforward:

(A}(\/[ X ld)A}‘wf = Z ej ®A teei(ej(o))ej(_l) ®A tef<€i(0))€i(,1)

4,j=1

= Z e’ ®a €j(—1) ®A tef(ei(o))seei(ej(0))61‘(—1)

ij=1

=Y @ae; g, @atf((€'(ej0))e) )€ (€5 0))e) -1
ij=1
n

=D& ®aeiy @at'flejg)es
Jj=1

ldM* ®Ag ldM* ®mUOp)(ldM* Ridy @t f)(ldM* ®A]y[)(€] ®a 63)

bmﬁ

(ld ® Ag) Al f.

It remains to show the A-module morphism property. For a € A,

a) = Zei ®a t'(flei))a)ei—1)
=1
=> e @atlat(feio))ei—n) = fo) @ t'afq)

Part (ii) can be shown exactly as in [Ra, Lem. A.1.1.6]. O

As a consequence of part (if), that is,
AOyM ~ Comy (A, M) = {f € Hom,_)(A, M)|(id ® f)Aa = An f},

applying the isomorphism Hom4 (A, M) ~ M, f + f(14) =: m and using A, from (2.3.7) for a
grouplike element o € G*U, we obtain

c@am=(1d® f)As=Apf(la) = m(—1) ®a m) = Aym,

as before.
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2.4.4 Lemma Let I be an injective A-module. Then U ® 4 I is an injective (left) U-comodule; hence the
category of U-Comod has enough injectives.

PROOF:  Also this lemma is a generalisation of a result in [Ra] to noncommutative U and A, and the proof
can be taken over with only minor modifications. For a left A-module M with action L4 : (a,m) — am,
define a left U-coaction on U @4 M by Aygy = Ay ® idps. With Lemma 2.4.3(ii) we get for any N €
U-Comod an isomorphism

91H0r11(147_)(]\7,]\4)—>COII](](]\/v,U(X),q]\4)7 fi—>(1dU®f)AN

with inverse 071 : ¢ +— mp , (e®id )y for any 1 € Comy (N, U ®4 M). To show that U ® 4 I is injective
we need to show now that if P is a U-subcomodule of IV (i.e. both an A-submodule and a subcomodule in
the conventional sense), then ¢ € Comy (P, U ®4 I) extends to a map in Comy (N, U ®4 I). We have

COHIU(P,U@A I) ~ Hom(A7_)(P,I) C HOHI(A’_)(N,I) ~ ComH(N,U®A I)

as subgroups by injectivity of /. Since the category of left A-modules already has enough injectives, one can
therefore construct enough injectives in U-Comod as well. O

Now we are in a position to finally define the following derived functors, analogously as in [Do, EMo]:

2.4.5 Definition (i) For two left U-comodules M, M’ € U-Comod, the group Eth(M , M) is the i-th
right derived functor of Comy (M, M), as functor in M.

(ii) For M € U-Comod and N € Comod-U, the group Cotort; (N, M) is the i-th right derived functor
of Ny M, as functor in M.

As already mentioned, these notions will be used in Chapters 5 and 6.

2.5 Right Bialgebroids

In this section we proceed with the ingredients of a Hopf algebroid as mentioned in aspect (2) at the beginning
of this chapter.

If one wants to turn a bialgebra into a Hopf algebra, one needs to hunt for an antipode, i.e. for a k-
bialgebra morphism U — UZ, ) into the opposite and coopposite bialgebra. If one aims to naturally gener-
alise this idea to the case of (left) bialgebroids, one observes that the ‘opposite’ bialgebroid (see below) does
not fulfill the left bialgebroid axioms any more, but rather the ones of a ‘mirrored’, or opposite version of it,
i.e. of a right bialgebroid. These objects were introduced in [KSz] for the first time, confer also e.g. [B3] for
the subsequent definition.

Let B be a k-algebra. Similarly as for left bialgebroids, we consider a B°-ring V' given by an k-algebra
map 7y = 7 : B® — V with source and target maps s := 7(— ®; 1p) and ¢ := 7(1p ®) —). In contrast
to left bialgebroids, one now considers the right B°-module structure (v,b @y b) — un(b ®, b) on V, and
forms correspondingly the tensor product

V@BV .=V e, V/span{vn(b@p 1) @v —v@vn(1®kd) |be B, v,v' €V}

2.5.1
=V @ V/span{vs(b) ® v' —v @ v't(b) | b € B, v,v' € V}. @>.1)

Again, V ® V becomes a (B, B)-bimodule in a standard way (see (A.1.1)), that is (b,v ®F ¢/, b) —
vt(b) @B v'5(b), and as before, V ® V does not carry a well-defined algebra structure. One correspondingly
introduces the (right) Takeuchi product of V with itself, i.e. the & submodule V @2 V C V xB V given by

VxBV .= {Zvl 2Pl c VBV | Zs(b)vi @F v = Zvi 2P t(b)v!, Wb €},

and one easily verifies that now this is a B®-ring via factorwise multiplication, with unit element 1 ®F 1y
and 1)y 5y (b @ b) = t(b) ©F 5(b).

2.5.1 Definition A right B-bialgebroid or x B-bialgebra is a k-module V which carries simultaneously the
structure of a B®-ring (V, s",t") and a B-coring (V, A,., 9), subject to the following compatibility axioms:
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(i) The (B, B)-bimodule structure in the B-coring is related to the B®-ring (V, s",t") by
brv<b:=vs"(D)t"(b) =vn"(b®b), bbeB,veV, (25.2)
and we refer to this structure as , V. In particular, we write Ve ® ,V :=V @8 V.

(ii) Considering the bimodule , V, the (right) coproduct A, is a (unital) k-algebra morphism taking
values in V x B V.

(iii) Forallb,b € B, v,v’ € V, the (right) counit has the property

A(vn"(b® b)) =bA(v)b and A(vv') = A(s" (dv)v') = (L (dv)v'). (2.5.3)

For the right coproduct, we will use the Sweedler notation A,.v = v() ®F () with upper indices so as not
to confuse it with the left coproduct for objects that carry both structures. Here V' clearly acts on its base
algebra B from the right in a canonical way, namely

bv := 9(s"(b)v) = d(t"(b)v), be B,veV, (2.54)
where the remaining two B-module structures . V_, given by
bev<b:=n"(b®bv = s"(b)t"(b)v, (2.5.5)
appear. Similarly as for left bialgebroids, one has
Ash=1&" s'b, Ath=tb P 1, forb € B,
as well as
A (brv<b) = (br D)@ (0P «b), Ap(bev<d) = (Y <b)F (be0?),
and the comonoid identities in this case read
my (idy ® s'0)A, = myor (0 ® idy)A, = idy, (2.5.6)
that is, using the Sweedler notation for the right coproduct, we have
oW gm0 = @9 = idy,, veV.

2.5.2Remarks (i) The ‘opposite’ of a left bialgebroid U = (U, A, s*,t!, Ay, €) is defined as U°P :=
(U°P, A, t%, s, Ay, €). This can be shown to be a right bialgebroid, whereas its ‘coopposite’ given by
Ucoop 1= (U, AP, ¢, 5%, A°P ) with A}°P seenasamap U — U ® 400 U<, h > U2y @ g00 (1)
remains a left bialgebroid. Note that in both cases source and target map interchange their roles. In

total, the object U, will be a right bialgebroid, as announced above.

(i) The idea of a right bialgebroid for the first time seems to appear in [KSz]. The necessity of such
an analogous bialgebroid structure with some sort of ‘opposite’ properties became clear to us while
considering Lie-Rinehart homology and attempting to introducing antipodes for (the left bialgebroid
associated to) a Lie-Rinehart algebra; see below.

(iii) One may be tempted to think that the concepts of left and right counits coincide whenever the base
algebra is commutative. This is, however, not the case, not even if source and target map are equal or
trivial (in a context-determined sense), as the following examples will reveal.

2.5.1 Right Bialgebroid Connections

2.5.3 The Monoidal Category Mod-V Of course, all concepts from Sections 2.3 and 2.4 dealing with
bialgebroid modules and comodules could be repeated applying all statements to the opposite A°-ring. We
will refrain from doing so in detail and rather refer to [B3]. However, for later use, let us explicitly mention
that any NV in the category Mod-V of right V-modules for a right bialgebroid V' carries its induced right
B¢-structure by

bnb := ns"bt"b, ne N,b,be B.
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The category Mod-V acquires a monoidal structure by deploying the right coproduct, i.e., for N, N’ €
Mod-V, their tensor product over B is in Mlod-V, with right V-action

(n®@pn)v:=nm® @pnv®, neN,n e N ,veV.
Similarly as before, one also has B € Mod-V, with right V-action
bv := 9(s"bv) = O(t"bv), beB,veV,
and the Leibniz rule this time reads
(bb)v = (bvM) (bv?), bbe B, veV.

One may also vary the notion of a right V-module: consider e.g. a B®-module N and define a right V-
action on N such that the induced B°®-module structure coincides with the a priori given one. For example, B
itself already carries a natural B®-module structure (by left and right multiplication) and one may try to find
a right V-module structure on it which does not originate from the right counit 0. For certain modules N,
we will come back to a situation like that in Section 4.7. Starting at this point, one also may introduce right
V -connections, which are called flat if they specialise with right VV-module structures. We will encounter
these constructions again e.g. in Proposition 3.1.14 and Section 4.2.

2.5.4 Definition Let N be a B°-module. A right V-connection on N is a map
V" : N — Homp p)(»Va ,N),

such that the Leibniz rule

Vi(nb) = Vi,n, Vi(bn) = Vig,mn, veV,neNbeB (2.5.7)
holds. A right V-connection is called flat if V[V, = V7, forallv,v’ € U.
One easily verifies that

Vi (nb) = (V;<1)n)88rbv(2), Vi (bm) = 8(trbv(1))(vz(2)m).
Hence for a primitive element Y € P"U one obtains the more familiar formulae
Vi (nb) = n(bY) + (Vyn)b, Vi (bn) =bVyn + (bY)n, (2.5.8)

where, as in (2.5.4), we denoted the canonical right V-action on B by bY = 9(s"(b)Y) = 9(t"(D)Y).

2.5.5 In the particular case N = B, where B carries the natural right B°-module structure by multiplication,
evaluating a right connection on 15 € B defines a k-linear operator D € Hom (g py(»U <, B) by

D":V—-B, v—V]lg.
If the connection is flat, we have for all v,v' € V
DT-('UU/) == vzvllB == VZ,Vz)lB = V:;/DT'U
frd vg%(Drv)v/ ].B = VIT(DT’U)’U, 1B (259)
= D"(s"(D"v)v') = D" (t"(D"v)v"),

which is the property (2.5.3) of a right counit. In the terminology of [B3], amap V' — B with such a property
is called a right character for the B-rings (V, s") and (V,t"), respectively.

2.6 Hopf Algebroids

As intimated at the beginning of this chapter, a Hopf algebroid is simultaneously both a left and a right bial-
gebroid, with an antipode intertwining these structures. The following definition is due to Bohm-Szlachanyi
[BSz2, B1], cf. in particular [B3].
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2.6.1 Definition Let A, B be two k-algebras and H a k-module. A (double-sided) Hopf algebroid structure
on H consists of

(1) aleft bialgebroid structure (H, A, s*,t, Ay, €) on H over A,

(2) a right bialgebroid structure (H, B, s",t", A,.,d) on H over B, such that the underlying k-algebra
structure on H is the same as in (1),

(3) ak-module map S: H — H.
These structures are subject to the following compatibility axioms:

@)

stet” =17, tles" =", sTott =t', t79s' = s, (2.6.1)

(ii) Twisted coassociativity holds, that is to say

(Ag ® idH)AT = (idH X AT)Ag and (AT ® idH)Ag = (idH ® AZ)AT- (2.6.2)

(iii)
S(t‘aht) = s"bShs‘a ac A, be B, he H. (2.6.3)

@)
my(S®aidy)Ar=5"0 and mpy(idy ®F SA, = sle. (2.6.4)

We call S the antipode of the Hopf algebroid.

If particular reference is needed, we will denote the underlying left and right bialgebroid structures of a Hopf
algebroid H by H® and H", respectively.

2.6.2 Remarks (i) Applying O to the first two and € to the second pair of identities in (2.6.1), one obtains
that A and B are anti-isomorphic, i.e.,

pi=0st: A =, B, wli=e":B = A°P,

' ~ ) ~ (2.6.5)

v:=0t": A — B°P, vi=es": B — A

Hence the ranges of s and t" as well as s” and ¢, respectively, are coinciding subalgebras in H.

(it) In particular, (i) implies that A, behaves as follows with respect to the B°-bimodule structure men-
tioned in (2.5.2) and (2.5.5). For h € H, b,b € B,

Ag(brh<b) = (b»h)) ®a (h)b), 2.66)
Ag(b>h<1b) = (h(l) <1b) ®A (b|> h(g))

Likewise for A, with respect to (2.1.3) and (2.1.5): for h € H, a,a € A one has
Ar(azh=a) = (a=hM)@" (W <a), (2.6.7)
Ay(avh<a) = (MY <a)®F (a» h?). e

Introducing a (B, B)-bimodule structure on H @4 H by (b,h @4 h',b) — (b» h) @4 (k' «b) and an
(A, A)-bimodule structure on H @2 H by (a,h ®4 h',a) — (a=h) @ (k' <a), the respective first
equations in (2.6.6) and (2.6.7) say that A, is also a (B, B)-bimodule morphism, while A,. is also an
(A, A)-bimodule morphism. This observation makes axiom (ii) meaningful, the first identity of which
can be expressed as follows,

A id A,
H——"">Ho,H " Hou (HeP H)

X\ l’v
A,®id
HeB H——" > (H®, H)®5 H,

and likewise for the second identity. As follows from Example 2.3.3(i), the underlying left bialgebroid
H* of H determines both left and right coactions via A,; the same is true for the underlying right
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bialgebroid H" of H with respect to A,.. Hence in total there are four bialgebroid coactions on H, and
twisted coassociativity states that they all commute with each other. This can be expressed by saying
that the k-module H is both an H?-H"-bicomodule and an H"-H*-bicomodule. For future use, let us
mention that twisted coassociativity immediately leads to its ‘higher’ version,

(A7 @idg™)ATr = (dy" © A7)A} (2.68)
(A7 @idgMAy = (idy" @ AT)AT -

forn,m € N.

(iii) The axiom (iii) may be expressed by saying that the map .S is a morphism of twisted bimodules. That is,
it intertwines the left A°-module structure (2.1.3) on H! with the right one from (2.1.5), as a morphism
HY, — HY. This is worth mentioning, because (2.1.5) does not explicitly appear in the axioms of
a left bialgebroid. Similarly, it links the right and left B°-module structures (2.5.2) and (2.5.5) of the
right bialgebroid H", i.e., it is a morphism » H" — ~H".

(iv) The left hand side of the first equation in (2.6.4) is a composition of maps

S®idy

H-2 H.@.H He® o H-"> H, (2.6.9)

where H 4 ® - H = H ®4 H is given as in (2.1.1), whereas
He® H=H®y H/span{hs‘a®@h' —h® s'ah’ |a € A, b, € H}

is in a sense the tensor product naturally associated to the A-ring (H, %), and m is to be understood
the multiplication in this ring. The composition (2.6.9) is well-defined due to (iii), and a similar
consideration holds for the second equation in (2.6.4). Observe that in this second case m g refers to
multiplication in the B-ring (H, s"), despite of the identical notation.

At the latest at this point one recognises the need for two kinds of Sweedler notations. Using lower
indices for the left and upper ones for the right coproduct, (2.6.4) reads

Sh(yhez) = s"0h and hMSh®) = steh, h e H.
(v) Although not explicitly required in the definition, we will usually assume S to be invertible.

2.6.3 Examples For examples one may jump directly to Chapter 4.

See also [BSz2, B1] for further details on Hopf algebroids, discussion, and many examples, and [B3] for
a comparison with alternative notions.

The fact that the antipode of a Hopf algebra is an anti-homomorphism for the algebra structure and an
anti-cohomomorphism for the coalgebra structure has the following counterpart in the bialgebroid framework
[BSz2, B3].

2.6.4 Proposition Let H be a Hopf algebroid with structure maps as before.

(i) The antipode S is a homomorphism of both A°-rings (H,s’,t*) — (H°P,s"u,t" ) and B®-rings
(H,s",t") — (H°P,s‘v=1 t‘v~1), where the isomorphisms from (2.6.5) were used. In particular, S
is an k-algebra morphism H — H°P.

(ii) Likewise, S is a cohomomorphism of A-corings (H, Ay, €) — (H, AP 1v=19) as well as of B-
corings (H,A,,d) — (H, AP, ue), where AP jsamap H — H @8 H .= yH® Hq =~
H @4 H by means of v, and A}°* : H — H @ g0 H := - H® Ha ~ H ®P H via p.

In particular, if H and H" denote the underlying left and right bialgebroids of H, respectively, the pair
(S,8s") is a morphism H* — (H")2,, of left bialgebroids and (S, es") is a morphism H" — (H*)2b, . of
right bialgebroids.

2.6.5 Remark (i) If the antipode is invertible, one can make an analogous statement about S—!, cf. [BI,
BSz2]. Moreover, using (i) of the preceding proposition, one may now consider .S both as an (4, A)-
bimodule morphism » H’. — ~ H’< and a (B, B)-bimodule morphism » H" o — ~H"« .
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(ii) We want to stress here that .S being an algebra anti-homomorphism is a consequence of the antipode
axioms in Definition 2.6.1 and also that the antipode is unique [B1] (if it exists), provided left and right
bialgebroid structures were given.

(iii ) If S% =id, one obtains ;. =v and hence a canonical identification of A°P with B.
Define the maps

S :Ho @4 oH — He @P vH, h@ah' +— SK @B Sh
S8, He @ vH — Ha ®4:H, h@BKW +— Sh®4Sh,

where the tensor products (2.1.1) and (2.5.1) are used. These maps also have ‘higher’ analogues for n factors,
consisting in totally reversing the order followed by applying the antipode. The preceding proposition can
then be given as a table by (ignore the right hand side if the antipode is not invertible):

s"9st = St sles” = Ss" sTott=8"1gt sletr=S"1s"
trost = Stt tles” = St" trott =851t tletr =S~ 1tr (2.6.10)
Oste=0S es"0=¢€S Otle=085"1 et"d=eS™! o

SN =AS SBA =AS (SB)A=ASTt (ST A =ASTL

We now collect a list of basic technical identities involving the antipode (which can be ignored on a first
reading; again, ignore the last three lines if the antipode is not invertible).

2.6.6 Lemma For a Hopf algebroid H with the above structure maps, the following identities hold.

my(S®ste)Ay = S, mp(s"0® S)A, = S,
mHop(S2 ® t€€S2)Ae = SQ, mHop(traSQ ® 52)Ar = S2,
mHop(52 & S)Ag = trc3‘52, mHup(S@) SQ)AT = tEESQ,
(2.6.11)
mHop(idH X Sil)Ag = tra, mHop(571 X ldH)Ar = tEE,
mHop(tee@) Sil)Ag = Sil, mHop(S71 ®tr8)Ar = Sil,
mu (S~ ®S72)A, = 5790572, my(S72® S HA, = s'eS72.

Here m o is the multiplication in the opposite ring of H.

PrROOF:  All identities follow from a straightforward computation using (2.6.10), (2.6.4) as well as the
comonoid identities (2.1.8) and (2.5.6). As an example, we prove

Mpor (S™1 @ tO)A, = my(t"0S @ idy)AS™1
= my(t"9s'e @idy)AyS™!
=mp(ste®idy)AS™! = S~

2.6.7 Remarks (i) For the identities given in the preceding lemma, the same comment applies we made
in Remark 2.6.2(iv): strictly speaking, the operations my and mgep refer to multiplication in one of
the various underlying ring structures. For example, the left hand side of m o (S™! @ idy)A, = t'e
can be decomposed as

ST'Ridy mrop

H$H<®>H4>H<®>HHH7
where H< ® » H = H ®P H is given as in (2.5.1), whereas
H. ® »H=H®y H/span{t"(b)h @ k' —h @ h't"(b) | b € B, h,h' € H}

is the tensor product naturally associated to the B°P-ring (H,t"), and mpgop is to be understood as
multiplication in this ring.
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(i) If (S,mg) is a k-algebra and (C,A.) a k-coalgebra for some commutative ring k, the space
Homyg (C, S) can be given a k-algebra structure by means of the convolution product (f * f') =
ms(f @ f)Ac for f, f' € Homy(C, S) (see e.g. [Str]. We do not address the question in detail how
this can be transferred to the case of monoids and comonoids in bimodule categories (see, however,
[B3, Section 4.5.2]), but the first line of equalities in the preceding Lemma reflects that € and O are
counits, that is, units in some generalised convolution algebra. However, in the first equation S is seen
as an (A, A)-bimodule map on » H’. , whereas ¢ is an (A, A)-bimodule map with respect to ~ H*.
(cf. (2.1.3) and (2.1.5) for the notation). This gives a hint why ¢ is only a ‘right unit’ for S'; analogously
in the second case, S is an (B, B)-bimodule map on » H"4 and d on » H" ¢ (cf. (2.5.2) and (2.5.5)
for the notation). In these terms, also (2.6.4) can be reformulated saying that S is a convolution inverse
to id g, but from left and right in two different ways (involving different coalgebra structures and over
two different base algebras). As a consequence and in contrast to Hopf algebras, in general there is no
information for terms of the form, say, h1)Sh(s) or Shp2),

2.6.8 Alternative Formulation Evidently, constructing a Hopf algebroid by left and right bialgebroid struc-
tures plus an antipode leads to some redundancy. Alternatively, one may start with a left bialgebroid
(U, A, s*,t*, Ay, €) only, plus a bijective anti-algebra isomorphism S : U — U subject to

i) Stt = st,
(i) my(S ®idy)A, = theS,
(iii) S§PAS™ = (S45")1ALS
(i) (Ar®idg)ST2AS™ = (ST2AS™! @ idm) Ay
It then follows from Proposition 2.6.4 that (up to a trivial bialgebroid isomorphism) the set
(H,B,Ss'v=!, st S§2A4571, veS™1)

constitutes a right bialgebroid (where v : A°? — B is an arbitrary isomorphism). Together with the given
data of a left bialgebroid and the map S this yields a Hopf algebroid, as in Definition 2.6.1. However, for an
arbitrary isomorphism p : A°? — B, also

(H, B, t'u=", S 0" (SB,) T ALS, peS),

fulfills the requirements; see [BSz2, Prop. 4.2] for yet another formulations of Hopf algebroids in this sense,
and their mutual equivalence. However, in our opinion the version cited here serves best for maintaining a
certain transparency in Hopf-cyclic (co)homology.

We already mentioned that if left and right bialgebroid structures are given, the antipode is unique if
it exists. However, in case that only a left bialgebroid structure is given, there is a certain ambiguity in
the choice of the antipode (which corresponds to the choice of certain connections in Section 4.2). This is
different from what is known for (weak) Hopf algebras and is also reflected in the following definition, which
allows Hopf algebroid isomorphisms that ‘ignore’ the antipode.

2.6.9 Definition A Hopf algebroid (iso)morphism (H,S) — (H’,S’) is an (iso)morphism (¢, ) of the
underlying left bialgebroid structure. It is called strict if 1) commutes with the respective antipodes, that is,

S'p = ¥S.

2.6.10 Primitive Elements Formally, a Hopf algebroid has two kinds of primitive elements (cf. §2.1.5) with
respect to Ay and A,., denoted P*H and P"H. We have

SX = —-X+4+590X VXeP'H (2.6.12)
SX' = —X'4+s%X' VvX'eP'H, (2.6.13)

since P" H is generally not contained in ker ¢, and P*H is not in ker 0 either, again in contrast to the case of
Hopf algebras.
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2.6.11 Grouplike Elements Similarly, one has two kinds of grouplike elements (cf. §2.1.5) for H with
respect to the two underlying bialgebroids, denoted by G*H and G™ H. These may be called left and right
grouplike, respectively. Proposition 2.6.4 then entails

c€G'H < SoeG"H.

However, only the set GH := G*H N G" H forms a group.

2.6.12 Proposition The sets G'U and G™V for left and right bialgebroids U and V, respectively, are multi-
plicative monoids with unit 1y and 1y, respectively. If H is a Hopf algebroid, only an element o that is both
left and right grouplike has (two-sided) inverse So, hence the set GH = G*H N G" H is a group.

Compare, however, the notions of weakly grouplike elements in [Mr¢2] and groupoidlike elements in
[Kap].

2.6.13 Comparison with Alternative Definitions

(i) In [Lu], a Hopf algebroid is defined to be a certain ‘bialgebroid’ with a concept of an antipode plus
some extra data. The definition of a bialgebroid in [Lu] appears almost identical to the one we use
here, the only difference being that the axiom (2.1.4) is replaced by asking ker e to be a left ideal
in H. However, this last statement can be shown [BrzMi] to be equivalent to (2.1.4). Next, such a
bialgebroid (H, A, s, t, A, €) is equipped with an anti-algebra homomorphism S : H — H, subject to
the properties

(a) St =s,
(b) mH(S ® idH)A = teS,

() my(idy ® S)yYA = se, where a section v : H ® 4 H — H ® H of the natural projection
H ® H — H ®4 H is required to give a meaning to this identity,

is called a Hopf algebroid in [Lu].

(ii) In [KhR3] a Hopf algebroid (baptised ‘para-Hopf algebroid’ there) consists of a sextuple
(H, A, s,t, A e) fulfilling the left bialgebroid axioms we use here, again without (2.1.4). Furthermore,
one requires amap 7' : H — H obeying the conditions

(@) T : H — H is an anti-algebra homomorphism,
(b) Tt = s,
(c) mH(T X ldH)A = tel’,

(d) T? = idp, implying however [KhR3, Lem. 2.1] the ‘missing’ condition (2.1.4), i.e., e(h'h) =
e(h's(h)) = e(h't(h)),

(e)
(Th(l))(l)h(g) ®A (Th(l))(g) =1®4 Th. (2.6.14)

Compared to the formulation in §2.6.8, the notion of Hopf algebroid as given in (i) above has the obvious
handicap that the additional antipode axiom (i)(c) requires a section v of the natural projection H ®; H —
H. ®4 H, which does not come into play quite naturally and seems to be deprived of any geometrical
meaning or justification; see [BSz2, KSz, B1] for a discussion of this complex of problems for bialgebroids
associated to a depth-2 Frobenius extension of rings. There, the authors also give an example of Hopf
algebroid which is not a Hopf algebroid in the sense of point (i) above. Finally, as observed in [KhR3], this
approach does not seem to be suitable for defining (Hopf-)cyclic cohomology. As for the second approach
(point (ii) above), it was shown in [BSz2] to be contained in the concept we use here (for an invertible
antipode), but, as we think, also has certain disadvantages in dealing with Hopf-cyclic homology; see §5.2.12
for a discussion.

2.6.14 Hopf Algebroids versus Left Hopf Algebroids For a Hopf algebroid H with structure maps as
before, one checks that [BSz2]

BHh@aN)=hy @aor hoh' = K@ 400 SHP R/, (2.6.15)
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is an inverse of the Hopf-Galois map (2.2.1). Hence every (Bohm-Szlachdnyi-)Hopf algebroid is a left Hopf
algebroid over A (cf. Definition 2.2.1). However, the opposite implication is not true, as we will show in
Example 4.2.13: this answers a question posed in [B3] whether every left Hopf algebroid over A is the
constituent left bialgebroid in a Hopf algebroid.

As the reader may expect, the Hopf-Galois map (2.2.1) is not the only possibility of such a kind, given the
abundance of tensor products in this context. Indeed, in [BSz2, Prop. 4.2] a Hopf algebroid with invertible
antipode is equivalently characterised as follows: a pair of a left bialgebroid over A and a right bialgebroid
over B ~ A°P, subject to (2.6.1) and (2.6.2), such that not only (2.2.1) is bijective, but also the map

o UQpr U 2 Us ®4 U, u®Aopv|—>v(1)u®A U(2)- (2.6.16)

For a Hopf algebroid with invertible antipode, the inverse a !

S_l(U(l))’LL ®A01> ’U(2).

However, both 3 and « use the left coproduct of the underlying left bialgebroid. We expect that one
can equivalently characterise a Hopf algebroid by 3 and a Hopf-Galois map o’ which rather uses some right
coproduct. More precisely, a left Hopf algebroid and a right Hopf algebroid (subject to some compatibility
conditions) should determine a (double-sided) Hopf algebroid: hence our new terminology for x 4-Hopf
algebras.

is in this case given by u ®4 v +—



Chapter 3

Constructions

3.1 Left and Right Duals of Bialgebroids

The main result in this section is to show that the classical correspondence between modules and comodules
for algebras and their Hom-duals extends to more possibilities when considering bialgebroids, as we show
in Theorem 3.1.11 and Proposition 3.1.9. This is a consequence of the fact that each left bialgebroid comes
equipped with rwo natural duals. Both of them can be given—under certain projectivity assumptions—a right
bialgebroid structure [KSz, Propositions 2.5 and 2.6], as we recall below, cf. §3.1.6.

Recall that the notion of Hopf algebra is self-dual [Sw1], so if one can define a dual of H (which is e.g.
always possible if H is finite-dimensional, for k a field), then it is automatically a Hopf algebra. However,
this is not necessarily the case for Hopf algebroids, for which duality is in fact considerably more intricate
(see [BSz2]), which is why we do not treat this complex of problems here. Nevertheless, we conclude this
section by an analogue of the classical statement that a character on a Hopf algebra correspond to a grouplike
element on its dual (see Proposition 3.1.14).

Since any bialgebroid carries four natural A-module structures, we often take the liberty of somewhat
redundantly indicating the module structure in question in the hope of increasing clarity. For further notation
see the conventions on page 9 at the end of the Introduction as well as §A.1.1 for standard constructions on
bimodules (implicitly used in the following).

3.1.1 Definition Let U be a left bialgebroid with structure maps as before.

(i) The left dual of U is the space

U, :=Homs, (oU, 44) = {¢: U — A| ¢(s'au) = ap(u),Y a € A,u € U}.

(ii) The right dual of U is the space
U* :=Hom_ 4)(Uq,As) ={: U — A Y(tau) = Y(u)a,Ya € A,u € U}.
3.1.2 Notation We write ¢(u) =: (¢, u) for ¢ € U,, u € U, and also ¥ (u) =: (¢,u) for ¢ € U,, u € U,
whenever we think that this may increase clarity.

Before we proceed, we will explain how these duals can be made into bialgebroids, following [KSz].
To this end, we give the details of their ring structures, their various A-modules structures and their coring
structures.

3.1.3 Ring Structures on U, and U* We recall from [KSz] that both duals can be equipped with a product
structure:

(i) ‘Target’ transposing of the comonoid structure of U yields the following monoid structure my;, on U,
with the (two-sided) unit e:

my, (¢ ® ¢')(u) = (¢¢')(u) = ¢’ (myer (id @ t°9) Au), (3.1.1)
where ¢, ¢’ € Uy, u € U.

43
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(ii) ‘Source’ transposing of the comonoid structure of U yields the following monoid structure my« on
U* with the (two-sided) unit e:

my- (¥ @ ¢')(u) = (Yy') (u) := ¢’ (mo (s"d @ id) Agu), (3.1.2)

where ¢, € U*, u e U.

3.1.4 Remark There are some subtleties attached to the fact that my, and my;, are well-defined as maps act-
ing on a certain tensor product of the (left or right) dual with itself. We refer to the proof of Proposition 3.1.9
for the technical details, and in particular to (3.1.16)—(3.1.19) and (3.1.24)—(3.1.26) for further explanation
why these ring structures make sense.

3.1.5 A-Module Structures on Left and Right Duals

Beyond the product structure on the duals, we also want them to become A®-rings, hence we equip them
with source and target maps. As a straightforward consequence of how Hom-spaces of bimodules become
(bi)modules again (cf. §A.1.1), left and right duals carry four A-module structures each:

(i) In case of the left dual U,, one encounters the following four situations. Let u € U, ¢ € U, and
a€A.

(a) The left dual source map s, is defined as
st AU, a— et (a))) =e()a. (3.1.3)
Asin (2.5.2), write ¢s%(a) =: ¢ «a. Then (¢ «a)(u) = (¢st(a))(u) = ¢(u)a, and this is the A-

module structure that arises from the pair (.U, 4A,) of A-(bi)modules, cf. §A.1.1. Analogously
to §A.1.1, we denote this situation by (LU, 44,) = U. .

(b) The left dual target map t7, is defined as
A= U, a— e(()t"a)). (3.1.4)

As in (2.5.2), write ¢t"(a) =: a» ¢. Hence (a» ¢)(u) = (¢t7(a))(u) = ¢(us’a), and this
corresponds to the situation (.U, , 44) = ,U..

© (» oU, 4A) = U, <. given by (¢ sa)(u) := d(ut’a) = (t;(a)9)(w).
@ (=Us, 4A) = oUs, given by (a=¢)(u) == ¢(t'au) = (s}(a)9)(u).

(i1) In case of the right dual U™, things read as follows. Letuw € U, 1y € U* and a € A.
(a) Define the right dual source map s by
i A= U, arse(()s(a)), (3.1.5)

and write 1s*(a) =: 1 «<a. Hence (1) <a)(u) = (¥s:(a))(u) = ¥ (uta), corresponding to the
situation (, Uy, As) = U* «.

(b) Define the right dual target map t; by
th: A= U, a— e(s'(a)(-) = ae("), (3.1.6)

and write ¥t¥(a) =: a». Hence (a»¢)(u) = (Yti(a))(u) = ay(u), corresponding to
(Ua, 4JAy) = U

(© (Us, <, A4) = U*, given by (a=1)(u) i= (s3(a))(u) = ¥(us‘a).

@) (2Ua, Ax) = U* =, given by (1 <a)(u) i= (£2(a)8)(u) = (s au).

3.1.6 Right Bialgebroid Structures on U, and U* We recall from [KSz] how the left and right dual can
both be made into a right bialgebroid:
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()

(i)

If - U is finitely generated projective over A, the left dual U, can be given the structure of a right
bialgebroid over A, = A with the following structure maps: the A°-ring structure is determined by
the product (3.1.1) and source and target are as in (3.1.3), (3.1.4). The A-coring structure (U,, AL, 0,)
is given by the following (right) coproduct and (right) counit:

AL U, — Homy ) (6 (U« ® 2U),44), ¢ = {u@su — dp(uu')},

0, U, — A, ' d(1y). 3.1.7)

To see that A7 is really a right coproduct, i.e. amap U — U,  ® » U, where U,  ® » U, is defined
with respect to (3.1.3) and (3.1.4), we will rewrite it in a different way that is also more convenient
for our following considerations: by projectivity of .U, elements in U can be decomposed according
to §A.1.2 as u = Y, s*(e'(u))e;, where {e;}1<i<n € U, {€'}1<i<n € Us is a dual basis of ~U.
Furthermore, introduce the following left U-module structures on U.,:

(u— ¢)(u) :=d(u'v)  foru,u’ €U, ¢ €U.. (3.1.8)
Using the fact that U, « ® »U, — Homs,_)(=(U« ® 2U), 4A), given by

(6" ¢)(u®au) := ¢/ (us'(ou),
is an isomorphism because of the projectivity of U (see [KSz] for a proof, or our similar considerations
in the proof of Proposition 3.1.9), one may write

(ALd)(u,u') = dlun) = Zsb(useei(U')ei) = (e — ¢)(us'e' ().

K2

Hence instead of (3.1.7), for the right coproduct and right counit one finds the more systematic form

A::U*HU*<®A> * ¢#—>Zl62®(61*/¢),

0. U, — A, 6 6(1y). G-19)

Likewise, if U< is finitely generated projective over A, the right dual U* is a right bialgebroid as
well over the same base A* = A. The A°-ring structure is defined by the product (3.1.2) and source
and target as in (3.1.5), (3.1.6). The A-coring structure (U*, A%, 9*) is given by the following (right)
coproduct and (right) counit:

Ay U — Hom— 4y (U< @ »U) ., An), P {u®au — plun)},

o* U*— A, Y= P(ly).

Again, by projectivity of U4 we may rewrite this, decomposing elements in U4 as v =
> (7 (v) f, where {fi}1<j<m € U, {f7}1<j<m € U™ is a dual basis for U<. With the left
U-action on U* given by

(u—=Y)() :=yu)  foruu' €U, el (3.1.10)
and the isomorphism U* « ® »U* — Hom(_ 4)((U< ® »U) _, A4) given by
(¥ @ ) (u@a ) = P(ut’ (Y'u)),

where U* « ® » U™ is defined with respect to (3.1.5) and (3.1.6), we have the following expressions
for the right coproduct and the right counit:

A:ZU*HU*<®>U*, wHZj(fjéw)Q@Afj?

o* 1 U* — A, ¥ p(1p). G.1.11)

3.1.7 Remark Under analogous assumptions, a right bialgebroid has two duals as well, which can be made
into left bialgebroids.

3.1.8 Module-Comodule Correspondence Classically [AW, Cart], if U happens to be a finite dimensional
algebra over a field k& and DU := Homy (U, k) is its dual (carrying the structure of a coassociative coalge-
bra [Swl, 1.1.2]), right DU-modules naturally correspond to left U-comodules, i.e., one has a categorical
equivalence

Mod-DU ~ U-Comod.

The situation in the bialgebroid context is richer, as summarised by the main result of this section, Theorem
3.1.11 below. The following proposition explains how module and comodule structures imply each other.
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3.1.9 Proposition Let U be a left bialgebroid, as above.

@)

(i)

Given a right U-comodule N € Comod-U with coaction \A : N — N @4 U, n +— n@)y ®a n),
the assignment
uY : Ne@U, — N, n®A¢l—>n(o)¢(n(1)) 3.1.12)

defines a right U,-module structure on N. Conversely, for each right U,-module M with U,-action
(m, @) — ma, the assignment

MA(M) (@) =md Yme M, ¢ € U, (3.1.13)

defines a map ;A : M — Hom(_ 4y(U., M), and if .U is finitely generated projective over A, this
yields a right U-comodule structure ,,A : M — M ®4 U on M. In particular, these processes of
assigning modules and comodules are inverse to each other.

Similarly, given a left U-comodule N with coaction Ay : N — U ®4 N, n — n(-1) ®4 N, the
assignment
wy : NeU* — N, n®A1/J»—>w(n(_1))n(0) 3.1.14)

defines a right U*-module structure on N. Conversely, for each right U*-module M with U*-action
(m, 1)) — map, the assignment

Ay (m)(@W) :=map ¥m e M, € U*, (3.1.15)

defines a map A,, : M — Hom4 _y(U*, M), and if U< is finitely generated projective over A,
this yields a left U-comodule structure A,, : M — U ® 4 M on M. Again, these two processes of
assigning modules and comodules are inverse to each other.

3.1.10 Remark This result is not totally obvious since the category of (A, A)-bimodules is not symmetric
and even if A is commutative, parts (i) and (if) will be distinguished by both the facts that source and target
maps do not need to coincide, and in any case do not necessarily map into the centre of U.

PROOF: To check the respective comodule identities, one expresses the comonoid structure on U in terms of
the monoid structures on U, and U™ to obtain (3.1.13) and (3.1.15), similar to [KSz], but in a sense dualised
again (we give all details only in case of the left dual, inasmuch this case is less expected, and leave the
rigorous elaboration of the second one to the reader).

(@)

To prove the first statement, we need to show that pY (idy ® my,) = pd (u) ® idy, ), where my, is
as in (3.1.1). One has
p (idy @ my, ) (n @4 ¢ @ ¢') = no) (¢, n(1))
= n(0) (@, t°((¢,12)))n(1)) = (1(0)2(n(1))) 0y (¢, (n0)(8:11)) (1)
= pl (u ®idy,)(n®a ¢ @ ¢') = 1oy (¢, t ({6, n(2)))n1)),
since N is assumed to be a right U/-comodule. Hence the two expressions coincide.
For the second claim, consider the (A, A)-bimodule ~U,4 (‘source-source’). The corresponding
tensor product U, 44U, :=U,« ® U, carries an (A, A)-bimodule structure in the standard way,
given by (U, @4 U,) « =oUs ®4U, « . Assuming that _U is finitely generated A-projective with
dual basis {e; }1<i<n € U, {€'}1<i<n € U, as before, the map
U®aU — Hom_ (U, @ U, , Aa),
u@au = (p@% ¢ — ¢ (t(gu)u) = (¢t (9, u))u))

is an isomorphism. Its inverse is determined by calculating

(3.1.16)

u@au = Zu @4 st (el (u)))e;

=D el W)usaei =3 s (e (e u)u))e; @a e

.3
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Hence the inverse can be expressed as

B XS0 0 ey e
]

Now for each u € U the map
¢ @ ¢ = (69, u) (3.1.17)

lies in Hom(_ 4)((U. ®* U.), , Aa), as follows from §3.1.5(i)(a) and the relation of the monoid
structure on U,. The identity

(¢¢,u) = (d @ ¢, uiry @a ) = (¢, t' (¢, uez)))u)) (3.1.18)

can either be read from left to right, in which case it defines the ring structure my;, on the dual in
dependence of the coproduct on U, as was done in §3.1.1, i.e.,

my, U, @ U, = U,, ¢@*¢ — ¢d'. (3.1.19)

Or, (3.1.18) can be read from right to left, so as to express the coproduct on U using the product in U,;
this is the point of view we adopt here. The coproduct on U then reads

A=Y s'((e'e,u))e; @ae; Vuel. (3.1.20)
.3
We need this formula to verify the comodule identities of ,,A: let M be a right U,-module with action
(m, @) — ma, so that in particular M is an (A, A)-bimodule. Define a map

Ms® U — Hom_ 4)(eUsa , Ma), m®au— m(—,u). (3.1.21)

Under the hypotheses that U is finitely generated A-projective, this map is an isomorphism, with
inverse

Hom(_ ) (eUsa , Ma) = Ma® U, [ f(e")®ae; (3.122)

Finally, define the right U-comodule structure on M
wA M — Hom(_ 4)(sUsa ,Ma), yA(m)(¢) :=m¢ Yme M, ¢ € U,

that is, with the isomorphisms (3.1.22) this amounts to a map ,,A : M — M ® 4 U that reads

wAm = Zmei R4 €. (3.1.23)

i
To check the comodule identities, calculate

(A ®idy)Am = Zm(eiej) ®ae; @a e,

%,
and, by making use of (3.1.20),

(idpr @ Ap)yAm = Zmek @4 Npeg
k

=Y meF @a st ((cel, en))e; ©a e
i\4k

= Z(mekxeiej, er) ®aej@ae;
0,5,k

= Z m(eks:(@iej, er)) ®ae; Qae;
i,5,k

= Zm(eiej) ®ae;Ra e,

.3
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(i)

where we used the fact that M is a right U,-module and the projectivity of U, compare the construc-
tion of s’ from §3.1.5(i)(a). Furthermore, if R4 : (m, a) — ma denotes the right A-action M, we see
that

RA(idM®e)MAm:Z Zm "(ee;)) = me = m,
i
since € = 1y, and the right comodule identities are proven. It is now easy to see that ,,A is a (right)

A-module morphism (in fact an (A, A)-bimodule morphism under the left A-action (2.3.8)). With
(3.1.21) one gets

A (ma)(9) = A (m)(s%(a)) = my (e, t*(a)mq)),
hence ,,A (ma) =m(g) @4 tt (a)m(l).

To see that the two processes of defining U,-modules and U-comodules are inverse to each other is
straightforward. Assume that a right U,-action on M induces the right U-coaction ,,A, as in (3.1.13).
Then, as in (3.1.12), ,,A induces in turn a right U,-action which is given with (3.1.23) as

py(m®a o Zme (e5)) = Zmeis:(qﬁ(ei)), m € M.

With §3.1.5(i)(a), by projectivity we have for any u € U
S (Est(@en),u) = (3 el ulg,en) = (6, s (e, u)ei) = b(u).

Hence Y, m(e's’(¢e;)) = me, and the two module structures Y and (m, ¢) — m¢ coincide. Vice
versa, if the right U,-module structure p} on N originates from a right U-comodule structure as in
(3.1.12), it induces a right U-comodule structure A’ : n — Ny ®a n¢y on N by (3.1.13), hence
for any n € N and all ¢ € U, one obtains

ny d(nay) = yA' (n)(9) = 13 (n ®a ¢) = n)d(nay) = ¥A(1n)(9).
This means yA = yA'.

The case for the right dual is proven analogously; as said, we just give the analogous formulae for the
second statement for later use, but still in quite some detail due to the slightly confusing richness of
choices in this context.

This time, instead of (3.1.16), consider the (A, A)-bimodule ,» U*. (‘target-target’), and for the tensor
product U*@A4U* :=U*, ® »U*, consider the (A, A)-bimodule » (U* @4 U*)_ := »U* @4U*,
Assuming that U4 is finitely generated A-projective, with {f;}1<j<m € U, {f’}1<j<m € U* adual
basis of U <, the map

U®AU~>HOHI(A_)( (U ® U* ),AA),
u@au = (p @ty — (s u'))
is an isomorphism, with inverse
U Y fioat (T @t )]
4,7

For each u € U the map

YR Y = Y'Y, u) (3.1.24)

lies in Hom(4,_)(» (U* ®* U*), 4A). This map reverses the order, which makes it well-defined on
the chosen quotient in the tensor product (‘target-target’). Now use the pairing

W', u) = (Y @Y uny ®a ug)) = @, s (W', um)))u)) (3.1.25)
to either define a ring structure on the right dual U* by

my- U @2 U - U*, ¢ty — ', (3.1.26)
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which is well-defined only in this order reversing way (cf. (3.1.2)). Or, deploy (3.1.25) to obtain the
expression

A=Y fioat (i u)f; YuelU (3.1.27)
4,7
for the coproduct on U. Furthermore, for a right U*-module M, define

Us ®a M — Homy _y(»U"< , aAM), u®4m i (—,u)m,

which, under the hypotheses that U 4 is finitely generated A-projective, is an isomorphism, with in-
verse )
HOm(A7_)(>U*<17AM)—>U< ®AM, gHZ'fJ ®Ag(.f])

Now, for the left U-comodule structure on M, set
Ayt M — Homey y(» U<, aAM),  Apy(m) (@) :=map Vme M, p € U¥,

so that we finally obtain amap A,, : M — U ® 4 M given by

Aym = ij XA mfj'
J

With these formulae at hand, the U-comodule identities can be verified as before.

We now have all necessary information to state the main result of this section.

3.1.11 Theorem Let U be a left bialgebroid with left and right duals U, and U*, respectively.

(i) There is a canonical functor Comod-U — Mod-U, from the category of right U-comodules to
the category of right U,-modules, induced by (3.1.12). If ~U is finitely generated A-projective, this
functor is an equivalence of categories:

Comod-U ~ Mod-U,.

(i) There is a canonical functor U-Comod — Mod-U* from the category of left U-comodules to the
category of right U,-modules, induced by (3.1.14). If U, is finitely generated A-projective, this
functor is an equivalence of categories:

U-Comod ~ Mod-U*.

PROOF: It remains to show that module and comodule morphisms correspond to each other. This can
be modelled after [Sw1, Thm. 2.1.3.(e)]. We only show the first part, part (ii) works mutatis mutandis.
Recall the space of morphisms of right U-comodules in Definition 2.4.2(ii). Suppose f € Comy (M, N) C
Hom(_ 4 (M, N) is a comodule morphisms for two M, N € Comod-U. With the induced right U-module
structure maps M and p% as in (3.1.12), we have for m € M and ¢ € U,,

i (f(m) ®a @) = f(m) (o, f(m

( )
= f(m()){(®,m@))
= f(m 0)<¢7 >)
= f(p (m®a ¢>))

Hence f is a morphism of U,-modules. Conversely, if g € Homy, (M, N) for M, N € Mod-U.,, we have

9(m) o) (6, g(m) 1)) = i (9(m) ®a ¢) = g(ud (m @4 8)) = g(m(o)) (b, m(1))

for all ¢ € U,, m € M, and by the relation between (induced) module and comodule structures in the
preceding Proposition, this implies yAg(m) = (g ® idy),Am, ie., g € Comy (M, N). Again, (i) is
proven analogously. a
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3.1.12 Remark As the base algebra of right bialgebroids, A carries a right U, -action as well as a right U*-
action, respectively. One may be tempted to think that both of these lead to left U-coactions, but this is not
the case, as shown. Considering A as the base algebra of the left bialgebroid U, it carries a priori only one
left U-action (cf. (2.3.3)), but two U-coactions from left and right (cf. (2.3.7)). At least conceptually, this is
reflected by the preceding proposition. One has the following chain of structures for the base algebra:

Left U-action = right U,- as well as right U*-action = right as well as left U-coaction.

We will continue this discussion in the subsequent proposition.

3.1.13 Grouplike Elements and Generalised Right Characters Recall that a character on the dual U* of a
Hopf algebra U is equivalent to giving a grouplike element in U and vice versa, compare the self-duality of
a modular pair mentioned in Section 1.3.

A generalised right character [B3] on a right B-bialgebroid V' is a (B, B)-bimodule map » V4 — B
with respect to the bimodule structure (2.5.2) which fulfills the property (2.5.3). Hence every right counit of
a right bialgebroid is by definition a generalised right character.

Using the expressions (3.1.20) and (3.1.27) for the coproduct in U depending respectively on the ring
structures on U, and U*, one proves the following result.

3.1.14 Proposition Let U be a left bialgebroid and assume that - U is finitely generated A-projective. Then
there is a bijective correspondence between grouplike elements G*U and generalised right characters on U.,.
Likewise, if U, is finitely generated A-projective, there is a bijective correspondence between G*U and
generalised right characters on U*. In particular, each right U, -action (resp. U*-action) on A corresponds to
a grouplike element in U, which induces the canonical right (resp. left) U -coaction on A as in (2.3.7). These
are the only ways in which U -coactions on A appear.

PROOF: Denote a right U,-action on A by Vi - a — Via. From (3.1.21) follows that u — (—,u) gives
the isomorphism U ~ Hom(_ 4)(=U.< ,Aa). Hence set

V'ly=0€l, (3.1.28)

cf. §2.5.5, and for each u € U define correspondingly u(—) := (—,u) € Hom(_ 4)(=U.< ,A4). Using
(3.1.18) and §3.1.5(7), it is not difficult to see that o fulfills o(¢¢’) = o(sL(o(d))¢d') = o(th(a(@))d’), i.e.
(2.5.3) (cf. also (2.5.9)), and also that it is an (A, A)-bimodule map with respect to the structures » Ul « .
With (3.1.20), it follows that

AgU—E st eeJ ))ej ®a €

_ZS ))el,0))e; ©a e

= ZS (e’ t"(o(e))o))e; @a e (3.1.29)
= th ))o R4 e;

=o0®o,

hence o is a grouplike element in U. The opposite direction is proved by reading all statements backwards;
that is, if o is grouplike, it can be concluded from (3.1.29) (since s’ has the left inverse €) that the property
(2.5.3) holds; defining an operator V" by

V'lg =0
yields a right U,-action on A. In particular, we have t‘ac = V"a, as seen by (¢, t*ac) = (s"(a)$, o) and

Aa = ngia Ra€; = Z(ei,tz(a)(ﬂ R4 €

i

= Z 1a®4 se((ei7t£(a)a>)ei =14®2 té(a)a.

i
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To prove the statement about A we need to make use of (3.1.28) as well as of (3.1.9), (3.1.3), (3.1.1) and
(3.1.8). Since U, is a right bialgebroid, one notices that

A (a)(9) = ad = (14¢1)0.(s%(a)p?)
= Z<eia> (sh(a)(e; — 6)(1v))

- Z<ei,a> ((ei — ¢)(t“a))
= Z<ei7a> (qﬁ,te(a)ei),

which reads a(o) (¢, a(1)) = (¢,t‘ac), and in view of (3.1.22) means that s4Aa = 14 ®4 t*(a)o. Again, all
assertions for U™ work analogously. m]

It is not by pure coincidence that in the preceding proposition we chose the symbol V". In fact, V" may be
seen as a (flat) right connection as in Subsection 2.5.1. We will later see an example of the intimate relation
between flat right connections and right counits (Propositions 4.2.9 and 4.2.11).

3.2 Push Forward Bialgebroids

In this section we shall construct a new bialgebroid from a known one, provided one has some extra data;
namely, a ring extension of the base algebra.

Let A, B be two k-algebras and 0 : A — B a ring homomorphism. This defines an obvious (A, A)-
bimodule structure on B by (a, b, a) — o(a)bo(a) fora,ad € Aand b € B.

Now let U be a left bialgebroid over A with structure maps as before. We set

B?*®,4U®4 B=B"®,UQB/I, 3.2.1)

where
I = span{b @y, t'as’au @y b — bo(a) @ uQy 0(a)b | a,a € A, bbe B, uc U}.
We furthermore define the Takeuchi product o, U := B°P x 4 U x4 B, which, similarly as before, denotes
the subspace in B°? ® 4 U ® 4 B given by
0. U ={3b; @au; @4 b; € B* @, U @4 B | (322
| S2.bi @4 uislatla @a by = 3, 0(a)bi @4 u; @4 bio(@), a,a € A}. o

Then factorwise multiplication (with the opposite product on the first factor) gives a well-defined k-algebra
structure on o, U withunit 1; ®4 1, ®4 15.
The following statement may appear surprising to some extent.

3.2.1 Proposition Let U be a left bialgebroid. Then the k-algebra o, U carries the structure of a right bial-
gebroid over B.

PROOF: The right source and target maps are given by

st B —o0,U, bi—1;®41,®4b,
th:B—oU  b—b®al,®4lp.

In particular, this defines the structure of a B°-ring with the four B-module structures as in (2.5.2) and (2.5.5)
for right source and target maps. We may also form the tensor product 0,.U ® g 0.,.U, which is defined as in
(2.5.1). If now Agu = u(1) ®4 u(g) describes the left coproduct on elements v € U and € : U — A is the
left counit in U, we define the right coproduct and right counit on o, U as

AP o U— o U®poU, b@au®a @ = (b®aun) ®als) ®p (1 ®a u@) @a b),
Op : 0.U — B, b®au®asb— bo(eu)b,

which are easily seen to be well-defined, also with respect to the presentation of A,. While most of the
properties in Definition 2.5.1 of right bialgebroids are obvious, let us just prove (2.5.6) and (2.5.3). One has

my(idy @ s"05)AZ(b®au®ab) =b@a un) @ o(e(u@))b=>b@su®ab,
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using (2.1.8), and likewise one proves the second identity in (2.5.6). Furthermore, one has
Os((b@au@ab)(V @au' @ab)) = b'bo(e(un))bd/
= b (e(us’eu’))bb/
= bo(eu')bo(ew)bd’
=Vo(eu)ds(b @4 u®a b)Y
=0p (b/ @u' @4 05bRau®a 5)5')
=05 ((s505(b@au®4 b)) (V) @u @4 @4b)),

where we used the fact that 0. U is given as a Takeuchi product. Putting ¢ instead of s in the second equation
then leads to the second equation in (2.5.3). O

3.2.2 Remark One may also alter the push forward construction by taking different tensor products, oppo-
sites, coopposites or even ¢ as an anti-homomorphism; however, none of these possibilities seem to lead to a
left bialgebroid, precisely due to the requirement (2.1.4).

3.2.3 Examples (Localisation of Hopf algebroids)

(i) Let E — M be a Lie algebroid over a smooth manifold M with anchor w. Denote the correspond-
ing Lie-Rinehart algebra by (C*°(M),T'E), and let VE := VI'E be the associated left C>°(M)-
bialgebroid; cf. Subsection 4.2.2 for all details of this construction. Letev, : C*°(M) — C, a — a(z)
be the evaluation at a point z € M and write C, for C seen as (left or right) C°° (M )-module by this
map. By the PBW Theorem one has a C°° (M )-module isomorphism VE ~ T'(M, SE) on sections of
the symmetric algebra SE, hence in particular V E® oo,y Cy =~ SE,, given by u®ceoe iy A — u(x)A.
The condition (3.2.2) for the right tensor factor for X € T'E yields (Xa)(x) = a(z)X (x), which
is true if X(a)(x) = 0 for all a € C>°(M). Hence X € kerw,, the fibre at x of the isotropy
of the Lie algebroid; this is a Lie algebra. An analogous consideration for the left tensor factor
yields the same information (since the source and target maps are equal). By extension, one obtains
evy VE ~ U(kerw,), i.e. a C-bialgebra.

(@i) Let s,t : G = Gj be an étale groupoid over a smooth manifold Gy, and denote the compactly
supported functions over G by C°(G); see Section 4.4 how this can be seen as a left bialgebroid
over C*°(G)). The left and right C*>°(G)-actions on C°(G) used in (3.2.1) are given in (4.4.4), i.e.,
(au)(g) = a(t(g))u(g) and (ua)(g) = u(g)a(s(g)), where u € CX(G), a € C*(Gy). Again, let
ev, : C(Gp) — C,a — a(x) be the evaluation at € Gy. Then the right tensor product in (3.2.1)
identifies elements a(t(g))u(g) = a(z)u(g), i.e., C3°(G) ®c= () Cs = C(t7*(z)). The subspace
in (3.2.2), however, consists of those elements in C°(t~*(z)) for which u(g)a(s(g)) = u(g)a(z). As
in (7), analogous considerations on the first tensor factor do not lead to any further conditions. Hence
if G, = {g | s(g9) = t(g) = z} denotes the isotropy subgroup of =, which is a discrete group here,
one obtains ev,,C°(G) ~ C(G,,), i.e. a C-bialgebra again.

3.3 Matched Pairs of Bialgebroids

In this section we present a method to construct a new bialgebroid out of two known ones. It will give
a generalisation of a similar consideration for k-bialgebras (see e.g. [Maj]), which is needed in Section
4.7 to analyse the structure of (generalised) Connes-Moscovici algebras (cf. [CoMosS, MosR]). The main
ingredients of the construction are:

(i) two (left) bialgebroids U, F/,
(ii) an action of U on F/, satisfying certain properties,
(iii) a coaction of F' on U, satisfying certain properties.

If the structures from (i7) and (iii) “‘match’ in a sense to be specified, a particular tensor product F'® U carries
the structure of a left bialgebroid again.

Note that already for k-bialgebras there are various possibilities of how to produce new bialgebras in this
spirit (cf. [Maj, Kas3]), corresponding to the various action-coaction pictures but we will only generalise the
case of the ‘left-right bicrossproduct bialgebra’ from [Maj, Thm. 6.2.2] to bialgebroids.
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3.3.1 Left Module Rings for Bialgebroids

Here, we give a more precise sense to the ‘action picture’ of point (ii) above.

The additional structure on a ring U that makes it a left (or right) bialgebroid over A is precisely a
monoidal structure on the category U-Mod of left U-modules (right U-modules, respectively) together
with a strictly monoidal forgetful functor U-Mod — A°-Mod; see Theorem 2.3.1 from [Schaul]. Hence
the following analogue of a ‘module algebra’ appears quite naturally. Let (U, A, s¢,,t¢, A7, ey) be a left
bialgebroid, as before.

3.3.1 Definition [KSz] A left U-module ring M is a monoid in U-Mod. That is, by strict monoidality of the
forgetful functor U-Mod — A°-Mod, the space M carries a canonical A-ring structure with A-balanced
multiplication jz,,(m ® 4 m’) = mm/ for m,m’ € M, and unit map A — M, a +— st (a)l,, = t' (a)l,,
such that foru € U, m,m' € M

u(mm') = (uaym)(w@ym'), and uly, = sbes(u)ly. (3.3.1)
Here the U-action on M is denoted by (u, m) — um.

For example, the base algebra A is a left U-module ring, but U itself usually is not.
Observe in particular that with the induced A°-module structure on M given by

amb := tf;bsf]am, (3.3.2)
one has
a(mm’) = sta(mm’) = (s,am)m’ = (am)m’ (3.3.3)
(mm/)a = t!,a(mm’) = m(t{.am’) = m(m’a), -
and moreover
m(am’) = m(s',am’) = (tam)m’ = (ma)m’. (3.3.4)

We can then prove the following fact similar as in [KSz].

3.3.2 Lemma Let U be a left bialgebroid as above and M a left U-module ring. Then M ®4 U carries an
A-ring structure, called the smash ring or crossed product ring, denoted by M >4 U..

PrROOF: Here
M®4U:=M®;, U/span{ma@u —m® s’ au | a € A}, (3.3.5)

where ma = tf} am as above. The A°-module structure on M ® 4 U is given by
alm®4u)b=am®®4 uslUb = sf;am ®a uszub fora,b € A. (3.3.6)
The product structure y is
(m®@au)(m @au') = p((m@au)®a (M @41)) =musym’) @ up (3.3.7)
and the unit is
A—>M®R,U, araly,®s1, = sf,alM ®Raly = tf,alM Qaly, =1, ®a sf,a.

Both maps are clearly A°-module morphisms. While the associativity and unitality axioms are easily checked
using coassociativity of A, we restrict ourselves to showing that (3.3.7) is actually well-defined over A. One
has, for a,b € A,

(ma ©4 u)(m'b @4 u') = (ma)(uq)(m'd) @4 ugyu' = m((spauaytb)m') ©a upyu’
=m((shau)ym') ®a (shau)m)ystbu’ = (m @4 shau)(m’' @4 shbu').

Also, if multiplication is thought of as a composition of single maps, one has to show well-definedness of the
Sweedler components, i.e.,

m((tyauay)m') @4 ueyu’ = m((uaym')a) ©a ueu’
= (m(uym’))a @4 u@yu’ = m(uaym’) @ spaugu’.
With the mentioned A°-module structure on M ® 4 U, the fact that u is A-balanced is obvious. g

For example, the universal enveloping algebra V'L of a Lie-Rinehart algebra (A, L) arises in such a way, i.e.,
VL = A>,UL where U L is the universal enveloping algebra of the k-Lie algebra L; see also Remark 1.4.4
above.

We finally remark that M ® 4 U can even be seen as an M -ring [B3].
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3.3.2 Right Comodule Corings for Bialgebroids

Now we specify what we mean by the ‘coaction picture’ mentioned in point (iii) at the beginning of Section
3.3.

Let (F, A, s4,t%, AT €.) be an arbitrary left bialgebroid and denote the Sweedler components of its left
coproduct by A7 f = f1) ®4 fig) forall f € F.

3.3.3 Definition A right F-comodule coring N is a comonoid in Comod-F'. That is, by strict monoidality
of the forgetful functor Comod-F — (A°P)®-Mod, the space N carries a canonical A°P-coring structure
(N, A", ey) with an (A°P)-linear coproduct A¥n =: n(1) @00 n(2) and a right F-comodule structure
NAN =: no] @ Acr N[1], such that

me(sher @idp) A =they, (AY ®idy)yA = yorAAY. (3.3.8)
Here yonA denotes the right F'-coaction on N ® 400 IV from (2.3.11).

Again, the base algebra A is a right F'-comodule coring (see (2.3.7)), whereas this is generally not the
case for F itself.

Compare [BS] for the analogous definition of a left F'-comodule coring. Observe also that it is this
A°P-construction that generalises the bialgebra case (cf. e.g. [Maj]), at least if one wants the same order of
elements in the formulae.

For the reader’s convenience, let us explicitly recall all maps and tensor products involved. For the
coproduct on NV we have AY : N — N ® gop N, where

N @400 N := N ® N/span{an ®@n' —n®n'a|a € A}, (3.3.9)
and N ® gop N is an (A, A)-bimodule in a standard way, i.e. by (a, n® gop 1/, b) — nb® 40p an’; in particular
AY(anb) = n()b ® gop an(ay forall a,b € A. (3.3.10)
For the right F’-coaction on N we have yA : N — N ®4 F, where
N®AF::N®kF/span{na®kf—n®sf;af|a€A} 3.3.11)
is the tensor product from (2.3.5). Written explicitly, the conditions (3.3.8) then read

sﬁeN(n[O])n[l} = theyn,

_ (3.3.12)
noj(1) ®Aaer No)(2) @A N[1] = N(1)[0] ®Acr N(2)[0] DA 1(1)[1]7(2)[1]-

Note that these conditions are well-defined by (2.3.10), (3.3.10) and (3.3.11). For example, on the right hand
side in the second equation of (3.3.12) one has

(an())io] ®aer n(2)(0] @4 NE)YIRE)A] = P(1)[0] Daor N2)0] Da 1)1t AR )]
= n(1)jo] @acr (n(2)@) 0] ®a N)[INR)[1]5

from which the well-definedness over the presentation of A~ follows.

3.3.4 Lemma Let (F, A) be a left bialgebroid and N a right F'-comodule coring, with all structures maps as
above. Then the space F' ® qo0 N carries the structure of an A-coring, called the cocrossed product coring,
denoted by F'><jop N.

PROOF: Firstly, we recall that the underlying A-linear space of F'»<gop N is
F ®po0 N := F @, N/span{ ftta ®n — f @ na | a € A}, (3.3.13)
which is an (A, A)-bimodule with left A-action L 4 and right A-action R 4 given by
a(f @ a0 n)b = st.at’bf @ gov 1, (3.3.14)

with respect to which we define the tensor product (F' ® 400 N) @ 4 (F ® aop N). The coproduct and counit
are maps Aj™ : F @00 N — (F @400 N) @4 (F ® 400 N) and e : F @ go0 N — A, given by

AP (freacrn) = (fp=<acen(o) ®a (flna)p><acen(a)), (3.3.15)
Cor(freaonn) = ep(ftheyn). (3.3.16)
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While it is trivial to check that the counit is well-defined over A (recall that €, is an (A°P, A°P)-bimodule
map), this is somewhat more tedious for Aj*. With (2.3.10) and (3.3.10) one has
A (ftoar<aonn) = (frpr<acen(io) a (fiogtpanc)pp<acen(z))
= (fry=aer (na)(1yjo) ®a (fi21(na) q)pr<ace (na)2))
= A} (ur<gopna).
The well-definedness over the presentation of Aj immediately follows from (3.3.14). Moreover, one has to
check the well-definedness over the presentation of (A, i.e.,
(fry=<acen(nyjoa) @a (fzn(p<acen(z)) =
= (fujtear<acrnqo) @a (fenap=<acen()
= (fap=asrno) ®a (fseanqpr<arne),
by the very definition of all tensor products involved, as well as the property im(A]) C F x4 F. Now, by
(2.3.10) again, the computation
(fryr<ace (anq))io) @4 (fgnayn<aeen) =
= (fuy=acennyjo) ®a (fnaypitear<acenc)
= (fr<acenyjo) ®a (f1np=<acenz)a),
proves that the presentation of A" is well-defined. Finally, we are left with checking the comonoid identities.
With (3.3.8), (3.3.12) and (2.3.10) one obtains
La(e @id)AF (freaorn) = sper (fuytren (o)) fmp=<aenq

= fshen(nyo) R ><acen(z)

= fti,EN(n(l))KAopn(Q)

= fKAopn(g)eN(n(l)) = fKAopn,

since IV is an A°P-coring. Also, with the same kind of arguments,

RA(1d ® e )AF (fr<porn) = teFeF(f[g]n(l)[l]tf;e}\,n(g))f[l] <400 T(1)[0]
= ther (fiz(ex (ne2))n(n)) ) fry=<aoe (ex (n(2)) (1))
= ther(fgnp) fu=<acen(o
= tf;eF(fm)f[l]tf;an[l]KAopn[o] = fr<gopn.

Spelling out the coassociativity condition of A5, one finds
(A @ id) A" (fr<porn) =

= (frupr=aerno)yio) @a (fizmpin»<aceno)2) @4 (fianapg<aen(z))

= (frpr=aernqpo) @4 (frznpy<acenz)o) @a (fg1na)pnee)n<aerns)

— (id ® AF) AT (freporn).

Here we used coassociativity of both Aj, A", and in the third line the comodule coring property (3.3.12)
was applied. O

3.3.3 Matched Pairs

In this subsection we merge the concepts of left U-module rings and right F'-comodule corings to produce
a new bialgebroid, which will be called a bicrossed product bialgebroid. This is possible if F' and U and
their mutual coaction and action meet certain conditions (so as to yield a matched pair of bialgebroids; see
below). Assume that both M = F' in Definition 3.3.1 and N = U in Definition 3.3.3 are (left) bialgebroids;
we want to impose a bialgebroid structure on some tensor product ' @ U. The obvious problem that the
ring structure from Lemma 3.3.2 and coring structure from Lemma 3.3.4 are on different tensor products
can be removed by assuming F' to be a bialgebroid over A°P? and U over A. On the other hand, further
(seemingly unavoidable) compatibility conditions (see below) will force A to be commutative, such that the
tensor products underlying the crossed product ring and the cocrossed product coring become (automatically)
the same.
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3.3.5 Theorem Let (F, A, s’ t4, AL e,.) and (U, A, s¢,,t5, AY,€,) be left bialgebroids over some com-
mutative base algebra A, and let I be a left U-module ring and U a right F'-comodule coring with maps

UxF —=F, (u, f)— u(f) and AU —-U®aF, ur ug @4 upy.

Furthermore, assume that for all f, f' € F, u,u’ € U, a € A the compatibility conditions

st =t (3.3.17)
tlaf = ftla, (3.3.18)
0 ®AS£6L’LL[1] = g ®Au[1]sf;a, (3.3.19)
fiy®ashafy = fu)®a figsha, (3.3.20)
as well as
er(ulf)) = ev(ushes(f)), (3.3.21)
Aly = 1y ®alp, (3.3.22)
A7 (u(f)) = u@o () @4 uwypue (fz), (3.3.23)
u)o] @a u)(Huep = wwo @a vmme(f), (3.3.24)
GA(un) = U(l)[o]ufo] ®a u(l)[l]u(Q)(u’[l}) (3.3.25)

hold, where we used the Sweedler notation Aju =: w1y @a wy and A7 f =: fu) ®a fig) for the left
coproducts. Then the linear space

F@aU:=F®,U/span{ttaf @u— f @ s'au|ac A} (3.3.26)

carries compatible structures of both an A°-coring with ring structure F’>,U from Lemma 3.3.2 and an
A-coring with coring structure F»<,U from Lemma 3.3.4, so as to form a left A-bialgebroid, denoted by
F><‘A U.

PROOF: First, note that the tensor products in (3.3.20) and (3.3.23) refer to (2.1.1) for the left A-bialgebroid
F', whereas the tensor product used in (3.3.19), (3.3.22) (3.3.24) and (3.3.25) is meant to be the one defined
in (3.3.11); now (3.3.23)—(3.3.25) are well-defined precisely due to (3.3.17)—(3.3.20). We will first dedicate
our attention to the conditions (3.3.17)—(3.3.20), which are sufficient for both the construction of the crossed
product ring F'><4U and the cocrossed product coring F'><4U on the linear space (3.3.26). Clearly, once
established, (3.3.17) then implies that A needs to be commutative. Asking U to be a right F-comodule
requires compatibility in the sense of (2.3.10) with respect to one of the right A-actions < or « on U from
(2.1.3) or (2.1.5) (provided one does not want to introduce extra data, i.e. even more A-actions on U). If one
furthermore wants to impose U to be a right F-comodule coring, one of the left and one of the right of the
four natural A-actions on U has to be compatible with (3.3.10). By (2.1.7), this implies that one needs to use
either (2.1.3) or (2.1.5). For either choice, one has, by (2.3.10),

Alas1y) = A1y <a) = Alar1,) = A1y <a) = 1, @4 tha, a€ A,
and hence by the comodule properties
sta=acl, = Ry(1d®ep)pA(as1y) = Ru(id @ €) A1y <a) = 1, <a = ta,

where R, is one of the two natural right A-actions < or « on U from either (2.1.3) or (2.1.5). Analogous
considerations hold for the (A, A)-bimodule ,» U4 , but since we aim to produce the same linear space in
the tensor products (3.3.5) and (3.3.13), the canonical right A-module structure on the right F-comodule U
needs to be left multiplication with s a (= t/,a), which coincides with the additional left A-action (2.3.8) on
the right F'-comodule U. Observe that right multiplication with sf;a (= t! a) does not come into the picture,
i.e. is not induced by the F'-coaction on U. In particular, the tensor product (3.3.9) is then the standard
one from (2.1.1) for the left bialgebroid U (things would not have changed if we assumed that F' was a left
A°P-bialgebroid).

On the other hand, F is requested to be a left U-module ring with compatible A-action with respect to the
induced (A, A)-bimodule structure (3.3.2). Since we want to match the tensor products (3.3.5) with (3.3.13),
we obtain the condition

tlaf = ftta, feF, acA,



3.3. MATCHED PAIRS OF BIALGEBROIDS 57

and from (3.3.4) and (3.3.3) it follows, with s, = ¢/, that

fthaf = (fta)f = (shaf)f = sha(ff') = fftha, f.f'€F acA

Hence tLaf = ft’.a, and A needs to be central in F' by means of 2. Observe that both the left and right
A-actions induced by the U-action on F' (cf. (3.3.2)) coincide with the A-module structure defined by tf;
(i.e., the A-action by the source map s% does not arise from the fact that F' is a left U-module ring).

Now the underlying linear spaces of F'>34U and F'»<,U are given by (3.3.26); moreover F'>4U can be
seen as an A°-ring by defining source and target as in (3.3.14), i.e.,

st carsta®aly, tf b ttboal,. (3.3.27)

cer cer

Then the canonical left A°-module structure on F'><4U from (2.1.3) is
> (f®au)ab=sbat’bf @au=staf @4 s bu,
whereas (2.1.5) reads
(f ®au)<a= fuu(sha) ®aue) and b (f@u) = f®@aushb, (3.3.28)

where in the second equation we used (3.3.7), (3.3.1), (3.3.26), and sf; = tg. The bimodule structures on
F ®4 U corresponding to (3.3.14) and (3.3.6) are then a> (f ® 4 u) <b and (f ® 4 u) «b<a, respectively.
So far, part (i) in Definition (2.1.2) of a left bialgebroid has been shown.

As for part (ii), we need to show that the coring structure Ay on F»<4U from Lemma 3.3.4 is a k-
algebra morphism with respect to the algebra structure on F'>34U from Lemma 3.3.2. We will do this in an
analogous manner as in [Maj, Thm. 6.2.2]. For this to hold, the identities (3.3.23)—(3.3.25) will be sufficient.
Note that these are well-defined due to (3.3.19), and that (3.3.20) and inserting (3.3.23)—(3.3.25) into the
following calculation is permitted by (2.1.2) and (2.3.9):

AT ((Prea)([vatd)) = A (Juey () a)
=, (e (f [1]»<A( (z)ul(l))[o]) @ (i (e () () u)npass) Ui
Fryuayion (fapra (ueyuin)io) @ (fizyumue () (ue v pr=au@ )

33:23
S ( NAu(s)[]U<1>[o])®A(f[2]U(1) Ju2) (flap)ue) ) (Wi p) =) u(z) )
Fryue)o) (Fly) a0 o) @ (frawa) (Fa)u@ nue)n e (i p) raats) us))
fuweoa fm)NAWz)[oumuuno])®A(f[2lu )y (Flap) ey mues) () »=a i) u(z) )

(33.12)

(
(
!
=
(
(

)
Fauio o) Fhy)rauaoe o) ©a(farumnue (Fao)us) (W) =at@wu(s)

33.24)

= (fmU(l)[O}(l)(fm)NAwl)[m(z)u(l)m) ®a (frrummue) (Fa ) =t e) us)

331
(W)((f[u><1AU(1)[0])(ff1] (1)) @a ((Frz1uypy=auc) (o u(np>at(z))
— AF (fraau) A (f vptd).
Finally, as part (iii) in Definition 2.1.2, we need to prove the left counit property (2.1.4) for €., with respect
to the A-actions (3.3.28) on F'»14U. Here (3.3.21), (3.3.18), (2.1.4) for €, €, and the commutativity of A
will be needed:
Ceer ((fraat) (fraat)) = €cee (fu) (f)raau@yu’)
= ex(fuq) (f)theo (u@u'))
= ep(u@y (f))ev (u@u)er(f)
= eU(u(l)sf;eFf’)eU(u(g)u’)ep(f) with (3.3.21)
= EU(SfIGF(f)USfJEF(f/)u/)
= ep(ftheo (uster(f'thes)))
= Eccr(fNA(USfJEF(f/tfveuul))) = Ceor ((f’“Au)tfcrEF(f/tf;evu/))-
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Likewise one can show that

€cer ((fMAU)SfcrEF(f/tifuul)) = €p (fu(l)(sf;eF(f’téeUu'))theUu(Q))

= ev(sper(flusyer(f)u),

and then continue as above from the third line from below. O

3.3.6 Definition A pair (F,U) of two left A-bialgebroids related to each other by the properties (3.3.17)—
(3.3.25) is called a matched pair of left bialgebroids. The resulting left A-bialgebroid F'»<4U is called the
bicrossed product bialgebroid of the matched pair (F, U).

In Sections 4.5-4.7 we will present a context in which such a construction appears quite naturally.

3.3.7 Remark Of course, there is an analogous construction for right bialgebroids. We hence conjecture
that, analogously as for Hopf algebras [Maj], the bicrossed product bialgebroid F'»<4 M can be made into a
Hopf algebroid with antipode

S(fraau) = (LeraaSoupo) (Se(fupy)»ale) = (Svuq) 4 (Se(fup))=a(Soup) ),

where ©w € U, f € F, provided that F, U are Hopf algebroids with antipodes Sy, Sy, respectively. This
will probably require U to be both a right F*~comodule and a right F'"-comodule for the underlying left and
right bialgebroid structures of F', and in particular additional compatibility conditions for these coactions
will have to be added. We expect these conditions to correspond to those occurring in the definition of right
Hopf algebroid comodules, a subtle notion which was completely clarified only recently in [B3, Def. 4.6].
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Examples of Hopf Algebroids

4.1 Immediate Examples

In this section we present a few examples that one expects or rather requires to fulfill the axioms of a Hopf
algebroid; see e.g. [B3] for more straightforward examples.

4.1.1 The Enveloping Algebra A°

One of the most basic examples (see e.g. [Lu, Schaul, B3]) of a Hopf algebroid is the enveloping algebra
A® = A®y, AP of any k-algebra A. Now A° is a left bialgebroid over A by 0. := id4e, i.e., s‘a = a @ 1,
t‘b = 1 ®y, b, and left coproduct as well as left counit given by
Ap: A° — A°R4 A% a®rb— (a®r1l)®a(1®rb), €:A°— A a®;b— ab.

We recall that A° ® 4 A°® := A° @ A®/span;{(a @ bc) ® (¢ @k V') — (a Rk b) @ (ca’ @i V'), c € A};
here and in what follows we express the product structure on A°P by the one in A. Similarly, there is a right
bialgebroid structure on A® over A°P given by 1y := id(gop)e, i.€., s"a = 1 @y a, t"b = b @ 1, and right
coproduct as well as right counit

A A°— A4 A° a@pb— (1Qra)®4 (b@p1), 8:A°— AP a @b ba,

where A° @4"" A° = A° @, A°/span,{(a @y, cb) @y, (' @1 V') — (a @1 b) @y, (e @y V'), ¢ € A}. Finally,
the antipode is given by the tensor flip, i.e.,

S:A°— A° aQ®Lb— b®ya.
As for the left Hopf algebroid (x 4-Hopf algebra) structure, the tensor product in question reads
» A° @ p00 A° 4 = A° @y A®/span;{(a @y cb) @ (a’ @k V') — (a @k b) @ (@' @1 b'c)},
where cb and b’c is understood to be the product in A. One then easily verifies that
(@ @k b)+ @aor (@ b)— := (a®k 1) @00 (b® 1)

yields an inverse of the Hopf-Galois map defined as in (2.2.13).

4.1.2 Hopf Algebras Twisted by a Character

In this subsection we indicate how Hopf algebras with a character and Hopf algebroids over a commutative
ground ring k correspond to each other. More precisely, we explain and prove

4.1.1 Proposition There is a bijective correspondence between Hopf algebroids over a commutative ground
ring k and Hopf algebras over k equipped with a character.

59
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A Hopf algebra H = (H, my,n, A €, S) together with a character § : H — k and the twisted an-
tipodeg = my(0 ®S)A from [CoMos4] (cf. (1.3.3) in Section 1.3) can be considered a Hopf algebroid over
k as follows: the underlying k-bialgebra (H,my,n, A, €) is clearly a left k-bialgebroid, source and target
map both being given by n : k — ZH C H, mapping into the centre of H. As for the right k-bialgebroid
structure, source and target maps are again given by 7, whereas the right coproduct and the right counit read

A.: H—-HQ®,H, h— h(l) (S n(éSh(g))h(g),
d:=0: H-—E, h+— dh,

where Ah = h() ®j h(2) are the Sweedler components of A. Observe that 05 = e while generally 45 # e.
One easily checks that the comonoid identities (2.5.6) are fulfilled, for example for each h € H,

mH(idH & 8)Arh = h(l)né(é(Sh(g))h(g))
= hynd(Sh(z)hs))
= h(l)ndeh(g) = h(l)neh(g) = h,

since (H, S) is a Hopf algebra. Likewise, one checks that the data (H,m,,n, A, A,,€,6,S) fulfill all re-
quirements in Definition 2.6.1 of a Hopf algebroid. As an example, we prove (2.6.4)

mH(S [24] idH)Ah = n(éh(l))Sh(g)h(g) = 77(5h(1))€h(2) = 77(5h7
and also

My (idy ® 0)Avh = h(1)S(n(8Sh(2)) b))
= h(l)n(ésh(g))éh(g)Sh@)
= h(l)ﬂ(55h(2)h(3))5h(4) = h(l)n(eh(g))Sh(g) = 776h.

Observe that if S is invertible, then the inverse of S is given by S~ = mges (S™! ® ) A.

Now consider the converse situation of a Hopf algebroid (H, k,n, A, A, €,0,S) over a commutative
ground ring k: since source and target (for both the left and right bialgebroid) are unital maps k¥ — H for
the unital k-algebra H, all of them coincide with the unitn : K — ZH C H. The left and right counit are
k-algebra characters ¢,0 : H — k, but the underlying left and right bialgebroid structures do not necessarily
coincide. If S denotes the antipode of the Hopf algebroid, define

S i=my(nd @ S)Ay.
One then verifies S’(hh') = S'h'S"h and

AS'h= ﬂah(l)Sh(g) Rk Sh(g)
= Sh(g) Rk S/h(l)
= Sh(a) @k nOh() S'hy) = §'h)0 @k S'hq).

Hence S’ is an antipode for the k-bialgebra (H, A, ) and e plays the role of a character for it: twisting again
as in (1.3.3) returns the original Hopf algebroid antipode, i.e., my(ne ® S')A, = S. Of course, a similar
construction can be made for the k-bialgebra (H, Ay, €): here the antipode reads S” = m(S®mne)A,. and the
character is 0. These two Hopf algebras are not independent from each other, though: as for the underlying
left and right bialgebroid in the Hopf algebroid H, they can be transferred into each other by means of S.

4.1.2 Remarks Let us conclude this section by pointing on some generalisations of the concepts used above:

(i) If on a Hopf algebra there is no character given (apart from its counit), the proposition above does
not produce anything new. In such a case one simply has the bijective correspondence between Hopf
algebras and left Hopf algebroids over k, as mentioned in Example 2.2.2(ii). Hence, as a summary of
Proposition 4.1.1 and Example 2.2.2 one may state that left Hopf algebroids generalise Hopf algebras,
whereas Hopf algebroids generalise Hopf algebras with a character (or twisted antipode).

(ii) As observed in [B1], for a cocommutative Hopf algebra one can always find nontrivial characters.
Twisting the antipode with respect to these characters produces Hopf algebroids which do not fulfill
the axioms of the different definition of Hopf algebroid in [Lu], cf. §2.6.13(¢). This shows that the
two definitions (i.e. the one from [Lu] and the one from [BSz2] used throughout this thesis) are not
equivalent.
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(iii) The procedure of twisting a Hopf algebra antipode by a character is only a special case of the notion
of twist of a Hopf algebroid [B1], producing new Hopf algebroids out of known ones. On top of that,
in [BS, Ex. 2.18] one can find the generalisation of a modular pair in involution (see Subsection 1.3.2)
to the realm of Hopf algebroids.

4.2 Universal Enveloping Algebras of Lie-Rinehart Algebras

In this section we discuss the fact that a Lie-Rinehart algebra always gives rise to a left bialgebroid as well
as a left Hopf algebroid. Adding some extra structure, one may even obtain a (double-sided) Hopf algebroid.

4.2.1 The Canonical Left Hopf Algebroid Structure on V' L

Let (A, L) be a Lie-Rinehart algebra. Several authors [X3, KhR2, MoeMr¢3] have shown that the enveloping
algebra V'L is a left A-bialgebroid, but it is in fact also a left Hopf algebroid over A.

Recall first from e.g. [X3, KhR2, MoeMrc3] its left bialgebroid structure: source and target are equal
and are given by 14 : A — V L. The (A, A)-bimodule structure ~V L4 is hence given by multiplication of
elements in V' L, i.e., a>u<a = aua, which enables us to suggestively denote the tensor product (2.1.1) by

VL' VL:=VLs ®4 VL, 4.2.1)
and likewise VL x"' VL := VL x 4 VL for the Takeuchi product (2.1.2). The prescriptions
AX=1"X+Xa"1l, Aju=ac'"1, (4.2.2)

which map X € L and a € Ainto VL x! VL, can be extended by the universal property to a coproduct
A:VL - VLx4 VL CVL®"VL. The counit is similarly given by extension of the anchor w to V'L,
more precisely, by

e: VL — A, ur— w(u)(la).

As in (2.3.3), this defines a left V' L-action on A, which we abbreviate as u(a) := €(ua), and in particular,
one has

eX =0, €a = a, VX €L, ac A

The defining property of a left Hopf algebroid, i.e. the bijectivity of the Galois map, is seen in the same
way: denote the tensor product (2.2.2) by

VLR"VL:=wVL®Qp» VL, (4.2.3)

and write VL x" VL := VL x 4o» V L for the Takeuchi product (2.2.12). Then the translation map 57! is
given on generators as

ay @a_ =a®™m1l, X;"X_ =Xo"l1-1@"X. (4.2.4)

These maps stay in V L x"' V L, which is an algebra through the product of V L in the first and its opposite
in the second tensor factor. By universality we obtain amap VL — VL x" VL ¢ VL ®@" VL, and then
B~ is defined using (2.2.13).

Conversely, certain left bialgebroids give rise to Lie-Rinehart algebras:

4.2.1 Proposition For a left bialgebroid (U, A, s*,t*, Ay, €) with A commutative and s* = t*, the pair
(A, P'H) of the base algebra and the left primitive elements forms a Lie-Rinehart algebra.

PROOF: The proof is quite straightforward. Firstly, since s* = ¢* we usually refrain from mentioning these

maps; the remaining two left and right A-module structures on U read au := s‘(a)u and ua := us‘(a).
Then the coproduct Ay is amap U — U ®@" U, where we use again the notation U ®' U, with its obvious
meaning analogous to (4.2.1). The natural Lie algebra structure on U is simply [u, '] := uu’ — u/u, which is
closed in P‘U. We have Ay(au) = au®" 1+ 1®" au for u € P*U, which is therefore a (left) A-submodule
(since s* = t). The anchor is given by the Lie algebra action

P'U — Dery, A, u — {a — e(ua) =: u(a)}.
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The required property (1.4.1) is obvious and for u,u’ € P*U and a,b € A, we conclude that
([u, au'])(b) = e(u(av' (b)) — au'(u(b)))
= u(a)u'(b) — a([u, ') (b) = (w(a)u)(b) — (a[u, u']) (D).

Since b € A was arbitrary, this proves (1.4.2). a

4.2.2 Remark (i) Somewhat more generally, for any left bialgebroid (U, A, s’ t, Ay, €) for which
s*|za = t'|74 on the center ZA of A, one can analogously show that the pair (ZA, P‘U) forms
a Lie-Rinehart algebra.

(ii) Observe that even if one omits the ‘action axiom’ e(uu’) = e(ueu’) of a counit, one is still able to
define a Lie algebra action: first, for u € P‘U we have Ay(ua) = ua @' 1 + 1 @ au. Applying
my (e ® id) on both sides yields

ua =u(a) +au, a€ Aue P'U,
from which can be read off again that eu = 0 for u € P*U. Now we have for any two primitive u, u/,

([u,u'])(a) = e(uu'a — u'ua)
e(u(u'(a)) + u(aw’) — u'(u(a)) + u'(aw))
= u(u(@) — o (u(@)) — e(ulaud + [au, u)

= [u, u')(a),

since PU C ker e was both an A-submodule and a Lie subalgebra in U. Hence we again obtain the
desired Lie algebra action.

4.2.3 Proposition Let (U, A, s, Ay, €) and (U’, A', Y, A}, €') be left bialgebroids over commutative bases
and suppose s* = t' as well as s = t*’. A left bialgebroid morphism (), ¢) : (U, A) — (U’, A’) induces a
morphism
(P¢7P¢') : (A,PEU) - (Alvsz/)

of the corresponding Lie-Rinehart algebras of primitive elements. In case A = A’, this leads to a functor
P : A-LBiAlgd — A-LieRine from the category A-LBiAlgd of left A-bialgebroids to the category
A-LieRine of Lie-Rinehart algebras over A. Conversely, a morphism (A, L) — (A’,L') of Lie-Rinehart
algebras induces a morphism (V L, A) — (VL', A’) of left bialgebroids, which in case A = A’ in turn leads
to a functor V : A-LieRine — A-LBiAlgd.

PROOF: Using ¢(1y7) = 1y, it is easy to check that 1)(P‘U) C P*U’. Hence the induced map reads
(P¢7P1/)) . (¢7¢|PEU) : (AaPZU) - (A/aPZU/)'

Moreover, we see that Py(au) = 9 (au) = ¢(a)p(u) = Py(a)Py(u), since the primitive elements were
respective A-submodules. Secondly, P, is automatically a Lie algebra morphism since the Lie bracket is
simply the commutator. Thirdly, pu(a) = pe(ua) = € (Y (ua)) = € (Y(h)a) = (¢¥(u))(¢a). These three
statements together prove (P, Py) to be a morphism of Lie-Rinehart algebras. By the universal property,
the converse statement is similarly simple to see. O

See Corollary 5.5.8 and in particular [MoeMr¢3] for further statements on the interplay between Lie-
Rinehart algebras and primitive elements of bialgebroids.

4.2.2 Hopf Algebroid Structures on V' L

We saw in the previous subsection that V' L is a left bialgebroid and even a left Hopf algebroid in a canonical
way. Adding some further (non-canonical and not necessarily existing) datum, one could even establish the
structure of a Hopf algebroid on it. This subsection will be dedicated to explain and prove the following
result:

4.2.4 Theorem Let (A, L) be a Lie-Rinehart algebra. If a flat right (A, L)-connection exists on A, the
universal enveloping algebra V' L can be equipped with an antipode, and in particular can be made into a
Hopf algebroid.
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We start discussing the concepts needed in this theorem.

4.2.5 Connections A main ingredient in the following discussion is the notion of (A4, L)-connections for a
Lie-Rinehart algebra (A, L) from [Huel, Hue2], with the slight difference that we assume A to be unital. Let
M € A-Mod. A map

V¢: M — Homy (L, M) (4.2.5)

that fulfills
V& (am) = aVi(m) + X(a)m, ac A,m e M, (4.2.6)

is called a left (A, L)-connection on M. It is said to be flat if it establishes a (left) Lie algebra action
m — (X — [X,m]) of L on M, in which case M is called a left (A, L)-module. Clearly, A itself carries
such a left (A4, L)-connection (given by the anchor), and flat (A, L)-connections uniquely correspond to left
V L-modules structures by the universal property of V' L. A right (A, L)-connection on an A-module N is a
map V" : N — Homy (L, N) that fulfills

Vi%(an) = aVin — X(a)n, 4.2.7)
Vixn = aVin—X(a)n, a€ AneN. (4.2.8)

Again, the connection is called flar if it establishes a (right) Lie algebra module structure n — (X +— [n, X])
on N, in which case N is called a right (A, L)-module (which, in turn, uniquely correspond to a right
V L-module). See §4.2.10 for a comment on the apparent asymmetry in the definitions of left and right
connections.

4.2.6 Lie Algebroid Connections Assume now that L is A-projective of finite constant rank n, so that

"L is the highest non-zero power of L in the category of A-modules. A result in [Hue2, Thm. 3] says
that right (A, L)-connections on A are equivalent to left (A, L)-connections on A" L: the latter were (if
(A, L) := (C>(M),T'E) originates from a Lie algebroid E — M) introduced in [X2] under the name Lie
algebroid connection or E-connection. In this particular case, there is always an E/-connection that is flat,
implying existence of a flat right connection on A = C*° (M), although there is still no canonical choice for
it; cf. [EvLuWei, Prop. 4.3] and [X2]. A flat E-connection on a vector bundle F is also called a representation
of the Lie algebroid [Mac, EvLuWei]. In general, right (A4, L)-connections on A need not exist: see Example
4.2.13.

Recall that a Gerstenhaber algebra [G, GSch] is a graded commutative k-algebra V' together with a Lie
bracket [.,.]J¢ : V ®, V — V of degree —1 (a graded Lie bracket in the usual sense when the degrees of the
elements of V' are lowered by 1) that satisfies a graded Leibniz identity (cf. e.g. [Kos] for details). A k-linear
operator 0 of degree —1 is said to generate a Gerstenhaber algebra V' if for every homogeneous v, w € V,
one has

[v,w]g = (=1)%8Y(A(vw) — (Dv)w — (—1)9°8  vow).

The operator 0 is called exact if 9> = 0 and a Gerstenhaber algebra with an exact generator is called a
Batalin-Vilkovisky algebra [Kos, X2]. On the A-exterior algebra A% L, one has the following Gerstenhaber
bracket:

[ e i Ay L@ Ay L — Ay L,
[u,v]g = (—1)des® Z (—1)"FX, X A XA - X X A X, (4.2.9)
i<j<l
foru=X;A---AX;e ANy Landv =X 1 A---ANX, € /\Z_ZL, where the bracket [., .| is the one from

the Lie-Rinehart structure on L. Right connections can then be characterised by the following statement.

4.2.7 Theorem [Hue2, Thm. 1] Right (A, L)-connections on A bijectively correspond to k-linear operators
0 of degree —1 generating the Gerstenhaber bracket on \% L. Exact operators or differentials, that is, k-linear
operators O of degree —1 with 9> = 0 generating the Gerstenhaber bracket on A% L, correspond to flat right
(A, L)-connections.

See [Hue2, Thm. 1] for a detailed proof. For later use we repeat how the precise correspondence is given. A
k-linear operator O generating the Gerstenhaber bracket (4.2.9) defines a right (A, L)-connection on A via

Ya:=adX — X(a) = a(0X) + [a, X]g = 0(aX).
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In particular,
Vila =0X, 4.2.10)

see also our Proposition 3.1.14 for a dual construction in the general context of left bialgebroids. Conversely,
if (a, X))+ V%a is such a connection, the operator 9 on A% L defined by

n

a(Xl/\“'/\Xn)ZZ(—l)"_l(V’)}ilA))ﬁ/\---/\Xi/\"'/\Xn
i=1
Y D)X XA X AXG A AXG A A X,

i<j
yields an k-linear operator 0 generating |., .|¢.

4.2.8 Hopf Algebroid Structure on V' L
By now, we have gathered all necessary ingredients to establish a Hopf algebroid structure on V L. To
start, a right bialgebroid structure on V'L is given as follows: since A = A°P, set

sT=tT=st=t"=iy: A VL, 4.2.11)

and the (A, A)-bimodule structure , V L4 is given again by multiplication in V' L, i.e., a» u <a = aua. We
therefore suggestively denote the tensor product (2.5.1) by

VLR VL:=VLe @* VL.

4.2.9 Proposition Flat left and right (A, L)-connections on A correspond to left and right bialgebroid struc-
tures on V'L over A, respectively. In particular, a Lie-Rinehart algebra (A, L) with a flat right (A, L)-
connection on its base algebra carries both left and right bialgebroid structures.

PROOF: Recall that, as morphisms of k-Lie algebras, flat left and right connections V* : L — End;, A and
V" : L°? — Endy, A can be extended to k-algebra morphisms V¢ : VL — Endj, A and V" : (VL)°P —
Endy, A, with respective properties V¢, ,,a = V.V, aand V! ,a = V", V7a for all u,u’ € VL, a € A.
Given such flat connections as above, with associated operators

fu:=Vily, Ou:=V"1y, ueVL,
both seen as maps VL — A, one has
IO(u)u') =V, 0u=V,Vily =V, 1sa=0(uu), (4.2.12)
and also
Eué(u')) = Ve ) = ViV 14 = Vi 14 = E(ud). (4.2.13)
Define two coproducts by setting on generators

AX = 18X+ X1 -eXx !l Aa = a1, 42.14)
AX = 1IQTMX+XR"1-0X®™1, Ara = a®™1, -
and extend these maps to the whole of V' L by requiring them to corestrict to k-algebra morphisms A, :
VL — VL x4 VLand A, : VL — VL x? VL. One then easily checks that (V L, A, i, Ay, ) and
(VL,A,ia, A,,O) are left and right bialgebroids, respectively. a

4.2.10 Remarks (i) Clearly, the anchor already defines such a left (A, L)-connection, which reproduces
the canonical left bialgebroid structure on V' L from Subsection 4.2.1.

(ii) By (2.1.8) one has X + eX = X, hence e(aX) = 0, e(a) = a and also ¢(Xa) = X (a) which reveals
that € (and also 0) is an algebra morphism if the (left respectively right) action of L on A is trivial. This
is, for example, the case for the symmetric algebra S4 L, which expressed on generators has analogous
structure maps as V' L, but defines a trivial action on A (since it is commutative).
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(iii) The apparent asymmetry in the definition of left and right (A, L)-connections in (4.2.5)-(4.2.8) is es-
sentially due to the fact that A already carries a canonical V L-module structure from the left (namely
by the anchor), but not from the right. Hence Lie-Rinehart algebras should actually be called left
Lie-Rinehart algebras. In case there is a right V L-action (a,u) — 0(au) on A, one may refor-
mulate the right connection identities (4.2.7) and (4.2.8) and thus obtain a more symmetric defini-
tion compared to left connections: a flat right (A, L)-connection on a right A-module N is a map
V" : N — Hom(_ 4)(V L «,Na) of right A-modules, subject to

V% (na) =nd(aX) + (Vin)a — nadX, acA XeLneN. (4.2.15)

Hence using [X, a] = X (a), one has V' yn + X (a)n = V%,n = (Vn)a, which is (4.2.7) again,
and inserting 9(aX) = adX — X(a) into (4.2.15) reproduces (4.2.8). The fact that (4.2.15) contains
three terms whereas there are only two in (4.2.6), is due to the fact that elements X € L are primitive
with respect to A, but not with respect to A,., hence eX = 0, whereas most generally 0X # 0 (see
also the next comment).

(iv) Itis then evident that right (A, L)-connections are a special case of right bialgebroid connections from
Section 2.5.1. Compare (2.5.8) to (4.2.15), again the additional summand derives from the fact that X
is not primitive with respect to A,..

Linking right and left bialgebroid structures on V' L by an antipode leads to the structure of a Hopf
algebroid on V' L: let (A, L) be a Lie-Rinehart algebra and V" aright (A, L)-connection on A with associated
operator 0X = V' 14, seenasamap d : L — A (cf. Theorem 4.2.7). Define a pair of maps S5 : L — VL,
Sa: A — VLby

SE(X)=-X+0X, Si)(a)=a, VXEL, acA. (4.2.16)

Combining (4.2.7) with (4.2.8), this implies that

SE(aX) = —aX +Via XeL aeA
4.2.11 Proposition (Antipodes for Lie-Rinehart algebras) Let (A, L) be a Lie-Rinehart algebra and V" a
right (A, L)-connection on A, as above.

(i) The pair (Sg‘7 Sg ) extends to a k-algebra anti-homomorphism S : VL. — V L if and only if V" is flat.
In such a case, S is an involutive antipode with respect to the canonical left bialgebroid structure (see
Subsection 4.2.1) and the right bialgebroid structure from Proposition 4.2.9.

(ii) Conversely, given a unital map S : VL. — VL that is an isomorphism of twisted bimodules, i.e.,
S(aub) = bS(u)a and S(1y ) = 1y, a,b € A, u € VL, the assignment

V:A — Homg(L,A), a— {X — e(S(X)a)} (4.2.17)
defines aright (A, L)-connection on A which is flat if and only if S is a k-algebra anti-homomorphism.

PROOF:  Part (i): exploiting the universal property of V L, we show that ((V L)°P, Sk S2') is a triple of
the kind (1.4.3). First, Sg‘ : A — VL, a is(a) = ais clearly a morphism of k-algebras; considering
S L—VL, X — —ig(X)+is(0X) = —X 4 0X (refraining from mentioning iz, i 4 all the time), we
have

[S5X,SEky] = [X,Y] + [Y,0X] — [X,0Y] + 0X0Y — Y IX
= [X,Y]+Y(0X) — X(9Y)
= SH([Y, X]) = o([Y, X)) + Y(0X) — X(9Y) + 0X9Y — Y 9X
= S5(IY, X]) = Viy x)la + V50Y — V30X
= SE([Y, X]) = Viy.xjla + Vi Vyla — Vi Vila
= SH(Y, X)) + (V. V¥] = Viy.x)) (1a).

The last term is the curvature of V", so S& : L — (V' L){® is a homomorphism of k-Lie algebras if and only
if the connection is flat. We now check

S5 (a)SE(X) = —Xa +adX = —aX + Viya = SE(aX),
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and also
SE(X)SH (a) — S5 (a)SE(X) = —aX +adX + Xa — adX = S5 (X(a)),

hence the property (1.4.3) for the pair (¢1,, ¢4) := (S5, S2"). Asin Definition 1.4.3, we infer the existence of
a unique morphism Sy : VL — (V L)°P of k-algebras such that Sgis = Sg,“, Soir = Sg. If the connection
is flat, the antipode axioms including S(% = id are straightforward to check by considering e.g. a PBW basis
of V L, and making use of the anti-homomorphism property.

Part (if): we need to check the properties (4.2.7) and (4.2.8) for a right connection. It is easy to see that

Vx(ab) = e(S(X)ab) = e((—Xa + adX)b) = e((—aX — X (a) + a0X)b)
= ae(S(X)b) — X (a)b = aVxb— X(a)b,

which is (4.2.7), and similarly one proves the second identity. To show flatness if and only if S is a k-algebra
anti-homomorphism, compare (reintroducing i, here)

[Vy, Vx|(a) = e(S(iL(Y))e(S(ir(X))a)) — e(S(iL(X))e(S(iL(Y))a))
= e(S(iL(Y))S(ir(X))a)) — e(S(iL(X))S(ir(Y))a).

with Vx,yja = €(S*([X, Y])a). The statement follows by the universal property. |

4.2.12 Remarks (i) We want to stress that flatness of the connection is needed in Proposition 4.2.11(i) to
show that Sp is a k-algebra anti-homomorphism.

(it) There seems to be no way of introducing an antipode on V'L other than by flat right connections;
furthermore, there does not seem to be a canonical choice for such a connection, or even a ‘trivial’
one. The analogue for the Lie algebra case, i.e., SX = —X for X € L is not well-defined unless the
anchor is trivial, which essentially leads back to Lie algebras. Related to this is the problem of how to
define the ‘opposite’ of a Lie-Rinehart algebra.

(#ii) There might be an obstruction for the existence of such a flat right connection on A (as in the following
Example 4.2.13); consequently, in such a case V' L cannot be given the structure of a Hopf algebroid.
However, as we have seen, V' L is always a left Hopf algebroid. Hence the answer to the question posed
in [B3] whether every left Hopf algebroid is the constituent left bialgebroid in a Hopf algebroid is no.

4.2.13 A Counterexample The simplest example of a Lie-Rinehart algebra that cannot be made into a Hopf
algebroid might be L = T(T1°52). Here T1°5% @ T%15% = T'S? @ C is the decomposition of the
complexified tangent bundle of 52 into the holomorphic and antiholomorphic part with respect to the standard
complex structure. Together with A = C°°(S2, C) this defines a Lie-Rinehart algebra, where the action
of L on A is the usual action of a vector field on a smooth function and the action of A on L is given by
fibrewise multiplication. We know from [Hue2, Thm. 3] that the right V' L-module structures on A correspond
bijectively to left V' L-module structures on L itself (as seen, in general on its top exterior power over A,
but here this is L because 7*YS? is a line bundle). Such a left V L-action corresponds precisely to a flat
connection V on the complex line bundle 7%:°S2, with X € L acting on sections of T'*YS? by the covariant
derivative V x (see [Hue2] for the details). But the curvature of any connection represents the first Chern
class of the bundle, which is nonvanishing since T1952 ig not trivial. Therefore, there is no flat connection,
i.e. left V' L-action on L and hence no right V' L-action on A.

4.3 Jet Spaces of Lie-Rinehart Algebras

Now we describe another Hopf algebroid associated to a Lie-Rinehart algebra (A, L), where, as an A-module,
L is finitely generated projective of constant rank (this means that it is the same for every prime ideal of A).
We will prove the following theorem:

4.3.1 Theorem The space of L-jets J L is a Hopf algebroid with involutive antipode in the sense of Definition
2.6.1.
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Some of its structure maps have been used before in the literature, cf. [NeTs, CalVdB], but here we give a
complete description: the Hopf algebroid of L-jets is in a certain sense dual to V' L. As mentioned in Section
3.1, duality in the category of bialgebroids has been described in [KSz] under certain projectivity assumptions
of the bialgebroid over their base algebra. These are clearly not satisfied for V' L, but each successive quotient
VL,/V Ly,_1 in the Poincaré-Birkhoff-Witt filtration of §1.4.5 is projective, provided L is projective over A.
With this, the bialgebroid structure for JL can be seen to be given essentially by that of the dual of a left
bialgebroid, as in Section 3.1. Observe that the left and right dual coincide (as k-modules) since source and
target map are equal for V' L; also note that the dual is a right bialgebroid, but since the jet spaces will be
commutative (see below), we may equally consider it as a left bialgebroid.

Let (A, L) be a Lie-Rinehart algebra and L finitely generated A-projective of constant rank. The space
of p-jets of (A, L) is now defined as J, L := Hom4(V L<,,, A), where V L<,, denotes the elements in V'L of
degree < p. The infinite jet space is defined as the projective limit

JL = JoL :=lim J,L.

We will now list the Hopf algebroid structure maps of J L over A:

(i) (Ring structure) The monoid structure is given by a commutative product on J L that can be described
using the left coproduct on V' L by

¢¢/(U) - ¢(u(1))¢/(u(2))a ¢7 d)/ € JLa (AS VL?

which is (3.1.18) adapted to this situation. The unit is given by the left counit on V' L, for better
distinction denoted by €, : VL — A in this section, since

ar(u) = EVL(U(I))¢(U(2)) = ¢(er (u(l))U(Q)) = ¢(u).

(ii) (Source and target) As in (3.1.3) and (3.1.4), define source and target maps s*, .t : A — JL by

st a(u) == e (au) = a6 (u), t a(u) = e (ua) = u(a).

It is easy to see that their images commute, and hence that (J L, s%,, ) becomes an A°-ring. Observe

that this gives an example of a commutative base algebra where source and target do not coincide.

(iii) (Coring structure) To define additionally the structure of an A-coring, we need:

4.3.2 Lemma There is a canonical isomorphism

JL 4 ®4 JL ~limHomy (VL ®" VL)<, A),

P

where @ is defined as in (4.2.3).
PROOF: By definition (cf. (2.1.1)),

JL o ®4 = JL = JL ®y JL/span, {t’, ap @1 ¢' — ¢ @ s’ ad’, a € A}.
The first term in the ideal, evaluated on © @, v’ € VL ®;, V L, reads

(thad @y ¢')(u @ u') = thad(u) ® ¢' (u')
e (u)ya)p(ug) @ ¢'(u') = ¢(ua) @ ¢'(u'),

whereas for the second
(¢ @ sp,a0") (u @k u') = ¢(u) @ a6y (u(y)) @ (ufg) = d(u) @ ¢' (au’).

Observe that these two expressions use exactly the A-bimodule structure on V' L used in the ®"!-tensor
product. It therefore follows that the map ¢ ®j, ¢ — {u ®f u’ — @(ug’(v'))} induces the desired
isomorphism (by projectivity of L this is an isomorphism in each degree). a
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Clearly, the product on V' L descends to a map VL ®" VL — VL which allows one to dualise the
product to obtain the coproduct A} : JL — JL 4 ®4 =JL,ie.,

plur) = AF(¢)(u @™ ) = ¢y (ud(a) (1)), 4.3.1)

similarly as in §3.1.6(i). Associativity of the multiplication in V'L implies that A} is coassociative.
Finally, the left counit is given as in (3.1.9) by

€ JL — A, ¢’_’¢(1VL)7
and it is straightforward to see that (JL, A}", €, ) is an A-coring.

(iv) (Antipodes for Jet Spaces) It is now easy to verify that (JL, A, s, ,t%, , €,,, A%) is a left bialgebroid.

Since J L is commutative, it is also a right bialgebroid. To obtain a Hopf algebroid, all we need is an
antipode.

As observed in [NeTs], there are two left V' L-module structures on JL. First there is the ‘obvious’
module structure given by

(u— @) (u') = ¢(u'w),
as in (3.1.8) or §A.1.1(i), induced by right multiplication of V' L on itself. Second, there is another left
V L-action on J L, constructed as follows. Consider the A-module structure . JL, i.e., (a>¢)(u) :=
(st.ad)(u) = ¢(au). On this A-module, there is a canonical left connection induced by the anchor
(also called the Grothendieck connection), given by

Vi (0)(u) == 6 (X(pu)) — 6(Xu), X €L, ¢p€JL, ucVL. 4.3.2)

One easily checks that this connection is flat, and we can write the induced V L-module structure in
terms of the canonical left Hopf algebroid structure on V' L from (4.2.4) as

(ugp) (') == us (p(u—u")) = & (ugpd(u_u’)). (4.3.3)
With respect to the coproduct, these two module structure satisfy

A (u— @) = (u— ¢n)) ®a b2
A (ug) = ¢1y) ®a ud(a)-

We now define the antipode on J L to be the following map S, : JL — JL:
(Sd)(u) = € (ugp) = up(d(u-)) = e (usrd(u-)).

4.3.4)

PROOF: (of Theorem 4.3.1) Since L acts on V' L via (4.3.2) by derivations, L — Der J L is a morphism of
Lie algebras. It therefore follows from the PBW theorem that (4.3.3) satisfies

u(@d’) = (uq)d)(ue)¢)-

Using this property, one finds that .S is a homomorphism of commutative algebras:
S (6¢)(u) = (u(6¢))(1) = ((u) @) (u@)d'))(1) = ((S.)(Se))(u).

To prove the theorem, we verify the axioms of Definition 2.6.1: since s, = ¢7, t{, = s" , the first one is
trivially satisfied, whereas the second is equivalent to the coassociativity of AJ", because A}* = A’". For
(2.6.3), we compute with (2.1.4), (2.3.4) and (2.2.4)
S (s,0) (1) = (u+(sta)(u,)) = 6 (UJrGVL(an))
= €vr (U (1)) 6vr (ug (2 u—) = 61 (ua) = (tha)(u).
and with (2.2.10)
SJL(tha)(u) = & (UJr (tha)(uf))
=€ (U+6VL (u,a))
= 6 (utu_a)

= aey, (u) = (SfLa)(u)'
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To prove that S is an involution, one computes

(SJ2L¢) (U) = &L (u+(SIL¢) (u—))
= ey (urbr (Ut d(u__))) (4.3.5)
= e (upu_tp(u__)).
To find an identity for the term u u_, ®" u__ that appears in the last line, apply the Hopf-Galois map
(2.2.1) to it:
Blupu—y @ u__) = U (1)U—+(1) ®" Ut (2)U—4(2)U——
= upyu- 8 U
—1g%u,
where (2.2.4) was used in the second line and the last line follows from the fact that V' L is cocommutative
together with (2.2.4) again. Hence
upu_y @ u__ =71 ) =1, @7 1_u=10"u,

and inserting this identity into (4.3.5) yields S2 = id,,. We are left with proving the axioms (2.6.4). Observe
that since the antipode is involutive, J L is commutative, and both left and right bialgebroid structures are
given by (JL, st ,t¢ A}, €,.), it suffices to verify one of the two identities in (2.6.4). For example,

(6)Snd2)) (W) = ¢y (u)) S ) (ue)
= o) (uq))eve (U + S2) (u(2)-))
= o) (up (1)) (U 2)P(2) (u—))
= 1) (U4 2y (u))
= d(uyu_) = ¢(Lyp e (u) = (85 end)(u),

where (2.2.7) and (2.2.10) were used. This proves the second identity and therefore concludes the proof that
J L carries the structure of a Hopf algebroid. a

4.3.3 Remark Theorem 4.3.1 is remarkable in the sense that whereas the universal enveloping algebra V'L
of a Lie-Rinehart algebra carries no canonical Hopf algebroid structure, its dual J L does. Close inspection of
the preceding proof shows that the Hopf algebroid structure—more precisely the antipode—depends solely
on the left Hopf algebroid structure on V' L, which is canonical, i.e. does not depend on the choice of a flat
right connection (cf. Subsection 4.2.13).

4.3.4 Remark In the previous construction of the jet space Jy;L := JL we regarded V' L as an A-module
by left multiplication. Right multiplication leads to a space written J,. L without much structure. Only after
introducing a flat right (A, L)-connection on A, we can introduce a ring structure using the right comultipli-
cation A, on V L and source and target maps using the right counit 0. This does lead to a Hopf algebroid,
but one easily proves that the map ¢ — ¢ oS defines an isomorphism Jy; . — J,.L of Hopf algebroids, where
S is the antipode on V' L constructed from the same flat right connection as in Proposition 4.2.11.

4.4 Convolution Algebras

If G = Gy is an étale groupoid over a compact Hausdorff manifold Gy, the space C°(G) of smooth functions
on G = (G with compact support carries a Hopf algebroid structure:

4.4.1 Proposition The groupoid structure of an étale groupoid G = G over a compact manifold G deter-
mines a Hopf algebroid structure on the convolution algebra C°(G) over C*°(Gy).

We will dedicate this section to explain the Hopf algebroid structure of C°(G), i.e. prove this proposition.

4.4.2 Overall Assumption Although G = (G; often happens to be non-Hausdorff in examples, we do assume
this in the rest of this section as well as in Sections 5.7 and 6.6, to simplify the computations a bit. However,
we presume that all results in the mentioned sections can be adapted to the non-Hausdorff case by combining
the formalism of [CrMoel] for the functor I'. for non-Hausdorff spaces with the results in [Mr¢2].
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The required structure maps are induced by the farget sheaft : G — Gy (which is a sheaf since G
is étale) for the underlying left bialgebroid structure plus antipode, and are basically already mentioned in
[Mr¢l] (for G Hausdorff) or [Mrc¢2] (general case). We only need to add the corresponding right structure
given by the source sheaf s : G — Gg to assemble all data into a Hopf algebroid. Compactness of Gy is
needed here to obtain unital algebras instead of merely algebras with local units.

Note that, corresponding to the identities 1y5)g = glg(,), the source and target sheaves induce
two natural C*°(Gp)-module structures on C°(G), seen as left and right module structures. Since
C*°(Gy) with pointwise product is commutative, we can again define four different tensor products denoted
®lcl(x,(qo), ®pse (Go) ®2l(x, (Go)? ®ér°°(Go) with obvious meaning. We will frequently need the following iso-
morphisms

Qei: CE(G) (g, C(G) = C2(G xGO G) = C(Ga),
Uit CF(C) @leq,) CZ(G) = CX(G'6,6) = CX(E), wan
Qoo CE(G) () € (G) = CR(G%G,0), o
Do CE(G) B, C(G) = C(G'%,G)
all given by the formula
O (u®cx () w9, 9") = u(g)v'(g), (4.4.2)

for u,u’ € C°(G) and (g,g’') in the respective pull-back G™x G. The fact that these maps are isomor-
phisms was shown in [Mr¢1] (for G Hausdorff), and for non-Hausdorff spaces can be derived from a more
general result on sheaves in [Mrc2, p. 271]. Moreover, one can combine the various isomorphisms to produce
‘mixed’ ones, e.g.,

CZ (@) @b () C(G) @ () CO Q) = C(Gx4, G5, G). (4.4.3)
We now give a list of the Hopf algebroid structure maps of C°(G) over C*°(Gy):

(i) (Ring structure) On the base algebra C°°(Gy) one uses the commutative pointwise product, whereas
the total algebra C°(G) will be equipped with a convolution product, defined as the composition

N Qit m
%1 CO(G) @ () CZ(G) ' € (Ga) = C(G).

Explicitly,
(ux0)(9) = *(u®v) = (M Qs (u®0))(g) = D ulgr)v(ge),
9=9192
which can be used to show associativity of the product *.

(ii) (Source and target maps) In particular, taking f € C*°(Gy) and u € C°(G) one has

(fxu)(g) = f(t(g))ulg) and  (uxf)(g)=ulg)f(s(9)), (4.4.4)

hence the left and right C*°(Gy)-action by the (groupoid) source and target sheaf. One can now show
that C>°(G)), identified with those functions in C2°(G) having support on 1¢, C G, is a commutative
subalgebra of C2°(G). Correspondingly, we put for the (left and right bialgebroid) source and target
maps

sf=tl=s"=t"=1, :C®(Gy) — C(Q),

i.e. the injection as subalgebra given by the fibre sum of the unit map 1 : Gy — G (which we usually
refrain from mentioning at all). Explicitly,

£ f 7 { f(z) if g = 1, for some z € Gy,

s fe— f, where f(g)= 0 otherwise (4.4.5)

and the tensor products ®cac (Go)? ®gfx, (Go)? ®2lx (Go)? ®g,x, (Go) introduced before can now be inter-
preted with respect to this injection.

(iii) (Left and right coproduct) With the help of the isomorphisms (2. ., the left and right coproducts read as
follows:

0o 00 u ifg=y¢,
Ny i= 03, A C(G) — CE(G4,0), (Mpu)(g.o)=] 09 H9=9

- u ifg=4¢
L= 02, A, C(G) - CR(G,C). (Mu)(g.9)={ o9 1I=9

(4.4.6)
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If one introduces the diagonal maps d : G — G'*} G, g — (g,9) as well as d” : G —
G*x& G, g — (g,g9). this can be obviously rewritten as A, = df and A} = d’ or even as

Ay = Q. N di and A, = Q;; d’, . For later computations, let us also mention that higher coprod-
ucts are given by

m  u(gr) ifgi=...=gn,
(Aeu)(gh--wgn)—{ 0 else,
for (g1,...,9n) € G", where G™ := G, - - - 'x§, G, and likewise for A’

(iv) (Left and right counit) Both left and right counit are determined by the fibre sum of the germ bundle
projection of the target and source sheaf, respectively. For any z € G, set

€:C(G) = C¥(Go), eu(w)= Y ulg)=tiu(x),

Hoe 44.7)
0:C(GQ) — C*(Gy), Ou(x)= Z u(g) = syu(x).
s(g)==
(v) (Antipode) Finally, the antipode is given by the groupoid inversion,
S:C2(G) — C2(G), (Su)(g) = ulg™") = (inveu)(g). (44.8)

The proof of Proposition 4.4.1 is now a straightforward verification:

PROOF: (of Proposition 4.4.1) We remark once again that compactness of Gy makes both algebras
(C(Q),*) and (C*°(Gyp), -) unital. The fact that (C°(G),C>°(Gp), Ay, €) is a left bialgebroid having an
antipode S with certain properties was already shown in [Mr¢2, Prop. 2.5]. This can be carried over, mutatis
mutandis, by simply replacing the target sheaf by the source sheaf to prove that (C°(G),C>(Gy), A, )
gives a right bialgebroid. As an example, for u,v € C°(G) we have (Ou x v)(g) = Ju(t(g))v(g) =
2 s(gr)=t(g) U(g1)v(9), hence for some z € Go,

durv)@)= 3 Y ughle) = Y Y ulg)e(ge) = duxv)(a),

s(g)=z, 9=9192 s(g2)==, s(g91)=t(g2)
and, using implicitly A, = Q1 d’;,
(+(id ® 9)Ayu)(g) = (u) + 8u?)(g)
=uD(g)ou?(s(9) = DY uP(9u®(g) =u(g)
s(g")=s(9)

and so forth. Hence 0 is indeed a right counit for A,.. In what follows, we can now restrict ourselves
to verify the Hopf algebroid identities in which left and right bialgebroid structures are intertwined: for
example, twisted coassociativity (2.6.2) is obvious, so we only prove the second identity in (2.6.4):

(+(id @ S)Au)(g) = > (L diu)(gi,95")

9=9g192

= Z u(g1)

{91€Glt(g91)=t(9),91=9 " g1}
{ D t(g)=z Wlg1) if g =1, for some z € Go,
0

else
= (s"eu)(g).

We leave the verification of the remaining identities in Definition 2.6.1 to the reader, but as an illustration,
we also state the third relation in (2.6.10), i.e.,

@Su)(x) = Y Sulg)= D ulg™ )= Y ulg)=(cu)(x),
s(g)== s(g)== t(g)=x
ordS =s;:85 =ty =e m]

A different way to obtain a (topological) Hopf algebroid from an étale groupoid is described in [KaTan].
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4.5 Function Algebras

The convolution algebra in Section 4.4 is not the only Hopf algebroid which arises from an étale groupoid. In
this section, we use pullbacks of the structure maps rather than push forwards. Let s,¢ : G == P be an étale
groupoid and consider the algebra C*°(G) of smooth functions with its commutative pointwise multiplication.
We are going to consider a subspace of C°*°(G), invariant under an action of (lifted) differential operators on
the base manifold P (see Definition 4.5.1 for the precise construction), and prove that it is a Hopf algebroid
(see Proposition 4.5.6).

The Lie-Rinehart algebra (C*°(P),I'T'P) of smooth sections of the tangent bundle T'P over C*°(P) acts
in two ways from the left on C*°(G): firstly, the assignment

C*(P)®C™(G) — C™(G), (a,f) = a'(f) :=t"(a) f
TP ®C®(G) — C*(G), (X, f) = XU(f) := Li=x f 4.5.1)

can be extended by the universal property to a left action
VP ®RC™®(G)— C®(G), (u,f)r u'(f) 4.52)

of the universal enveloping algebra VP := VI'T'P on C*(G). Secondly, the same considerations with
respect to the source map s lead analogously to the left action

VP ®C¥(G) — C®(G), (u,f)r—u’(f). (4.5.3)
Furthermore, the assignment
(a, f,b) — t*(a) fs™ (D), f €C®(@Q), a,be C™(P), “4.5.4)

equips C*°(G) with a C*°(P)-bimodule or left C>°(P)®-module structure and we denote the canonical injec-
tion by
7:C®(P)° — C®(@), a®cb— t*(a)s*(b).

We can now make the following definition.

4.5.1 Definition The space F' = F, is the smallest left V' P-submodule with respect to the action (4.5.2)
that contains Fy := C°°(P)° and is closed under groupoid inversion.

As the notation suggests, F' carries a filtration, which can be seen to originate from the canonical filtration
of V P. To see what it looks like, we need to calculate the V P-action on elements of the form ¢*(a)s*(b).
One obviously has

a'(s*b) = t*(a)s*(b) € Fy, X' (t*a) =t*(Lxa) € Fy, a,beC>®(P),X € XP.

To calculate elements of type L;~ x s*a one most conveniently makes use of the following lemma (cf. Lemma
A.1.4).

4.5.2 Lemma (Dual Basis Lemma for the tangent bundle) Let P be a smooth manifold. Then there exist
vector fields X1, ..., X,, € XP and one-forms 0, ..., 6™ € Q' P such that each vector field X € X P can
be decomposed as X =Y | 0"(X)X;.

As we will explain now, there are functions n%, € C*°(G) such that
n .
"X = Z Ny s X;.
i=1
Equivalently, at a point g € G, this means

(dt)g ! (Xi(g) = an((g)(ds);l(Xi,s(g))'

That is to say,

n

g Xug) = Y 1% (9)Xis(9),

i=1
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where g~ : Tyg) P — Ty, P denotes the right G-action dsodt~" on T'P. On the other hand, from Lemma
4.5.2 one also obtains

n
g Xiggy = Y0971 Xeg) Xis(o), (4.5.5)

hence we choose
5 (g9) == 0" (97" - Xyg)-

An analogous consideration holds for the functions ﬁg( arising from the decomposition s*X =
i % t*X;, where one clearly obtains

ix(9) = 0"(g- Xy(g)),

that is
i = 1 o inv, (4.5.6)

where inv is the groupoid inversion. Observe that we chose here the notation such that g+

is a left action on T'P. Applying Lemma 4.5.2 again yields the property

- is aright and g-

M =Yt (07(X))n} and nX_Zs (67 (X)), 4.5.7)

Jj=1

with n/(9) == 07(g™" - X, 4(5)) and 77} (g) := 69 (g - X; 5(4))- Since g- is a left action, one furthermore has
the following useful properties:

i (gh) = 0'((gh) - Xeny) = 0°(g - (h- Xogny))

LI (4.5.8)
= ik (W0 (g Xj.uq))
j=1
= ik (W)ii(g) =i (9)itk (),
j=1 j=1
and analogously
i (gh) =Y nk (g)mj(h). 45.9)
j=1
Correspondingly, we will decompose now ¢* X and s* X as follows:
s X = Z?:l s7(0°(X))s" X; = ZZj:l 8*(9l(X))777t X Z] 1M Xt XJ
As a consequence, one has
Ly xs*a= Z (01 (X))l s *(Lx;a) ans (Lx;a) (45.11)
i,j=1
and this is the type of element lying in F}. Likewise,
Lextta= Y s*(0/(X))ilt"(Lx,a) ant (Lx,a) (4.5.12)

i,7=1

4.5.3 Lemma For each vector field X € X P, the functions 77;(, ﬁg( and hence in particular elements of the
form L~ x (s*at*b) lie in the submodule F' C C*(G).
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PROOF: Leto = o, : (U,s(g)) — (V, (g)) be the germ associated to g as in §1.5.2. Assign to any
X cXPandfcQ'P funct1ons (X,0) — n% € C>®(G), (X,0) — 1% € C=(G) by defining

1% (9) = 0409 ((d0) 119y (Xa(g))s 1% (9) = i) ((d0) () (X)) -

Now decompose an arbitrary § € Q! P into § = >, aidb; where a;, b; € C°°(P). We then have

Z s"a; Le-x (s*0:)(9) = Y ai(s(9))(dbi)s(g) (doy i) (Xe(g)

i

= es(g) ((dO'g_ )t(g)(Xt(g))) g((g)

and the left hand side is by definition in F’; hence the claim follows. In particular, this is true for ng( e F,
the same holds then for 77 by (4.5.6) and the definition of F. O

Somewhat simplified, for functions f;, f; € F with f; = f; o inv one finds the identities

X =) fis'X; and s°X =) fit"X;. (4.5.13)

i=1 i=1

Now it is clear how the higher degrees Fj, of the filtration of ' arise: taking Ly Li-x s*a for X, Y €
X P and a € C*(P), one obtains with (4.5.11) two summands that stay in F and a term containing L~y 7],
which characterises the terms in F5. It is also clear now that, seen this way, the filtration of V' P determines
the one of F'.

Next, we want to give F' the structure of a Hopf algebroid. To this end, set up the following.

4.5.4 Definition A function f € F'is called F'-codecomposable if

=Y _flfl'(h), ghegq, (4.5.14)

for functions f/, f{ € F, where the sum is finite.

4.5.5 Lemma Each element in F' is F'-codecomposable.

PROOF: If f, f’ are F-codecomposable, then so is their product f f’. Also, for a,b € C°°(P), the function
s*at*bis F'-codecomposable. Hence it suffices to prove that for any X € X' P and a F'-codecomposable func-
tion f, the expression L~ x f is F'-codecomposable. To this end, assume that f € F' is F'-codecomposable
as in (4.5.14). Since G is étale, its tangent bundle is a multiplicative distribution, i.e., for any k,g,h € G
with k = gh and W), € T},G there are paths k(t), g(t), h(t) in G with k(t) = g(t)h(t), k(t) € TG,
g(t) € Ty)G and h(t) € T ()G such that k(0) = k, g(0) = g and h(0) = h as well as k(0) = W;.
Identifying spaces T}, GG with Ty ;) P by means of t., we may in particular choose W to correspond to the
given vector field X, i.e., k(0) = W), = (dt),;l(Xt(k)). Therefore,

(dt)g(9(0)) = (dt)k(k(0)) = Xyy = Xi(g),
and with (4.5.5)
(ds)n(h(0)) = (ds)(k(0)) = (ds) (dt)fl(Xt(k))

b Xy = Z T () X500 = D 1 (B) X a()-
j=1
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With (4.5.9) one now calculates
d / "
G| AN (o)

= Z(Lgm)f{)(g)f{’(h) + 2 F9) Ly ) ()

i =1

=2 (Lex @ B+ 32 3 Filayix (gl (M) (L x, £ (R)

i gi=1
:Z<Lt*Xfi/) +ZZ77X )(Le=x, fi) ().

Now elements of type L x f! and 7% were already shown above to be functions in F', hence the claim
follows. m|

Lt*Xf(gh)

For later use we mention that one analogously obtains

Le-xf(gh) = ZZ sxof +Zf Loex f1)(R). (4.5.16)

With the left C*°(P)°-module structure on F' from (4.5.4), define
F ®coopy F:= F ®c F/spanc{s*(a)f @c f' — f @c t*(a)f’, a € C*(P)},
andsetGo .= G xpGand G3 :=G xp G xp G.

4.5.6 Proposition Assume that both maps

7 F®c=m?2 C>*(G2), [ ®coopy [ = {(g,h) — f(g)f'(R)},
7 F®c=@)3 C>®(G3), [ ®coop f! Qcoe(p) " = A{(g,h, k) = f(g)f'(h)f"(k)},

are injective and let mq(g,h) = gh for (g,h) € G xp G be the groupoid multiplication. For a function
[ € F with F-codecomposition f(gh) =Y. f/(9)f!'(k), fl, f!' € F, the formula A} f := m}, f gives a
well-defined map

Af i F = F®com F, [ [l ®coiwm ff. (4.5.17)

Together with the map
er: F—C>®(P), fr—1LFf, (4.5.18)
where 1, : P — G is the groupoid embedding, the triple (F, A}, ¢,.) becomes a C*°(P)-coring with respect
to the bimodule structure (4.5.4). In particular, with its pointwise product m and defining source and target
maps as maps C*>°(P) — F by
st :a—t'a and tL:aw s*a, (4.5.19)
the C*°(P)-coring F is a left bialgebroid over C*°(P). On the other hand, defining two maps C*°(P) — F
by
Shiar— s*a and t:ar t'a
equips the (same) quintuple (F,C>(P), mp, A],€x) with the structure of a right bialgebroid. Finally, the
map
Sp:F—F, f[f—inv'f (4.5.20)

defines an antipode on F' and all data can be assembled into a Hopf algebroid.

PROOF:  Note firstly that m% (F') C 3(F ®cp, F') and with the injectivity of j the well-definedness of
A7 follows directly. Coassociativity then follows from the injectivity of the second map. The bialgebroid
axioms are not difficult to verify. We have, for example,

(mF(ld®t €r Aff Zf f(gls(g)) = f(g)a
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and similar for all remaining identities; in particular it is easy to see that €, and A] can be simultaneously
considered to be left and right counit and coproduct of a left and right bialgebroid, respectively. The fact that
these are the constituent bialgebroid structures of a Hopf algebroid with antipode S is seen by computing

(eFSf)(x) = f((lr)_l) = f(1z) = (eFf)(CC)

Hence right and left counits coincide. Also, using S~ = S and Sf(gh) = >, fI/(h™1)f/(g™*), we have
(S22A7Sf)(g.h) = (AL SF)(h Z filg
Hence Sg2A;S = A/, and the right and left coproducts coincide as well. Finally, we check
(m(S @idp) AL f)(g Z SHOVAORDSF AU
= f(g_lg) = f(Ls(g)) _ s"1"f(g)
= (sperf)(9),

and leave all remaining identities to the reader. m|

For later use, we give some explicit coproduct expressions. One clearly has m’s*a(g, h) = s*a(gh) =
s*a(h) and m%5t*b(g, h) = t*b(g) for a,b € C>°(P), g, h € G. Hence

A7s*a=1®coop) s'a and AFtb =1t ®c¢ecpy 1, a,b e C®(P). (4.5.21)

More interesting is the case of the elements ﬁfx and 77}}. With (4.5.8) and (4.5.9) one obtains

ATy =) 7k ®coe iy ik, and  Afn =3 1k @coe i, 1) (4.5.22)

j=1 j=1

4.6 Connes-Moscovici Algebras

‘Extending’ F' from the previous section by the (lifted) differential operators on P, one gets a subspace of
the differential operators on G which can be given the structure of a left bialgebroid again (see Proposition
4.6.4), and presumably even of a Hopf algebroid (see Remark 4.6.5). We see this as a general background
picture from which the constructions in [CoMos5] and [MosR] can be understood.

Consider the convolution algebra (C°(G), *) with multiplication mce ) (f, f') = f * f" of compactly
supported functions on G and denote the space of linear maps C°(G) — C°(G) by C1(CX(G)). For
example, one can consider operators 1 of pointwise multiplication with an element f € F, or, by locality,
the restriction to compactly supported functions of the action L« x from (4.5.1) and (4.5.2).

4.6.1 Definition The space of transverse differential operators on an étale groupoid s,t : G=P is the
subalgebra H C VG := VI'TG generated by elements in F' and t* X for a,b € C>°(P), X € XP.

By construction, H N C*°(G) = F. In particular, elements of the form s*X for X € X P are contained
in H as well. Interpreting V' G as the space of differential operators on C*°(G) (with elements in C*°(G) as
multiplication operators), elements in VG act on the convolution algebra (C°(G), ). One has the inclusions
H C VG cC CHCX(@R)).

4.6.2 Definition An operator D € H is called H-codecomposable if one has a finite sum

ZD «DI(f"),  f.I eCc(@),

for elements D}, D! € H.

4.6.3 Lemma FEach element in H is H-codecomposable.
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PROOF: For a,b € C>°(P), the operators mg«,, ms=p are evidently H-codecomposable. If D, E are
H-codecomposable, then so is their product D E. This follows from

D(f*f") ZD «DY/(f)) = > E/Dj(f) = E/D(f").
%]

Finally, for X, Y € X P, the operators L;~x, Ls~y are H-codecomposable. This can be seen by repeating
the argumentation in the proof of Lemma 4.5.5:

(Leex(F = £))(9) = > (Le-x f(R)f' (k) + Zf (h) Ly x, f'(K))

o . 4.6.1)

(Leex f £)(9) + > (= Liex, f') (9),

=1

and similar for Ls+y using (4.5.16). Hence L« x and Lg+y are H-codecomposable. These statements are
sufficient to prove the lemma. O

Observe that for an element f € F with F-codecomposition f(gh) = >, fi(9)f{'(h), the H-
codecomposition of the corresponding multiplication operator and f1, fo € C°(G) reads

my(fi* f2)(9) = Z f(hk) fi(h)f2(k)

g=hk

D0 > g (W) fu(ymyy (B) falk) = 3y fuxmy fo.

i g=hk

Hence H-codecomposition, restricted to elements in ' C H, coincides with F'-codecomposition.
Now note that the space H carries an obvious left C°°(P)°-module structure arising from (4.5.4), namely

(a,D,b) > my-(@mae-yD, D€ H, a,beC®(P), (4.6.2)
with respect to which we define
H ®coo(py H=H ®y H/span{mg-;yD @ E — D @ my« (o) E, a € C*°(P)}.
Furthermore, we regard the space C°(P) as subalgebra of C°(G) by means of

o o 5 on | f2) if g = 1, for some = € Gy,
Cx(P) = €@, [ J. where flg)={ J B0 Sl
Observe that the H-action on C°(G) leaves this subalgebra C°(P) invariant. The restriction of H to
End C2°(P) coincides with V P, and therefore admits a tautological extension to an action on C°(P). With
these preliminary remarks in mind (which will allow us to define a counit for H), we can prove

4.6.4 Proposition Assume that the maps

JiH e H — CHCE(G)).
D @y D' = {f@c f — D(f)*D'(f)},
JiH Oemip Hoemip H = CHCE(G)),
D Qcopy D' @coopy D" = {f &c [ ®c f"— D(f)* D'(f') « D"(f")},

are injective. Then the formula A} D := m} D gives a well-defined map

Cco(G)

A} H — H®cwp H, D> Dj@coor DY,

where D has H-codecomposition D(f x f') =Y. Di(f) * D/ (f"). Together with the map

€n: H—C>®(P), D~ D(lg=(q)),



78 CHAPTER 4. EXAMPLES OF HOPF ALGEBROIDS

the triple (H, AJ, ey ) becomes a C*°(P)-coring with respect to the C*°(P)-bimodule structure (4.6.2). In
particular, with the composition of operators and source and target maps

sé 1a — My, and tf{ 1A — Mgxq, (4.6.3)
as maps C*°(P) — H, the C-module H is a left bialgebroid over C*°(P).

PROOF: Using mje o (H) € J(H®cop,H) and the injectivity of .J, the well-definedness for A’ follows
directly. Also, coassociativity follows from the injectivity of the second map. The bialgebroid axioms are
again easy to check. For example,

(mau(sy, @A D(f))(g) = Z (Di(le>e))) (Leg)) (DY () (9)
= Z Lese (g *D”(f))(g)

= D(lcoo«;) * f)(9) = D(f)(9)-
Also,
€u(DD') = DD'(lex(q)) = D(enD’)
= D(ms*(eHD’)(lcx<c>)) = Dms*(eHD')(lcOO<c>) =€y (th;(ﬁvD/))-
O

Let us also mention some explicit coproduct expressions for certain elements, e.g. generators of H. These
are calculated as in the proof of Lemma 4.6.3. Let m s denote the multiplication operator associated to f € F'.
One sees that for a,b € C*°(P), one has

(ngC(c;)(mS*a)(f ® f/)) (9)

(ma-alf 1) (9)
> salhk) ()] (k) = ( + maaf)(g),

g=hk
and analogously (o, (my-1)(f @ ) (g) = (my-1f * f')(g). Hence

A?ms*a =1 ®coc(p) Mg*q and A?mt*b = My*p ®COO(P) 1, a,b S COO<P)

It follows from (4.5.22) that

(Mos ey (M ) (F @ f1)(9) = D Zn; (k) f (k).
g=hk j=1
Hence, as expected,
A?mn} = Zmng( Rcoo(p) My and Afm;]; = Z M0 Q¢ (py My - 4.6.4)
=1 =1

In the same fashion, one obtains from (4.5.15) and (4.5.16),

AP X = t*X Qeoop 1 +an ) @eoopy t* X5, (4.6.5)
=1
Alls*X = Z §* X Qcoo(py Ny + 1 @poo(py 5 X. (4.6.6)
=1

4.6.5 Remark Let S, be the antipode on F’ given in (4.5.20) and Sy, the antipode of the Lie algebroid V' P
given in (4.2.16) (depending on a (Lie algebroid) connection as in §4.2.5). We conjecture that one can extend
the assignment

I = Sef, VfeF,
X o s (SyeX), VXexp

to an antipode on H turning H into a Hopf algebroid; see also Remarks 3.3.7 and 4.7 .4.
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4.7 Bicrossed Product Realisation

In this section we describe how H can be ‘composed’ from the bialgebroids F' and V P. For this, we will
need the concepts of Section 3.3 of matched pairs and the bicrossproduct bialgebroid, i.e., we will discuss a
V' P-action on F' and an F'-coaction on V' P to obtain the main result of this section:

4.7.1 Theorem The pair (F,V P) is a matched pair of left bialgebroids (see Definition 3.3.6), and the map
(4.7.3) defines a left C°°( P)-bialgebroid isomorphism

Fr<eoe (VP = H. 4.7.1)

The procedure we give here generalises methods of [MosR] to bialgebroids.

The pullbacks of the groupoid source and target maps give two algebra morphisms s*,t* : VP — VG,
where we recall the notation VP := VI'TP and VG := VI'TG. In particular, we have two vector space
isomorphisms

VP ®coepy C°(G) = VG, (u, f) — ft*u, (4.7.2)
C®(G) ®coopy VP — VG, (f,u) — fs*u, (4.7.3)

where the left C°°(P)-action on V' P is denoted by (a, u) — au, and where the C°°(P)-bimodule structure
on C*°(G) from (4.5.4) has been used to define the tensor products.

The fact that (4.7.2) (and likewise (4.7.3)) is a vector space isomorphism can be seen as follows: with
the help of the PBW map (1.4.5), (4.7.2) can be seen to be induced degree-wise by the isomorphism
LSPTP ®coopy C°(G) ~ I'SPTG on the respective symmetric algebras, considered to be vector bun-
dles over P and G, respectively (cf. also §1.4.5 for notation). Since T'G' ~ t*TP in the étale case, the
isomorphism I'SPT'P ®cospy C*°(G) =~ I'SPTG in turn follows from a general result on pullback vector
bundles.

The maps (4.7.2) and (4.7.3) serve to define a right F'-comodule structure on V' P:

4.7.2 Lemma The assignment
VPo>u— sue VG 4.7.4)
defines a right F'-coaction
velA VP —- VP Reooipy Fy,  u— U[o] Dcee(p) U[1] 4.7.5)

on the universal enveloping algebra V P.

PROOF: Firstly we state that the canonical right C*°(P)-action R¢ep, on V P from Definition 2.3.2(i) is

given here by Rex (p(u,a) = au = s,,au. Hence the tensor product in question is

VP ®coopy F=VP®F/span{au® f —u®t*(a)f, a € C*(P),uc VP, f € F}.

Observe that ,»A maps into this space, indeed, as follows from the definition of (the filtration of) F'. We use
(4.7.2) and (4.5.10) to write on generators

VPAG = 1 ®C°°(P) s*fae VP ®C°°(P) -FOa (476)
n .
WAX = ij Qcoo(py i € VP @coopy Fi. 4.7.7)
j=1

It is now enough to check the coaction axioms on a PBW basis of V P: let I be a (finite) sequence ¢; <
... <ipand set Xy := X, --- X for Xj, € XT'P C VP aselements in VP (if I is empty, set X; = 1).
Elements of the form aX; with a € C°°(P) form a basis of V P; see [Rin] for details. Since y»A and AJ
are C*°(P)-linear, we can restrict to the case a = 1. _ _

Using (4.5.10), the action (—)! from (4.5.2) and abbreviating nfl = ﬁﬂ(il forl =1,...,pone can write

n
X =5 X, 8 Xy, = > X, X,
J1

= Z ﬁfflefl)(ﬁfj)(le (Q)ij(l))t(ﬁgs) - (X, (p_1)ij (p—2) """ ijfl(Q))t(ﬁzJ:)-
J15emsdp

(X )Xo o) X (1) X )5
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and hence with (4.7.2)

vpA X1 = XI[ 0] Q¢ (py XI[l]

Z i1 (p) Xz (p—1) " X1 (1)K 4.7.8)

J1s-Jp
Qoo (py ﬁﬁXh (1)(7712 )(X71(2)X72(1)) (ﬁﬁ) e (Xj1 (p—1) " .ij—l (2)) (ﬁi:)

We now show that the coaction axioms hold by induction over the length p of a PBW basis: one has for
X € XP with (4.5.22)

(v @idp)pAX = Y X Qoo ] Qoo iy = (idve ® A])vpAX, (4.7.9)

ij=1

as the start of the induction, and we proceed to prove that if this coaction axiom is true for X := X, - -- X ,
where I’ is the finite increasing series 7o < ... < 1y, it is also true for the sequence I introduced before.

From (4.7.8) one checks

veA X7 = vpA (Xi1XI’)

Z J2 (p— 1) ’ ijfl(l)ij
J1,e- Jp

Qcoo(p) ﬁglllefz) (ﬁngnEl)(ﬁi;) to (ij (p—2) " ij71 (2)) (ﬁi:))
Z Xz p-1) " Xip-1 1) X

Rcee(p) ﬁillﬁfnghh)(ﬁg;) U (ij (p—2) " " ij—l(g)) (ﬁi:)
+ ‘ Z Xj? (p—1) """ ij—l(l)ij

Qe (p) Xi (77@2 Xth)(ﬁfS) U (ij (p—2) 'ij—1(2)> (ﬁf:))

since V P is cocommutative and X;, is primitive. Hence with (4.7.9) and the action (—)® from (4.5.3),
veA X1 = Z i1 X1710] @coe(p) 7721 Y X1+ X @comy) X7 (X)), (4.7.10)
and therefore with the same argument again, as well as using the induction assumption,

(VPA ® ld)vaXI Z Xlep[ 0] ®c=(p) T)jl XI/[I] Re= (p) 771 XI/[ 2
J1,k1

+ ZXI’ 0] ®copy Xj, (X1711)) ®co(py T X1y
J1
+ X1 [o) @exm) X1r1) Qe cey X3, (X1 g))
— (d® AL A X

by (4.5.22) and (4.5.16).
Counitality is proven by the same kind of argument: first calculate

er () (@) = iy (12) = 0°((1) " - Xs1,)) = 0°(X) () 4.7.11)

ata point x € P. Hence, the first step of the induction is

Reos(py(idyp @ €5) A X = ZGF =
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Subsequently, with (4.7.10), (2.1.4), (4.5.18) and the fact that F' is commutative,

Reoo(py (idve ® €7) pA Xy = ZGF(XI'[l])ﬁF(ml )X, Xrrjo) + €0 (X5 (X)) X1
J1
= Xoyer(Xpr ) Xrrjo) = X5 (er (X)) X o) + €0 (X3 (X)) X1 o)
= XIv

since the assumption holds for X» (where X“ denotes the action originating from the anchor of V' P, i.e. the
Lie derivative of I'T'P on C*°(P)). O

4.7.3 Proposition The bialgebroid F' is a left V P-module ring (cf. Definition 3.3.1) with respect to the
action (4.5.3), whereas V P is a right F'-comodule coring (cf. Definition 3.3.3) with respect to the coaction
(4.7.5). In particular, the left C*°(P)-bialgebroids F' and U form a matched pair in the sense of Definition
3.3.6.

PROOF: The first part is obvious: the action (4.5.3) clearly restricts to an action (u, f) — u*(f) on F by
the definition of F' and Lemma 4.5.3, and all properties in Definition 3.3.1 of left module rings are trivial to
check (e.g., for a PBW basis of V' P). In particular, the induced left and right C°°(P)-actions from (3.3.2)
coincide with F, i.e., (s5,a)*(f) = a®(f) = s*af = thaf.

Let (VP,A}", evp) denote the coring structure of VP as given in Proposition 4.2.9. To show that it is a
right F'-comodule coring we check the conditions (3.3.8): by (4.7.8), (2.1.4) and eX = O forall X € X P,
the first condition is trivially fulfilled for any PBW basis a X for a € C°°(P) and I the increasing sequence
i1 < ... < ip; in case I is empty, it follows by (4.7.6) and (4.5.19). The second equation in (3.3.8) is
again proven by induction over the length p of X and by C°°(P)-linearity it is again enough to consider the
case a = 1. Now equation (3.3.8) is obviously fulfilled for any X € X P using (4.7.7) and the primitivity
of X; this gives the induction start. Hence assume (3.3.8) to be fulfilled for X ;- where I’ is the sequence
ig < ... < ip. It follows from (4.7.10) that

(AY? @id)ypAXT = (AY” ®id)ypA (X, X1

Z 2 X1 o)1) Bes=p) Xr(0)(2) Oe o 7, Xy

+ ZXI' 011) ey Xju X1 f0)(2) Ry T Xrrpy
J1

T ZXI'[O](I) ®coo(py X1/0](2) Pcoo(ry Xiy (X))

J1

= ZX71(1)XI'(1)[0] e (py Xjy (29 X17 (2)[0] Do) i X ym X @)
J1
+ ZXI’(I)[O] ®coo(py X1/(2)[0] e ry Xiy (X1 ym X1 (2)1))
J1

= VP®VPAAZP(X’i1XI’) = VP®VPAAXPX17

since F' is commutative and a left V P-module ring. This concludes the induction and we have shown that
V' P is aright F'-comodule coring.

We proceed by considering the conditions in Theorem 3.3.5. The identities (3.3.17)—(3.3.20) are
obviously fulfilled by (4.2.11) and the commutativity of F. For an f € F with F-codecomposition
f(gh) =3, fi(g9)f{’(h), with (4.5.16) at a point € P we have

er(X°(f) = (L *Xf< )
= ZZ s x 1) (L) ( +Zf ) (1s)
= ZLX (1 f{ 1 ) (2 Zevp “(fifiN) (@) = evp(Xernf) (@),
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which is (3.3.21) for X € X' P and analogously on a PBW basis X; of V P using (2.1.4). Now (3.3.22) is
obvious from (4.7.6). For (3.3.23) we argue by induction on the length p of X again: the induction start
follows from (4.5.16), (4.5.17) and (4.7.6), and the induction step to pass from X/ to X; (see above) works
as follows: considering X3, (f) as an element in F' again, the assumption is already true for X7 (X7, (f)).
Hence with (4.7.10),

A7 (X7(f) = AL (X3 (X7 (1)
= Xiy (o) (X7 (D)) @iy Xiy (1911 X (2) (X7 (F))121)
= X; f (XI "(1)[0] f[1] )®c°°<P> Xil(l)[l]Xilm) (XI'(l)[l]XI’@)(f[ ]))
= X1 (1yj0) (X1 (o1 (Fa1)) @e= ey Xy 1y Xin () (X1 1y 1) X {3y (X1 G2y (fr2)))
= (X3, X1){1y0) (1) ®eoepy (Xiy X1v) (1)) (Xiy X1 ) {2 (f12)
= X1{1yj0)(f11]) ®co=py X110y X1(2)(f21),

which is (3.3.23) for u = X, as desired.

Next, (3.3.24) is automatically fulfilled since F' is commutative and V P is cocommutative. Finally, for
(3.3.25), let J be another increasing sequence of indices of length g. Then it is enough to show this identity
for u = X7 and v = aX; where a € C°°(P). The statement is already implicit in (4.7.10): the induction
start is (4.7.10), choosing I’ = J and observing the relation X; aX; = aX;, X7 + X;, (a) X ; whereas the
induction is concluded by the same argument replacing X ;- in (4.7.10) by elements of the form XX ;. O

—~

PROOF: (of Theorem 4.7.1) First observe that, by definition of F' and H, (4.7.3) restricts to a vector space
isomorphism
(b : F ®C°°(P) VP — H, f ®C°°(P) U = fs*u. (4.7.12)

As before we view elements in F' as multiplication operators. Hence it is enough to show that ¢ is both an
isomorphism of C°°(P)°-rings and of C>°(P)-corings: with (4.6.3), (4.5.19), (3.3.27) and the commutativity
of I, it s clear that ¢ is a C>°(P)“-bimodule map; hence it remains to show that it is a morphism of algebras
and coalgebras. As already seen, F' is a left V P-module ring and therefore we have for any £ € C*(G),
with the notation (4.5.3),

(Qb(f Qcoe (py U)Qb(f/ Qe (p) UI))(&) = fu (f/ ,S(g))
= fU(1)(f )(U(2)Ul)s(§)
= O((f Deoo ) w)(f' Beooiry ') (E),

where in the last term the product (3.3.7) on the space F'><. )V P is meant. To show that ¢ is also a
coalgebra morphism, we proceed as in the proof of Proposition 4.7.3 by induction on the length p of a PBW
basis aX; with respect to a finite increasing sequence I of indices i1 < ... < 4, and a € C*°(P). Since ¢,
A7 and Aj are bimodule maps, we can set ¢ = 1; since these are C-algebra morphisms on the respective
tensor products, we may even take f = 1,. Now the induction start for X € X P and (4.6.6) is easily
checked, namely

(@ © )AL (1r e py X) = Z 8" X @coo(py My + L Qcoe(py 8°X = AYP(1r Qo (ry X).
i=1

Hence if the claim holds for the sequence I given by ip < ... < ip, ie., A)s* X1 = " X1 (1yj0) Reoe(p)
X1 (1y)8* X1 (2), we show that it also holds for I: for §,¢" € C>°(G), we have with (3.3.25), F' commutative
and Proposition 4.7.3,

(¢ ® ) AT (Lprcoe(m X1)(§® )
= (¢ ® @) ((1e>eos ) (Xi, X1/ (1)) [0])
Koo (p) ((Xi1(1)XI’(1))[1]’<C°°<P>Xi1 (z)XI’(2)))(§ ®¢)
= (¢ ® ¢) ((1ereos ) Xi, (1)[0]X1’(1)[0])
Reso iy (Xiy (1)1 X (2) (X1 (1)) 7o oy Xy 3y X1 (2)) ) (€ @ E)
Xis o X1 (101 (6) @c=py Xiy 1y Xia (2) (X1 (1) X1 {2) (€))
= AJ (5" X )AY (5" X1 ) (@ &) = A (¢(Lpree ) X1))(E @ E).
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4.7.4 Remark We conjecture that the isomorphism (4.7.1) is even an isomorphism of Hopf algebroids: it is
not difficult to see (at least on generators) that the candidate for the antipode for matched pairs of bialgebroids
from Remark 3.3.7 is mapped by means of (4.7.1) to the antipode candidate for H, mentioned in Remark
4.6.5.






Chapter 5

Hopf-Cyclic Cohomology

Hopf-cyclic cohomology (and also its dual homology in Chapter 6) cannot be defined as the cyclic theory of
some algebra or coalgebra itself, but only as a theory deriving from certain cyclic and cocyclic modules. As
suggested by the concept of the space of coinvariants introduced in the next section, there are some rough
similarities to the procedure in group (co)homology. We shall indeed be able to associate a cyclic complex
(more precisely, a cocyclic module) to any Hopf algebroid if and only if its antipode is an involution (possibly
twisted by a grouplike element). In particular, we will show that this cocyclic structure ‘descends’ in a natural
way from the canonical cocyclic structure of a Hopf algebroid, regarded as a coring.

The resulting cyclic cohomology could be considered (by Theorem 5.5.7 and (5.6.2)) to be a natural
generalisation of Lie-Rinehart (Lie algebroid) (co)homology within the context of Hopf algebroids and hence
of noncommutative geometry.

5.1 The Space of Coinvariants

In this section we introduce the notion of coinvariants as a first step towards Hopf-cyclic cohomology. The
method introduced here is a generalisation of a similar procedure for Hopf algebras in [Cr3].

Let H be a Hopf algebroid with structure maps as in Definition 2.6.1 and let M € H-Mod, with action
denoted (h,m) — hm. In particular, M carries an induced (A, A)-bimodule structure, which we use to

define a (B, B)-bimodule structure with the help of the map v~! = es” : B°P — A from (2.6.5), namely
bem<b:=t'(v10)s (v b)m = s"(b)Ss" (b)m, b,be B, me M.
5.1.1 Definition (i) The space of coinvariants Iy of M is the k-linear span of elements

Oh>m — hm, VYmeM, heH.

(ii) The O-localised module My is given as the quotient
My := By ®p M, (5.1.1)
where B = By € Mod-H by (2.5.4).

In particular, this defines a functor (—)s : H-Mod — k-Mod. We also introduce the coinvariant localisa-
tion
g M — My, m— 1Ry m.

One sees that
My =B ®a M/span, {0h @4 m — 15 @4 hm} = M/I5,

where A acts on B by means of v. If in particular M := A is the base algebra of the underlying left
bialgebroid itself, one obtains the identification eh = Oh in A5 = B ®y A, i.e. up to coinvariants (v !
suppressed here).

5.1.2 Lemma (Partial Integration) Let H be a Hopf algebroid as before. For any two M, N € H-Mod, the
identity
hm@an=m®4 (Sh)n VvmeM, ne N, he H

holds up to coinvariants.

85
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PROOF: The induced H-module structure (for the underlying left bialgebroid) on M ® 4 N is given by
(2.3.2),i.e., h(m ®4 n) = h1ym @ h(zyn. This induces not only an (A, A)-bimodule structure but also a
(B, B)-bimodule structure on M ® 4 N:

be(m®an)<b:=s" (v 0)m o4 t‘(v"10)n, b,be B, me M,n e N.
Then one has

m®4 (Sh)n = mey (sOhYSh)n by Lemma 2.6.6,
oL e (m ®4 (Sh®)n)
= AW (m®a (Sh?)n) modulo coinvariants

hym ®a hg; (Shggn) by twisted coassociativity (2.6.2),
= haym®a (hp)Shiy)n by N € H-Mod,
= haym®a (s'e(h2))n by (2.6.4),
= h(l)m XA eh(g) >N
= (haym)<ehp) ®an in the tensor product ® 4,
= (tlﬁ(h(g))h(l))m XKan
hm ®4 n,
where the last identity is simply one of the comonoid identities of a left bialgebroid. O

Regarding H as a module over itself with respect to multiplication, we obtain
5.1.3 Corollary Fora M € H-Mod, there is an isomorphism of k-modules
¢:(H®s M)y — M, (5.1.2)
induced by the covariant localisation
o HRa M — (H®4 M)y, h@am— 15 (h®4m).
Hence the isomorphism (5.1.2) takes the form
o (HRaM)g— M, h®sm— (Sh)m, (5.1.3)

with inverse
M — (H®a M)y, m—1lg@sm. (5.1.4)

5.2 Cocyclic Structures on Hopf Algebroids

The basic idea is to define the structure of a cocyclic module on the space of coinvariants obtained by pro-
jecting the structure of the canonical cyclic module of H as an A-coring by the map 7y as in §1.2.5. Next,
the isomorphism ¢ from (5.1.3) maps the cocyclic and cosimplicial operators on the space we are interested
in.

Consider the A-coring structure (H, Ay, €) of the Hopf algebroid H, originating from the left underlying
bialgebroid. As in §1.2.5 for any coring, this defines a para-cocyclic module in a natural way: define

ChH = H®4",

and as in §1.2.5 set
Hi's> := {BjH}n>0

for the choice 9 := 52, where
BiH =B®a CyT'H = Ol Hey

in degree n, i.e. B ® 4o H in degree zero. Here, A° acts on B by means of v in an obvious way and the left
A¢-action on C'} H is given by

(a@b)- (W' @4 @4 ") := s (a)ht @4 --- @4 T (D)D",
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where t¢ := t! v~ with vy == es"9s’ € End; A° from (2.6.5). This little modification of the left
target map is necessary to make S2 an (A4, A)-bimodule map (hence the operators (1.2.4) for 1) = S? well-
defined). As stated in §1.2.5, HE‘}SQ is cocyclic if and only if S? = id. In such a case v~ !y = id and
t* = t*. Of course, one may also define another para-cocyclic module on H based on the B-coring structure
(H",A,,0) of H originating from the underlying right bialgebroid H", but we are not going to pursue this
here.

The step from coring (para-)cocyclic modules to ‘Hopf-(para-)cocyclic’ modules is now performed by
projection on coinvariants. Hence, define

Hyp:={B®n Cz-‘rlH}nZOv

the (degree-wise) coinvariant localisation of H, h"‘sz. In a second move, this space is mapped (degree-wise) by
the isomorphism ¢ from (5.1.3) onto {C} H },,>0, which will again be denoted by Hy, 5. Stated as a diagram,
we have the situation

By H
l S~ _do
T -
1 e
Bey Oy HTQZ‘H

In the next proposition, we will show that the cosimplicial and cocyclic operators on B @ CZHH are
essentially still given by the same formula expressions (1.2.4) as on B ® 4 C"HH However, the map ¢»
changes the form of these cosimplicial and cocyclic operators on C’; H to quite some extent. We are going
to come back to this point in a moment in more detail.

5.2.1 Proposition The cosimplicial and cocyclic operators on H, 5“52 descend to well-defined operators on
Hy  if and only if S* = idy. In that case, Hy  is a cocyclic module.

PROOF: First, note that in this case the covariant localisation 7y : H, hASQ — Hj 5 takes the form (75),

B®ae CyT H — B @y O H in degree n. By the left A°-action on the unit element 1,, € CYH = H,
we can consider A° as a subring of H and the projection 7y is induced by this inclusion. Correspondingly,
consider the space of coinvariants as

Boy OV H = (B®a. O H) /I,
where
I =span, {Oh @4e h° @4 - @4 h" — 15 @ae AFA(W’ @4 --- @4 ™)}
To show that the operators &;, 0;, 7 in (1.2.4) for ) := S? descend to maps (B @4 C3 T H) /T — (B ® e
CXHH )/I, one needs to prove that I is in the respective kernel of these maps if their image is again projected
on the quotient with respect to I. We only prove some of the identities and leave the rest to the reader. With
the notation B ® 4e CZHH =: CZHH@A as in §1.2.3, one obtains, for example
641 (Oh @ae B @4+ @4 ™ — 1 ®ac hy)h? @4 -+ ®4 hini1)h™)
= hip) @4+ @tV (Oh)N" @4 SPh @A
— h(g)h?g) ®A h(g)h @A h(ni2)h" ®a S® (hq (1))
= h(()Q) @4 @45 O(h)h™ @4 S*h 1)®A
— hi)hiy) @a hgyh' - @4 t'e(hiniz) hinyn)h"™ ©a S*(hayhiy))©a
= h(()g) ®a--®as 0(h)h" @4 SQh?l)@)A
2
— heyhily @a hh' - @a hpayh™ @4 b, 5 SBZ o S (hiyhy))@ 4
= higy @a - @4 8 O(h)h" ©4 SQh?l)@)A
(A”+1h(2))(h(2) ®aht - @ah"®a Sh<2>52(h(1)h(1)))®A,

where higher twisted coassociativity (2.6.8) was repeatedly used. Projecting on coinvariants by the map
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To: B®ae CT H — B @y O H, this becomes

1p ®u h?g) R4 @48 Oh)A" ®a SQh(l)

—lp@m (A} A 1%)(h(()2) ®ah'- @4 h" @4 S S (R 1)h(1)))
=1p®n h?z) A Qa5 (R @4 Szh(

— 15 ®n Ay ®a bt @4 h" @4 s"0(h(3))SHD S (AR
=1p @u hiy @a -+ ©a s O(R)h" @4 S*h),

—1p O hiyy @a h' - @4 h™ ®4 Sh(2)S h1)S?hiy)
=1p @u hiy @a -+ ©a s O(R)h" @4 S*h),

—1p @ hiyy @ah' - @4 t'e(Sh)h" ®4 S°hYy)
=0.

Also, the cyclic relation works analogously,

T(@h@Ae Ko QA Rah"™ — 1 Rye h(l)ho DA Qa h(n+1)hn)
=h' @4 @4 tfu—l(ah)h" ®a S?h0® 4

— hyh! @4 hgyh? - @4 hnsny)h" @4 S*(h1)h")@ 4
=h'®4-- @45 (0h)h" @4 S*h°@ 4

— hyh' @4 hgyh? - @4 hins1y)h" @4 5 €(hn12))S? (h(1)h®)@ 4
=h' @4 @45 (OR)A" @4 S?h°®4

(1) (1) 1 gn

—higyh' @ hgh? - @a hyl ) h" ®a h!
=h'®4-- @45 (0h)h" @4 S*h°®@ 4

— (ARG (W @a b @4 h" @4 SKP S (W))H0)) @4

(1)
+2)Sh(2)52(h h0)® 4

Again, projecting on coinvariants yields
Ip @y h' @4 @45 (Oh)R" @4 Sh°
— 15 ®n (APhG) (B @4 B2+ @4 k" ©4 ShP S (h{}]R0))
=1p®pyg ht R4 ®a 8 (Oh)R" @4 52p0
—1p®nh' @ah? @ h" @45 0(hiy)Sh) S (hayh?))
=1p@gh' ®4-- @24 s"(Oh)h™ ® 4 S2p0
—1p®pht @4 Qa4 h" @4 tTa(SQh)SZhO)
= 0’

as above; similarly for the remaining relations. Hence all operators descend to well-defined maps B ®
C’Z'HH — B®y CXHH . In particular,

bR’ s @ah") =b@y SPh° ®4 - @4 SPR", be B,
and 77 *! = id if and only if S? = id, analogously to the consideration for A-corings. O
The next step is to apply the isomorphism (5.1.3). It follows from Corollary 5.1.3 follows that ¢ :
(H®4C%H)g = C™ H is an isomorphism in all degrees n, and the map ¢ := ¢y explicitly reads
bo:BYH — ChH, h'®4- ®@4h"@4— (A 'SEO) (Wt @4 -+~ @4 h"). (5.2.1)
Correspondingly, define
Hyo := {C}H}n>0,

(ab)using the same notation as before. In degree zero, set CY H := A. Note that Hy g is a cocyclic module
over k only (and not over A); we will refer to it as the Hopf-cocyclic module associated to a Hopf algebroid
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H. The cosimplicial and cocyclic operators on Hy 5 can be described as follows (the fact that they define a
cocyclic module will be proven in Theorem 5.2.5 below). The coface maps are

1Rah @4+ @4 A" ifi =0,
5i(h1®A~~~®Ahn): M @4 Q4 AR @4 R4 h" if1 <i<n, (5.2.2)
W@ @ah"®a1 ifi =n+1.
In degree zero, set
[ tha if 5 =0,
5ja{ by i =1, Yae A
The codegeneracies read
oi(h' @4 @AR) =W @a- @aeh T @4 @40 0<i<n-—1. (5.2.3)

For the cocyclic operation, we finally set in each degree n
Ta(h' @4 @4 k™) = (A} 'S (2 @4 - @4 h" @4 1). (5.2.4)

The property of S being an isomorphism of twisted bimodules induces a similar property for the cocyclic
operator: the map 7,, is a map of (A, A)-bimodules, from » (C"; H)_ , that is ‘t* multiplied from the right on
the first and from the left on the last factor’ to »(C’{ H) . , which means ‘s* multiplied from the left on the
first and from the right on the last factor’, as is the case for r; = 5.

5.2.2 Remark The operators (5.2.2)—(5.2.4) first appeared in [CoMos5] in an explicit example, and were
shown to make sense in general in [KhR3], defining a Hopf-cocyclic module for any Hopf algebroid. Our
Theorem 5.2.5 below states that they can be obtained naturally from the standard A-coring cocyclic operators
(1.2.4) associated to H (by covariant localisation and the isomorphism (5.1.3)).

Since for the definition of the underlying cosimplicial module only the underlying left bialgebroid structure
of H is needed, one easily verifies:

5.2.3 Proposition For an arbitrary left bialgebroid U, the space C'%U is a cosimplicial module by means of
the above structure maps.

5.2.4 Remark An analogous result holds for right bialgebroids.

Adding the cocyclic operator (5.2.4) to Proposition 5.2.3 gives the following theorem, generalising a similar
result in [Cr3] from Hopf algebras to Hopf algebroids:

5.2.5 Theorem For a Hopf algebroid H, the formulae (5.2.2)«5.2.4) equip Hy » with the structure of a
cocyclic module if and only if S? = id. In particular,

TR @4 @4 h") = St @4 - @4 SPR (5.2.5)

PROOF:  We proceed in much the same way as in the proof of Proposition 5.2.1. Consider (1.2.4) for
C := H and v := S?. Since ¢ : Hh“‘s2 — Hjy 5 is surjective with right inverse

R'@y - @Al = 1lg @ah' @4 @4 h"R4,

it suffices to show that 459 commutes with the structure maps, i.e.,

Sido = ¢ob;  for 0<i<n+1,
oigs = ¢a0; for 0<i<n-—1, (5.2.6)
TPs = PaT,

where the left hand side refers to the maps (5.2.2)—(5.2.4) above, whereas the right hand side refers to (1.2.4)

for ) = S2.
We will use the identities

APTISh = ShtM @y - @4 ShO,

A?*152h — S2h(1) R4 R Szh(n), 5.2.7
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which easily follow by induction from higher twisted coassociativity (2.6.8), as well as Proposition 2.6.4.
Consider now left and right hand sides of the third equation in (5.2.6) for 1/ = S2. We have

boTni1(ho @ah1 @4 @4 hn®@4) = (A} Shi)(ha @4 -+ @4 by @4 S?ho).
On the other hand,

Tn@o(ho @4 h1 @4 - @4 hy®4) = T (A} Sho)(h1 @4 - @4 hy))
— (AP S(ShS ) (ShS D hy @4 -+ @4 ShE hy @4 1)

by (5.2.7). Since S is an anti-algebra morphism on H, this reads

Tado(ho ®a h1 @4+ @4 hy®a) =
— (AP S AP R (SHE Ry @4 - @4 S By @4 1).

Hence, for ¢57 = Ty to hold it suffices to show that

hi®a - ®@ahn_1 @4 S%hy =

. o (5.2.8)
= (AP H(S?RE)(ShS ™ hy @ - @4 S hyo1 4 1),

as an element in Hg ®4 - Ha ®4 --- ®4 »H. The case n = 2 is shown in the subsequent lemma, and
higher degrees will follow by induction.

5.2.6 Lemma Foreach h € H, we have

(i) (Sh(l))(l)h(g) ®a (Sh(l))(g) = Sh(l)h 2) ®a Sh(l) =1y ®a Sh,

(i) Sh()ShV @4 S2h(3) =1y @4 S2h,

aselementsin Hq ®4 ~H.

PROOF: With the right comonoid identities (2.5.6) as well as (2.6.10) and (2.6.4) we have

1®4Sh=1®4S(hWs"(0h?))
= t'es"0n?) © 4 ShY)
=s"0h® @, Sh

= Sh{)hE) @4 SKD = Sh heay @4 ShiY),

which proves the first part; the second part can be shown by simply applying the first equation to an element
of the form A’ = Sh. O

By the same calculation one proves ho® 4.5%h = SQh% Shb) h®ASZhg; ,i.e.(5.2.8) forn = 2. Henceforth,
assume (5.2.8) to be already true for n — 1 and show that it holds for n as well. Again, with the help of (5.2.7),
(2.6.11), (2.6.10) and (2.6.4), we obtain

hy ®A"'®Ahn®A52h0:
=hy ®a (A”*ls%("))(SfL("—”hZ @ @4 ShO B, @4 1)
—h @4 52h0<">5h(" Dhy @4+ @4 S2h0(") Sh(”h ®a S2h ”)

= hy @4 5'e(S?ho1))S%holy) ShS" Vha @4 - @4 Sho{)ShE hy © 4 SQhoggll)

= 5"0(Sho(}) ) @4 S*hoy) ShS™ Vhy @ 4 +++ @4 §2ho(r) ShE hy @4 S2ho 1)

= 5%h (”H)Sh(")hl ©4 5% §§)+”5h<"—1>h 4

27 (n+1) 27 (n+1)
@4 S%ho T Sh @4 S

(AnSZ (n+1) )(Sh((Jn)hl R4 @4 Shé )hn ®al),

(n+1)

i.e. the desired claim, where higher coassociativity was used again.
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The remaining identities in (5.2.6) easily follow by deploying twisted coassociativity, Lemma 2.6.6 and
Proposition 2.6.4. The proof of the identity for d,,,1 repeats a similar (and similarly tedious) induction as is
done above. The opposite direction is obtained by considering (5.2.5) for the case n = 1. O

Consequently, in case S? = id the map ¢ is a morphism of cocyclic modules and we are in a position
to depict the situation by a commutative diagram (in each degree):

Hh ¢8 . Hh,a
(B,0,7) (B,0,7)
H _ - H, 5.
h P »o (5.2.9)

5.2.7 Definition In case S? = id, we denote the associated Tsygan’s cyclic bicomplex of the cocyclic mod-
ule Hy o by CC5*(H), and define HH(H), HC3(H) and H P;(H) to be its Hochschild and cyclic coho-
mology groups, respectively. We will refer to these as Hopf-Hochschild and Hopf-cyclic cohomology.

5.2.8 Hopf-Cyclic Cohomology Twisted by a Grouplike Element If o € GH = G*HNG" H is a grouplike
element for the Hopf algebroid H (cf. §2.6.11), one may twist Hy 5 by a grouplike element, similarly as for
Hopf algebras [CoMos4]. The motivation for such an extension (at least in the Hopf algebra case) came from
examples of quantum groups or compact matrix pseudogroups [Wo], where the antipode is not involutive any
more but rather fulfills Sk = oho~'. In such a case, the cosimplicial and cocyclic operators read

1@ah! @4 @4 h" ifi =0,
5i(h1®A"'®Ahn): M @a- @4 AR @4 R4 h" if1<i<n,
R'®a- ®ah" @40 ifi=n+1.
s lta if j =0, (5.2.10)
J stao ifj =1,

Ui(h1®A"'®Ahn) =hl® - Qaeh TRy @4 A" 0<1<n—1,
Tn(hl XA A hn) = (A?ils(ahl))(fﬂ R4 - RaAh"®a 1),

wherea € A, h* € H, i = 1,...,n, which can be shown to determine a cocyclic module if S%2h = ocho™!
(where =1 = So). We denote the corresponding cohomology groups by HH 5.(H), HC} (H) and
H P[;,U(H ). Although we use the same symbol, one should not confuse the grouplike element with the
codegeneracies.

5.2.1 Connes’ Associated Bicomplex

Let us have a brief look at the associated Connes’ bicomplex (BC*(H), 3, B) for the cocyclic module
Hy . Itis defined as follows:

CYh 'H ifg>p
p.q _ A 2D,
BCHY(H) { 0 itq<p. (5.2.11)
The Hochschild coboundary 3 : Ct H — C’XHH is given, as generally in (1.1.11), by
n+1 )
B=> (-1)'; (5.2.12)
i=0

using the operators (5.2.2) (or, if need be, using the twisted ones in (5.2.10)). In case n = 0 one has
Ba = tta — sta, ae€ A.
The operator (not to be confused with the algebra B)

B:Cy" H — C}H, B:=No_1(1 - A1)
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may be calculated with the explicit formula for the extra codegeneracy o_; : CXHH — CYH, 01 :=
OnTn+1, Which here reads
o 1(h®@ah' @4 ®@ah") =0,(A}Sh) (W' @4+ ®ah" @4 1y))
= (Sh)(l)hl X4 Qa4 (Sh)(n)hn XA E((Sh)(n+1))
= (Sh)yh' @4 - @4 t'€((Sh)(ns1)) (SR) () A"
= (A}7'Sh)(ht @4 - @4 "),

by (2.1.8) and (5.2.7). This is formally the same operation as the coinvariant localisation which, however,
maps from a different space. Also, for n = 0 one finds 0_1h = eSh = v~10. In particular,

Bh=v"'0h+¢€h h e H.

As in the case of Hopf algebras [CoMos4], this expression can be simplified by passing to the quasi-
isomorphic normalised bicomplex (BC3(H), 3, B), which is defined in a similar manner:

3 Ch'H  ifg>p
D,q - 7 > p,
eyt = { 0 ifq < p. (5.2.13)
where
N o (ker 6)®A71 lfn Z 1’
car = { ker(s® —tf)  ifn=0. (5.2.14)

While the form of the Hochschild coboundary 3 remains unchanged, the new horizontal operator becomes
B=Nog_, forn>0.

Specifically, for n = 0, -
Bh=v"'0h he€H.

5.2.9 Left Haar Measures on Left Bialgebroids An important motivation to introduce the dual Hopf cyclic
homology in Chapter Six is the subsequent Proposition 5.2.11 from [KhR3], which tells us that in some
cases Hopf-cyclic cohomology is not sufficiently interesting. This hinges on the existence of a Haar system,
a notion from [KhR3] which we can apply without major reformulations since it only relies on the left
bialgebroid structure, and this is essentially the same [KhR3, Lem. 2.1] as used here.

5.2.10 Definition Let U be a left bialgebroid with structure maps as before and let " € Hom(_ 4)(U<, Ax),
thatis amap T : U — A with T(t‘au) = T(u)a. The map T is called a left Haar system for the left
bialgebroid U if

my (s°T @ id)A, = tT.

It is called normal if T(1y) = 14.
This is still sufficient but is slightly weaker than the version in [KhR3], which requires my (slT ®id)A, =
s'T and s*T = t'T.

5.2.11 Proposition [KhR3] Let H be a Hopf algebroid that admits a normal left Haar system on its under-
lying left bialgebroid structure. Then we have

HPS" (H) = ker(s* —t*) and HPZ(H) = 0.
PrROOF: Introduce the map s : C4y H — C;‘*IH given by
Sn(h! @4 - @4 h") = s5(TRHA? @4 --- @4 W™

If one introduces the (co-augmented) complex ker(s’ — t) — O H, where ¢ : ker(s* — t*) — A is the
canonical embedding and s_; is defined as restriction, one sees that s3 + 3s = id. Hence one obtains a
contracting homotopy for the Hochschild complex of Hy 5 and consequently HH"(H) = 0 forn > 0 and
HH(H) = ker(s* — t*). Finally, apply an S BI-sequence kind of argument and the periodicity of HP. O

See [Cr3] for this result in the context of Hopf algebras.
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5.2.12 Comparison to Earlier Approaches In the definition of para-Hopf algebroids from [KhR3] as pre-
sented in §2.6.13(ii), the condition T? = idy was already implemented in the definition of a para-antipode
T, implying the missing left bialgebroid axiom (2.1.4) (see [KhR3, Lem. 2.1]). From the perspective of
obtaining cocyclic structures we are mainly interested in the case S? = idg, too, see Theorem 5.2.5. Fur-
thermore, the antipode axioms in Definition 2.6.1 from [BSz2] imply the ones (with the exception of the
condition T2 = id) in §2.6.13(ii)(a)—(e), as is seen from Lemma 5.2.6 and Proposition 2.6.4(i). For the
opposite direction cf. [BSz2, Prop. 4.2].

In particular, the approach via left and right bialgebroids used here avoids the somewhat technical con-
dition (2.6.14), which in our context appears only in the auxiliary Lemma 5.2.6. Moreover, we gained the
possibility to define coinvariants and to see the Hopf-cyclic structure ‘descending’ from a standard coalgebra
(coring) cocyclic module (cf. §1.2.5) by means of the projection (5.2.1). This is particularly helpful in the
example of Lie-Rinehart algebras when hunting for an antipode (cf. Subsection 4.2.2) and its corresponding
cyclic structure (which cannot be so easily guessed from (2.6.14)).

5.3 Hopf-Hochschild Cohomology as a Derived Functor

In the next theorem we are going to show that Hopf-Hochschild cohomology given by the complex
(C%H, ) for a grouplike element ¢ from (5.2.10) can be seen as a derived functor of the cotensor product
functor.

5.3.1 Coefficients Observe that the cosimplicial module given by (5.2.2) and (5.2.3) tacitly determines
cohomology with values in the base algebra A. More generally, let M € Comod-H with coaction
MAM = Mgy ®a myqy and define C3y, H = {M ®4 H®4m}, <. For a grouplike element o € GH,
the operators

MAM @, W @, @, R ifi =0,
6i(m®Ah1®A"'®Ahn): m®Ah1®A"'®AAehi®A"'®Ahn if1 <i<n,
MR R, R, W R, 0 ifi=n+1, (53.1)
5,(m) = wAm ifj =0, >
i me, o ifj =1,

Ui(m®Ahl®A"'®Ahn):m®Ah1®A"'®A€hi+1®A~~~®Ahn 0<i<n-1

give C3, H the structure of a cosimplicial module (we do not address the question here how to extend this to a
cocyclic module with coefficients). Denote by H2 (H, M) the corresponding (Hopf-)Hochschild cohomology
computed by (C3,;H, B,). In particular, with the notation from Definition 5.2.7, one recovers H2(H, A) =
HHj , (H). Observe at this point that the fact that one can define Hopf-Hochschild homology with ‘trivial’
coefficients (i.e. with values in A) may be interpreted as a consequence of the existence of both left and right
H-coactions on A as in (2.3.7) (whereas a priori there is only one left U-action on A). This, in turn, we saw
to be strongly connected (under certain projectivity assumptions) to the appearance of two duals of U, cf.
Proposition 3.1.9.

5.3.2 The Cobar Complex The cohomology groups of the complex associated to (5.3.1) are calculated by
finding a suitable resolution provided by a generalisation of the classical cobar complex [Ad, Do]. It is
in some sense the complex arising from the so-called (co)path space PN* := {N"*1}, -, associated to
any cosimplicial object N*: one has PN™ := N"*! in degree n and the cosimplicial operators are shifted
correspondingly. More precisely, put M := H in (5.3.1) with right H-coaction simply given by the left
coproduct Ay. Then the (co)path space

Cobs (H) := {H @4 H®*"},,50
associated to the cosimplicial space C%; H has cosimplicial pieces given by

% W@a - @A0R @4 @4 0"  if0<i<n
(KO ny — =t T
5z(h ®a ®Ah ) {hO®A"'®Ah”®A0’ ifi:n-i-l,
Gi(h' @4 @ah") =h0 @4 RaehTL @y - @4 A" 0<i<n-—1.

A coboundary (3, : Cob” (H) — Cob” ™! (H) is defined by 3/, = Z?:Jrol (—1)%4;, and it is easy to see that that
BL. B, = 0. We refer to (Cob_.(H), /3,,) as the cobar complex of H. One can then describe Hopf-Hochschild
cohomology as follows:
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5.3.3 Theorem Let H be a left bialgebroid and M a right H -comodule. Then there is an isomorphism
Hy(H, M) ~ Cotory (M, A,).

In particular, one has
HHép(H) ~ Cotory (A, Ay),

where A, is A seen as left H-comodule induced by the grouplike element o and A is seen as a right H -

comodule with respect to the grouplike element 1f;.

PROOF: The proof follows standard homological algebra arguments, slightly adapted to the case at hand.
Recall firstly from (2.3.7) that for any grouplike element o the maps A%a := s‘(a)o and A, := t'(a)o
induce left and right H-comodule structures on A, respectively. The left H-coaction (in each degree) on
Cob; (H) is simply A, ® id5*. Observe that 3, is a morphism of left F/-comodules. Moreover, the maps

PR CObZ(H) N Cobgil(H), RO R4 R4 h" se(eho)hl Qa - @4 0"

fulfill s 3! + 3, s = id, hence s together with the maps s~! := ¢ and the source map s’ is a contracting

A

homotopy for the complex (Cob;, (H), 5.) over A,. Correspondingly, A, 2, Cob; (H) is a resolution of
A, by (free hence injective) left H-comodules: exactness in degree > 0 was shown a moment ago and as for
degree 0, observe that the space ker 5/ = {h € H | Ayh = h ® 4 o} is precisely given by elements of the
form s*(a)o for all @ € A and fixed o, and hence is isomorphic to A.

Now let M be a right H-comodule with coaction ,,A : M — M ®4 H and recall that the groups
Cotory; (M, A,) are computed by MOy Cob? (H). To finish the proof it suffices to show that the isomor-
phism

¢: MOy Cobl(H) — Oy H, m@ah® @4 @4h" —m®as (eh®)h! @4 @4 0"
is a morphism of complexes on the complex (C3, H, 3,) that computes Hochschild cohomology, that is

(idy ® B,,) = Bod. (5.3.2)

Furthermore, for the left H-comodule H ® 4 N with coaction Ay ® idy, where N is any A-bimodule, one
has

MOgHR s N={m@sh@ane M@y H®4 N |
| m®aha)®ahe)®an=me) ®amu) ®ah®an}.
Applying the operator (idy; ® mper @ idy)(idy @ idg @ tYe ® idy) yields the relation
m e 4 h Ran = m(o) XA tz€(h)m(1) RKan = MA (me(h)) ®aAn,

for all elements m ®4 h ®an € MOygH ®4 N. To prove (5.3.2) we now only consider equality of the
respective first summands, the rest being evident. One has

P((idy @B m@ah’ @ah' @4+ @ah)=m@ah’°@ah' @4 @ah" +...
= A (me(h”) @ah' @4 @4 A" + ...
= wAm @ s (eh®)hr @4 - @4 R+ ...
= Brp(m@a h® @4 h' @4 @4 ™).

5.4 Hopf-Cyclic Cohomology of Commutative Hopf Algebroids

In case of a commutative Hopf algebroid one can make more specific statements about the Hopf-cyclic
cohomology groups: they are essentially determined by the Hopf-Hochschild groups, see Theorem 5.4.4.
We thereby generalise an idea for (commutative) Hopf algebras in [KhR1, Thm. 4.2] to Hopf algebroids.
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5.4.1 Commutative Hopf Algebroids A commutative Hopf algebroid H necessarily has a commutative base
algebra A. Furthermore, the left counit of the underlying left bialgebroid fulfills the required properties of a
right counit and likewise the left coproduct can be used as right coproduct. Hence adopting the alternative
perspective in §2.6.8, that is, constructing the right bialgebroid out of a left bialgebroid and an (invertible)
anti-algebra isomorphism S satisfying certain properties (see §2.6.8), a commutative Hopf algebroid may
always be described (up to automorphism) by a left bialgebroid structure (H, A, s, t*, A, ¢) and a right
bialgebroid structure (H, A, %, s, A, €) plus an antipode fulfilling

Stt =5 Ss'=t' mp(S®idy)A,=t'e, mpy(idy ® S)A; = s'e. (5.4.1)

One recovers this way the definition of commutative Hopf algebroids in [Ra]. In the rest of this section, we
assume H to be a commutative Hopf algebroids with this description.

For the sake of simplicity, we consider only the case where the grouplike element is ¢ = 1. Correspond-
ingly, for the cobar complex denote Cob®(H) := Cob}(H).

5.4.2 Proposition Let H be a commutative Hopf algebroid over commutative base algebra A. Then
Cob*(H) is a para-cocyclic H-comodule with cocyclic operator

7n: Cob"(H) — Cob"(H),
WO ®a---®@ah™ = hiyy @a by Shih® @4 -+ ©a b, Shinh™ @a b, 1)Sh{y),

which is cocyclic if and only if S? = id. In particular,
F RO @4 bt @4 @4 h™) =h0 @4 S?h @4 - @4 SPR™
PROOF:  We only prove the cocyclic identity 7771 = id and leave the remaining identities for a cocyclic
module to the reader. Using the commutativity of H, the identities (5.4.1) as well as (2.6.11) (for the structure
maps of the commutative Hopf algebroid specified above), one obtains
Fr(h? @A -+ @4 B") = hiy ©a By ShTyh® Shiy, 1) hlan2yS  hiny Shin_1)
®4 h(3)Sh(n I SBLgy Blan s 8y S A1) Pl _2) ®a -
- @4 h{,_1yShisyh" Shl,, 4y hisn_1)S*h{an_3)Sh(s)
@4 W) ShiayShiy 4 )Py S hlan 0y Shiyy ©a B, 4 1)She, 40y ShEy S hiy, 1y
= {1y @a hiayShi, b Shi, hia, H)t €hin_1)
®4 h(3 Shi 1y h* Shan 1y h{an 42y hinyShiy o) ®@a -
- @4 h{,_1yShisyh" Shi,, 1 5)h(sn—2)S*h{an_4)Sh(s)
® 4y ShipyShly o) hlsn1)S Mg _g)Shiyy ®a s€hf, 1) Shiy) S*hi, o
= hilyy @4 hie) Shioy B Shigp_1) Hian)
®4 hsySh{, _1yh*Shiy, ’Z,LH)S%}” S0y ®a -
+ @4 i1y Shig D" Sh ) M) S (20—5)Sh(2)
D iy Sy Sh(p 1) hsn—2) S Pian—ayShin) ®a Shityy S*hiz, s
= h(l) ®4 h{pyShiyh® @a hisyShi, 1y h* Sy, o hfa, 1yt eh(, o) ©a -
- @4 h{,_1yShisyh" Shi,, 1 0)h(sn—5)S h{an_6)Sh(a)
® 4 Wy ShiayShiy s 1)Plsn—ayS?Blan_s5)Shiry ©@a Sht1yS?hiy, 4

= hiyy @a hioyShi )b @4 -~ ©a B, _1)Shizyh™ @4 b,y Shiy) ©a S*h1S?hY,,,

where the vertical dots mean another n — 3 repetitions of the same three steps as before. Repeating the same
procedure another n — 1 times, one finds

Fii(h® @a - @4 h™) = hiyy @a Wiy Shiyy ®a S*hiShi, 1) @4 -~ ©a S*hy 1Sk,
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Hence finally
7:;1+1(h0 R4 @4 hn)
_ 10 0 0 2112
= h’(l) ®a h(z)Sh(2n+1)S h*S ?n)Sh?nfl)
® 4 hisyShlayy S*h> S, 1) ST, o) ®a -+
2 @4 Wy Sy 3) S il 1) Sh{1) SR @ 4 Wy 1) Sy 2)S* Moy

— hO ®A S2h1 ®A ®A Sth7

with the same steps as before. O

5.4.3 Lemma The injection
CyH — Cob*(H), h'®4 - ®@sah"—1gp@sh' @4 @4h"

is a morphism of cosimplicial modules, and if H is a commutative Hopf algebroid with S = id it is even a
morphism of cocyclic modules.

PROOF: Straightforward computation. O

As a consequence, we can generalise a result in [KhR1] from commutative Hopf algebras to commutative
Hopf algebroids:

5.4.4 Theorem If H is a commutative Hopf algebroid, its Hopf-cyclic cohomology is given as

HCy(H)= @ HH} > (H).
i>0
PROOF: We do not give the proof here but rather refer to Theorem 6.3.3, the dual version of this theorem.
Replacing there the bar resolution with the cobar resolution and the tensor product over H with the cotensor
product over H, one can easily dualise the proof given there. O

5.5 Example: Lie-Rinehart Algebras

We show in this section that the Hopf-cyclic cohomology of the universal enveloping algebra of a Lie-
Rinehart algebra is given by its Lie-Rinehart homology, a generalised notion of Lie algebra homology. The
corresponding Theorem 5.5.7 is not only a generalisation of the analogous statement for Lie algebras (Exam-
ple 1.3.3(i7)), but may also justify why we regard Hopf-cyclic cohomology as a noncommutative analogue of
Lie-Rinehart homology.

Before we dedicate our attention to Hopf-cyclic cohomology of V' L, let us recall a few facts about the
homology of Lie-Rinehart algebras [Rin, Hue2].

5.5.1 Lie-Rinehart Homology Let L be projective as an A-module and consider the graded left V L-module
VL ®4 A% L (both factors carry the obvious right and left A-module structures, respectively, and here ® 4
refers to them). Consider the k-linear operator b/, , : VL ®4 A"L — VL ®4 AL

Uy (u@a X1 A AXy) =

— 1)ty X; X X’Z X,
iZ( Y luX; @4 X1 A A (5.5.1)

=1
+ Y (DM uea X XIAX A X X A X,
1<i<j<n

where uX; is the right (A4, L)-module structure that corresponds to right multiplication in VL. Now V/, , is
a V L-linear differential and if s denotes suspension, we will call the resulting chain complex

KAL:=(VL®a AYsL,V, ) (5.5.2)
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the Koszul-Rinehart complex. If M is aright (A, L)-module (right V L-module), define Lie-Rinehart homol-
ogy with coefficients in M as
HA(L, M) := TorY (M, A). (5.5.3)

In case L is projective as an A-module, the Koszul-Rinehart complex KL provides a projective resolution
in the category of left V L-modules, and (M @y, K2 L, b, ;. :=idy ® b/, ) computes this homology with
coefficients in M. The differential (to which we will refer as Lie-Rinehart boundary) is then explicitly given
as

bar(m@a XA AX,) =

=N (=) m, X @4 Xa A X A X
;( Y m, Xi] @4 X3 (5.5.4)

=1
+ Y (C)mea X X AX A X X A X,
1<i<j<n

form € M. If L is finitely generated A-projective of constant rank n, the Koszul-Rinehart complex even
yields a finite projective resolution of length n with V.L ® 4 A”; L being the highest non-zero term; see
[Rin, Hue?2] for further details. In case M = A, Theorem 4.2.7 leads to

5.5.2 Theorem [Hue2, Thm. 2] Let O be an exact operator as in Theorem 4.2.7, making A a right (A, L)-
module, denoted Ay. The Batalin-Vilkovisky algebra (A% L, d) coincides with (Ag @y K2AL,b, ) as a
chain complex. In particular, when L is projective over A the complex (A% L,d) computes HA(L, Ap) =
TorY “(Ap, A), i.e. the Lie-Rinehart homology of L with values in its base algebra Ay.

5.5.3 Remark Observe that the Lie-Rinehart boundary b, ; and coboundary d, , (which will only be intro-
duced in (5.6.2)) correspond precisely to left and right counits of V' L: one has

bar(a®@vy X)=0(aX), whereas (dara)(X)=¢Xa), ac A, X €L

We stress here that in the absence of such a flat right connection on A, Lie-Rinehart homology with coeffi-
cients in A cannot even be defined. The chains of the form Ay Qv K :4L in a sense correspond to what we
called coinvariant localisation in Section 5.1, and will reappear in Section 6.3.

We turn to Hopf-cyclic cohomology. Let us state another corollary to Proposition 4.2.11.

5.5.4 Corollary Let (A,L) be a Lie-Rinehart algebra. Any flat right (A, L)-connection on A defines a
cocyclic module V' Ly, 5 associated to the universal enveloping algebra V' L.

5.5.5 Remark We want to underline again that flatness of the connection is needed in Proposition 4.2.11(7)
to show that Sp is an anti-algebra homomorphism; this, in turn, is crucial for the cyclic relations to hold in
(the proof of) Theorem 5.2.5, in particular for 77+ = id.

The following lemma will serve as a tool to simplify the calculation of Hopf-Hochschild cohomology of
V' L. Strictly speaking, it is an immediate consequence of the generalised PBW theorem; we give a proof that
fully relies on combinatorial arguments.

Like V L, the symmetric algebra S4 L is generated by the elements both in L and A, with the difference
that S4 L is commutative and hence acts trivially on A. Now any A-module L’ can be seen as a Lie-Rinehart
algebra with trivial bracket and zero anchor; in such a case, VL' = S4 L', and the A-coring structure is given
againas Agp X = X @1+ 1@" X for X € L' and Agpa =a®"1=1®"afora € A. Note that in
this case the counit € : S4L" — A becomes in this case a morphism of algebras. We then have

5.5.6 Lemma For any Lie-Rinehart algebra (A, L), the A-module isomorphism 7 : SyL — VL from
(1.4.5) is an isomorphism of A-corings.

PROOF: Let (Ay, €) be the (left) comonoid structure on V'L and (Agy, €) the one on S4 L. The assertions
are e = ¢, which is trivial, as well as (7 ® m)Agy, = Ay w. Clearly, by the PBW theorem it suffices to
prove this identity on elements aX? € SaL fora € A, X € L, and a natural number p > 0. For & > 0,
denote the kth iterated action of the anchor on the algebra A by X*(a). We have

1 & (/p+1 , 1 & (/p+1
XP) = —— X*(a)XP7F = — XP7F(a) X"
m(aX?) p+1k:0(k+1) (a) p+1k§0 k1 (a)
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In particular, for a = 1 one gets 7(X?) = XP. Furthermore, for the respective coproducts holds

P P
Asz(aX?) = Ag(aX?) =3 <?> aX? @ X7 =" (?) aX?~I @ X7,
— \J — \J
J J
since both sides are A-linear. Hence for @ = 1 or a trivial L-action on A the statement is immediate and
reproduces the argument for Lie and Hopf algebras. Otherwise, one has to consider

p
1
Agr(aX?) = Z pt (@) A, X7
k+1
14
p p—k
P+1)<P k) k i ol yp—k
ZZ X*(a) X7 @ XP
1k0] O(k—‘rl
p p—k
(p+1)! k i ol yp—k
ZZ XF(a) X7 @ XPF,
)
p—|—1k070k+1 (p—Fk—j)

and compare this with

P
(r@7)Agp(aX?) = (T @) Z(?)aXJ @ XP=9)
j=
pJ
1 1 ‘ ,
=y > — (p> (i N 1) XF(a) X7k ! X7
j:Ok:OJ+ J +
LA 1 (j+1
:ZZ <p—|— )(]+ )Xk( )X] k®llXp]
j=0k=0p+1 j+1/\k+1
_ 1 izj: (p+1)! XE(a) X~k @it xP=i
P12 2 G DG~ P |

Observe here that the map 7 @ 7 is only well defined on operations aX (1) ®" X (o) = X(1) ®" aX(9) in the
sum of the coproduct, rather than on single summands. To interchange the roles of j and & in this last double
sum, one lets k£ run from O to p and j to p — k only. Correspondingly, one has to raise the numbers j — j+k
to obtain the same coefficients; one immediately sees that this operation produces the same result as above,
hence Aym(aXP) = (7 @ m) Agr,(aXP), as claimed. O

Recall that Proposition 4.2.11 states that it is essentially a right (A4, L)-connection 0 on A determining
a right counit and an antipode on a Lie-Rinehart algebra, hence a cocyclic structure. The following theorem
may also be called a Hochschild-Kostant-Rosenberg-Theorem for Lie-Rinehart algebras or Lie algebroids. It
is a generalisation of a similar result for universal enveloping algebras of Lie algebras [CoMos2, Cr3].

5.5.7 Theorem Let (A, L) be a Lie-Rinehart algebra, with L projective over A, and k containing Q. Fur-
thermore, let O a flat right (A, L)-connection on its base algebra A (or equivalently, an exact generator O for
the Gerstenhaber algebra A% L).

(i) The Hochschild cohomology of the cocyclic module V' Ly 5 is isomorphic to the exterior algebra of L
over A, i.e.,
HHL(VL)~ A%y L.

This map is induced by both the antisymmetrisation map
12 1 .
Alt: AL — SAL® ", Xy A AXp o Z sign o X5 (1) ... ol Xo(n)s
oceP(n)
as well as the map
P SAL®”" — ALL, w QM. @y, — prui A -« ADPriy,,

where pr : SaL — S4L is the projection on the direct summand ShL = L = AYL, and this
isomorphism does not depend on 0.
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(ii) The periodic cyclic cohomology of V Ly 5 is isomorphic to the Lie-Rinehart algebra homology of L
(cf. §5.5.1), i.e.,

HP(‘;(VL) = H(ﬁid(Lv Aa) S ngn(L’ A@)a
where Ay is a right V L-module via 0.

PROOF:  Part (i): since the Hochschild cohomology uses only the pertinent A-coring structure, the PBW
map induces an isomorphism H Hg(SL) — HH, 5(V'L) and we can restrict our investigation to S4 L. The
proof follows standard homological algebra procedures.

Recall at first some facts about the symmetric algebra on modules, cf. e.g. [Eis, App. A2]. Assume first
L to be free of finite dimension N over A, with basis {e; }1<i<n. Then S4L = &,>05% L is the polynomial
ring on the ‘variables’ e; and SZL is the free A-module of rank (N; P Il) , with basis the set of monomials of
degree p in e;. The graded dual of S4L is defined to be S (L)* = &,5% (L)* = @, Hom (S L, A).
Observe that the distinction between left and right duals as in Section 3.1 disappears here since s = t‘.
If L is A-free and A contains @Q, one has [Eis, Prop. A2.7] Sa(L)* ~ Sa(L*) as algebras, where L* :=
Hom 4 (L, A); as a consequence, we will just write S 4 L*. The module structures given in (3.1.14) or (3.1.12)
transfer to this context as follows: one obtains an S 4 L*-module structure on S 4 L by

V" SAL® SAL® — SaL, u®v* — (v, um))u),

where the Sweedler components refer to the coproduct on S4L. Each ¢ € L* acts as a derivation on
SaL: for two homogeneous elements u, w € SaL one has Viuw = (@, uyw(1y)uz)wzy since Agy, is a
homomorphism of k-algebras. Furthermore, since ¢ € L* = S, L*, the only nonzero elements in (.,.) are
those for which u(1yw(1y € S} L, i.e., one of the u(1y, w(y) lies in S} L = L and the other one lies in S4 L =
j>09al
one obtains Asru = 1@%u+u®1+z withe € Sq4L, @ SsL, (thisis a general property of connected
bialgebras, see e.g. [GrVaFi, Lemma 14.10]). Therefore,

A. Now any element in S4 L is a sum of products of elements of L, hence for any u € Sy L4 := >

Viuw = (¢, u(1))u@w + (¢, way)uwey = (Vyu)w + uViw.

To compute HHy(S4L) one may use a Koszul resolution of A that is dual to the construction in [Kas3,
XVIIL.7]. We will, however, generalise a method in [Cr3] and proceed mainly as there, considering a coaug-
mented complex. Versions of this proof can also be found in [KhR2] and, in the framework of Lie algebroids,
in [Cal].

Define the (dual) Koszul complex f(;‘L = SaL ®a Ny L, where each f(ﬁL = SaL ®a AN} L carries
a left S 4 L-coaction by Agy ® idae £ This yields a resolution of A by left Sy L-comodules: consider the
coaugmented complex

AL S LA YL -5 SuLea AYL -5 .., (5.5.5)

with coboundary d defined as

N
du@s X1 A ANXp) =Y Viu®ae; AXi A A Xy,
=1

which is easily seen not to depend on the chosen basis. One has

N N
dd(u@A X4 /\-~-/\Xn) = Zz<ei,U(1)><€j,U(2)>u(3) RaeiNe; NXqg N AN Xy,

i=1 j=1

and while (e’, u(1))(e’, u(2)) is only nonzero if i = j, the wedge powers in this case vanish. Hence d 15, =

dd = 0. The exactness of (5.5.5) is shown by the existence of a contracting homotopy: define s : f(};L —
K% 'Lby

-

su@a Xa A AXy) =) (1) uX; @4 Xy A AXj A A X

j=1
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Then one obtains

.
Il
—

<.
Il
—

whereas

Hence (ds + sd)(u ®4 w) = (p+n)(u ®4 w), where p,n € Nand u € SH L, w € A’yL. This shows
exactness of (5.5.5) in degree > 0. As for degree zero, note that the kernel of d : SyL — SaL ®4

AL w0 V7.u ®a4 e; is isomorphic to A. One concludes that the complex A 5L %L is acyclic
and gives a resolution of A by free (hence injective) left S 4 L-comodules. Even simpler (cf. [Lol, Thm.
3.2.2]), since L is A-free, one can write L. = L1 @ ... @ Ly, where each L; is free of dimension one. By
Sa(L1® Lo) ~ SaLly ®a SaLo and Aa(Ly & Lo) ~ AsLi ®4 AaLs, one reduces the consideration to
the dimension one situation, and easily sees that tensoring resolutions K%L = ®;K%L; leads to the same
conclusion.

Now by Theorem 5.3.3 one has HH*(SaL) = Cotory, (A, A), hence it can be e.g. computed by

AOg, K% L. Under the isomorphism
f:AQg, L KYL = Ag, 1SAL @4 AYL — AYL, u®4sw— e(u)w,

one has (id4 ®4 f)du = 0 for each homogeneous u € S4 L for p > 0; in case p = 0 this follows trivially
from A = ker d. Hence .
(ADSALKAL, ida ®a d) ~ (/\:4L, 0),

as complexes.
To show that the isomorphism on cohomology is induced by P and Alt, we compare the Koszul resolution
to the standard cobar resolution (Cob®(S4L), #) from Theorem 5.3.3: the map

ids, ®4 P :Cob*(SsaL) — f(AL, w@ v @%@, - u®a pr(vi) A+ Apr(vy)
will be shown to be a chain map over the identity, that is
(ids,r ®4 P) 3 =d(ids, ®a P).

Both sides, applied to an element U = u @' W € Cob™(S4L), where W € SH'L ! --- @' Sh" L, vanish
under the projection pr if (p1,...,pn) # (1,...,1). Set U = u @ X; @ ... @ X,,, where X; € L.
Consequently, one has

N
d(idg,r ®a P)(u@" X3 @" - 0" X,) =) Viu@ae AXi A A Xy,
=1

whereas with the same argument
(ids,r ®a P) B (u@" X3 @' - @" X)) = (idg, ®apr)(Asp(u) A Xy A A Xy),

by Asr X; = X; @14+ 1®" X; and pr(1g,7) = pr(a) = 0. Comparing the two sides, one requires the
identity

N
(ids,z ®apr)Agru = Z Viiu®a e;

i=1
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to hold, which indeed follows from (3.1.23), observing again that all basis elements of degrees higher than
one vanish under the projection. Hence (ids,r ®4 P) is a chain map between the two resolutions of A;
applying the functor A, — produces the map id40g, 1 (ids, . ®4 P) = P, and by standard homo-
logical algebra this yields an isomorphism on cohomology. The property P Alt = idxe 1 shows that this
isomorphism is induced by Alt as well. Finally, it is easy to see that P is a morphism of complexes, that is,
annihilates elements of the form

n—1
1 ®ll V1 ®ll . ®ll Un + Z(_l)ivl ®ll . ®”ASLUZ' ®ll . ®ll vn + (_1)n+1vl ®ll . ®ll Un, ®ll 1.
i=1

It is equally easy to see that 8 Alt = 0.

More generally, if L is flat over A (for example, if L is A-projective; in fact, flatness suffices for part (7)),
we continue as in [Lol, Thm. 3.2.2]: there exists a filtered ordered set J as well as an inductive system of
free and finite dimensional A-modules L; such that

L~ 1ir£1 L;,
JjeJ
cf. [Bou]. Since both H H (which is the derived functor Cotor here) as well as S commute with inductive
limits over a filtered ordered set, the flat case follows from the finite dimensional (free) case.

Part (ii): this part of the proof is a generalisation of a method in [Cr3] for the universal enveloping of a
Lie algebra.

Denote here by (BC3(V L), 55, By) Connes’ bicomplex associated to the cocyclic module V' Ly g, cf.
§5.2.1, and by (BC*(V'L), 3, B) Connes’ bicomplex associated to the standard A-coring cocyclic module
VLHA, cf. §1.2.5. Recall that Theorem 4.2.7 tells us that Lie-Rinehart homology is computed by (A% L, 9).
Consider, therefore, the mixed complex

0 . 0 ) 0
K:A —= N4L NaL B

ba,r ba,r ba.L

where b, , is the Lie-Rinehart boundary operator as in (5.5.4) with values in Ay, seen as a right V' L-module
via 0. We will show that (K,0,b, . ) and (BCg(V L), Ba, Bs) are quasi-isomorphic mixed complexes, which
implies the claim. Similarly as in Theorem 5.2.5, it is easier to deduce the action of By from the one of the
operator B (employing ¢, from (5.2.1)) since it arises from a fairly simple cyclic operator.

Recall from Subsection 5.2 that VL = {B%4V L},>q. thatis, B3V L := VLE" "+ in degree n: the
cyclic tensor product reduces tautologically to ®" since source and target maps are equal. Generally, we
have B = No_;(1 — 7), where for VLE4 the operators N, o_1, 7 are given as the following left A-module
maps on BV L:

U—l(UO ®ll u ®ll L. ®ll un) e(uo)u1 ®ll L ®ll Un,

T(UO ®ll Uy ®ll L. ®ll un) (_1)n(u1 ®ll . ®ll Un, ®ll UO);
N = 1+7+...+7"

The map ¢4 from (5.2.1) reads here, degree-wise
Q_ﬁa : VL®Hn+1 - VL®”n, o ®ll . ®ll Uy, (Ag_lsauo)(m ®ll ®ll Un)7 (5.5.6)
and Bypo = ¢oB holds. On generators a € A, X € L with the antipode (4.2.16), one calculates
AP Sy(aX) = = Y 18" gl aX @" 187~ 4 9(aX) @' 191, (5.5.7)
i=1
The antisymmetrisation map
1
Alt: ABL > VI®'™ Xy A A Xy, — = > signo X,y @' @ Xy (5.5.8)
" oeP(n)

can now be seen to be a quasi-isomorphism of mixed complexes (K,0,b, ) — (BCg(VL), s, Bs) as
follows (note that (5.5.8) is a well-defined map to the chosen tensor product): for the Hochschild boundaries
this was precisely shown in part (i) and it only remains to prove that

ByoAlt = Altob, ..
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Using the right inverse (5.1.4) of ¢, it is seen that
-1 .
Alt(aX1 A NX,) = ¢8(E Z signo a @" X0 ..l Xo(n))~
" oeP(n)
Hence

1 .
By(Alt(aX1 A--- AN Xy)) = Bo(¢o( > signoa®! X,y @ @ X))
" 5eP(n)

_ 1 .
= qba(B(ﬁ Z signo a @M Xo1) Q... @ Xo(n)))
’ o'EP(n)

= ¢pgNo_ 1 o Z signo a @' XU( )®” @l Xo(n)
oceP(n)
— (1) X gl ... gl Xo(m) Sl a)
1 .
= (baN(ﬁ Z signo aX, ) @ - @ Xo(n)

’ oc€P(n)

Z signo aX,(1) .. @l Xa(n))a
oc€P(n)

(n—1)!

since L C ker € and € is a left A-module map. Theorem 5.5.2 now explains how 0 equips A with a right V' L-
module structure induced by the right (A4, L)-module structure [a, X] := a0X — X (a) (note that [14, X] =
0X # 0 in general). Using (5.5.6) and (5.5.7) gives

By (Alt(aX1A~--AX ) =

CE] >y Slgnffaer(z) @l 8 Xo) Xon & @1 X
i=1 c€P(n
1
+ Signa (a@XU(l) — XU(l)(CL))XU(g) ®ll v ®” Xo(n)
(n—1)!
oc€P(n)

n

= Alt(Z(—l)i“[a,Xi]Xl A AXi N A Xy

+Z D a[ X, X AXi A AXi A AXjA A Xy)
1<J

=Altob, (a®a X1 N ANX}).
This finishes the proof of the Theorem. a

Since s* = t‘ and S? = id (hence ¢ = 1p for the grouplike element in this example), the first Hopf-
Hochschild cohomology group is formed precisely by the primitive elements of V' L; by part (i) of the pre-
ceding Theorem, we have

imB @& Ay L = ker 3.

Hence with Proposition 4.2.1 the following statement makes sense.

5.5.8 Corollary The (left) primitive elements of the (left) bialgebroid given by the universal object V'L of a
Lie-Rinehart algebra (A, L) are isomorphic to (A, L) as a Lie-Rinehart algebra, i.e.,

(A, PVL) = (A,L).

In a certain sense, this is the ‘easy half” of a Cartier-Milnor-Moore type theorem for Lie-Rinehart alge-
bras; this essentially states that one has a left bialgebroid isomorphism V' (PU) ~ U, where U is a cocom-
mutative left bialgebroid (assumed to be filtered in a certain way and ‘cocomplete’) and where P,V are the
functors from Proposition 4.2.3. See [MoeMr¢3] for the full theorem and details, [MiMo] for the original
version for Lie algebras (cf. also [Q1, App. B.4] for a different approach), and [Lo2] for an extension to a
vast choice of bialgebras of different type.
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5.6 Example: Jet Spaces

In this section we calculate the Hopf-cyclic cohomology for the jet spaces JL of a Lie-Rinehart algebra
(A, L): the outcome is in a certain sense dual to the result in the previous section. We therefore recall some
facts about Lie-Rinehart cohomology first.

5.6.1 Lie-Rinehart Cohomology Let (A, L) be a Lie-Rinehart algebra and M € VL-Mod. Dually to
85.5.1, define the Lie-Rinehart cohomology groups with values in M by

H*(L, M) = Ext3, (A, M). (5.6.1)

If L is A-projective, H*(L, M) is the homology of the complex Homy 1, (KL, M) ~ Hom4 (A% L, M),
cf. (5.5.2), and the Lie-Rinehart coboundary is given by

dA7L¢(X0A~-~/\X ) =

= Z evL igb(XO?"'?Xi""’X”)) (5.6.2)

+Z D o(1X5, X0, Xoy ooy Xy ooy Xy o, X)),
1<J

where ¢,, : VL — A denotes in this section the left counit of V' L, induced by the anchor, as before.

5.6.2 Theorem Let (A, L) be a Lie-Rinehart algebra for which L is finitely generated projective over A of
constant rank. There are canonical isomorphisms

H*(JL) ~ H*(L, A),
HC*(JL) ~ @ H*t*(L, A),
i>0
where the left hand side refers to the Hopf-cyclic cohomology groups.
PROOF: Denote L* := Homy(L, A). By the given conditions we have A% L* ~ Homa(A%L, A). To

compute the Hochschild cohomology, instead of the cobar resolution one may use the dual of the Koszul-
Rinehart resolution (5.5.2), given by the cochain complex (cf. [NeTs])

SZ
0— A JL L JLos AYL* -1 JL @4 AL LT -5
where V is the continuation of the Grothendieck connection (4.3.2):

V(¢®W)(X1, . ,Xn+1) =
n+1
= Z )TV bR WX, Xy Xg)

+Z Do @ w([Xi, X1, X100, Xy oo, Xy ooy Xog),

1<j

forg € JL,w € AN{L* and X1,..., X, 11 € L. It follows from (4.3.4) that this is indeed a resolution of
A in the category of free (hence injective) left J L-comodules (observe that s, : A — JL is a morphism of
J L-comodules). To compute the Cotor-groups, consider invariants as in (2.4.1): one has the isomorphism

AYL* — AQyp (JL @4 AYLY),

givenby X1 A---ANX, — 1, ®1, ® Xy A--- A X,. Since the unit 1,, € JL is given by the left
counit €, : VL — A, the induced differential is exactly the Lie-Rinehart coboundary d, .. This proves the
isomorphism of the Hochschild cohomology groups.

The second isomorphism on cyclic cohomology now follows from Theorem 5.4.4. O

5.6.3 Remark Observe that our computations remain consistent: to be defined at all, both the Hopf algebroid
structure for V' L and Lie-Rinehart homology with values in A require an additional piece of information: the
flat right connection 0. In contrast to that, the Hopf algebroid structure on J L (see Remark 4.3.3) as well as
Lie-Rinehart cohomology already make sense without such a datum.
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5.7 Example: Convolution Algebras

Let G = G be an étale groupoid over a compact base manifold Gy and consider the Hopf algebroid given
by its convolution algebra C°(G) over C*°(G)), see Section 4.4.
Recall from our general considerations that the spaces of interest for cohomology were

CCOO(G)hﬁ = {CSW(GD)CSO(G)}TLZO’ (5.7.1)

where
C’IL

€ (Go)

CI(G) = CZ(G) Bl g+ * Pbise (i) C°(G) = C2(G™), (5.7.2)

n times in degree n, where G™ = G'x} ---tx4 G.
Go Go

5.7.1 Theorem For any étale groupoid G = Gy over a compact manifold G, the periodic cyclic cohomol-
ogy of C°(G), , is trivial, ie.,
HP§Y™(CF(G)) = €2(Go) and  HPF(CZ(G)) = 0.

PROOF: The (restriction) map 7" : C°(G) — C>(Gy), u +— u(1.)) fulfills

ot omsa - { 0 15

hence T is a left Haar system for C2°(G). The statement follows now directly from Proposition 5.2.11 and
the S BI-sequence. m|

The triviality of this cohomology (and in general the cohomology for Hopf algebroids whose underlying
bialgebroids carry a left Haar system) is one of the motivations to introduce a certain dual theory. This will
be the subject of the next chapter.



Chapter 6

Dual Hopf-Cyclic Homology

Hopf-cyclic cohomology gives trivial results in some cases: as already seen in Theorem 5.7.1, in case of the
existence of a (left) Haar measure, the Hopf-cyclic complex computing cohomology is shown to be acyclic
[KhR3]. Clearly, taking any Hom-duals also does not furnish any new kind of information: hence the need
of a different, dual cyclic homology in the sense of cyclic duality [Co2].

6.1 The Cyclic Dual of Hopf-cyclic Homology

Recall from Section 3.1 that for a left bialgebroid U there exist two natural Hom-duals, corresponding to the
bimodule structure ~Us . Both of them are (under suitable conditions) right bialgebroids [KSz]. Hence it
appears natural to start with a right bialgebroid to investigate the cyclic dual. Naively, a simplicial complex
with faces dual to (5.2.2) should contain product and counit rather than coproduct and unit.

Let V' be a right bialgebroid over the base algebra B, with structure maps as before. To make the ring
multiplication well-defined, to start with, one chooses a tensor product

Vi@V :i=Vae® V=V ®;V/span,{vs"(b) @ v —v @ s"(b)v',v,v" € V, b € B}; (6.1.1)

(taking e.g. the tensor product V4 ® , V with respect to the target maps and the monoid structure of V°P
leads to a left bialgebroid again). At the second step, however, one runs into the problem that a bialgebroid
is a monoid and comonoid in different monoidal categories: the algebra B carries both left and right V-
comodule structures, but has a single right V-module structure only. As follows from Subsection 5.3, these
two comodule structures are those that appear in the coface operators dy and d,,+1 of (5.2.2), in form of the
trivial coaction. For its dual version, already when defining Hochschild homology (with values in the base
algebra) by means of the simplicial pieces, one therefore realises the necessity of a ‘two-sided’ bialgebroid
equipped with respectively both left and right actions on the base algebra and its opposite; that is, one needs
the full Hopf algebroid structure.
Consequently, let H be a Hopf algebroid with structure maps as before and set

H}y = {CF H} oo, 6.1.2)

where CPH := H5®" in degree n and C® H := B in degree zero. To give H g the structure of a simplicial
space, define face and degeneracy operators by

s"(OhY)R? @ -+ @ h" if i =0,
di(h' @ - @h") =<{ h® - @hRTL R ... @k if1<i<n-1,

hly® - @ R (eh™) ifi =n,

1, h1,@ - o h" if i =0, (613
sitht,@ - . @h") =< @ -  @ht@1,0h o . @h" ifl<i<n-—1,

h@ - @h" @1 ifi =n.

Elements of degree zero (i.e. of B) are mapped to zero, do(b) = 0 for all b € B. We write the degeneracies
in this detail to stress that the ‘extra’ degeneracy s_; := t,,+15, used for cyclic homology (cf. (1.1.7)) is
quite different from the classical one for k-algebras. To extend the simplicial structure to the structure of a
cyclic module on H g, we use the assumption that the antipode is invertible and set

ta(h! @ -+ @ B") = ST (g - h,glh,")B@ hiyy 5@ by s® @ h;g—)l (6.1.4)

105
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as a cyclic operator on CZ H for each degree n > 2, and t1(h) = S~'h in degree one. One easily verifies
that this operator is well-defined. Similarly as for Hopf-cyclic cohomology, the fact that S~! is a morphism
~He — »H. of twisted bimodules transfers to the cyclic operator: ¢, isamap - (CZH), — »(CPH)
of (twisted) (B, B)-bimodules as well.
As in §5.2.8, one could also introduce grouplike elements in the dual theory, but we will avoid this here.
The main result of this section is:

6.1.1 Theorem Let H be a Hopf algebroid with invertible antipode. The para-cyclic module H g is the cyclic
dual of the para-cocyclic module Hy o from Theorem 5.2.5 (and vice versa).

PROOF: We will prove that the prescriptions in §1.1.17 turn the set of operators (4,,c,, 7,) from (5.2.2),
(5.2.3) and (5.2.4) into the set (d,, s,,t,) from (6.1.3) and (6.1.4). The subtlety in this proof lies in the fact
that this cannot simply done by replacing cofaces with degeneracies, codegeneracies with faces and so on,
since Hy 9 = {C"} H },,>0 from cohomology and H g := {CB H},>( from homology do not have the same
underlying bimodule structures: the respective tensor products are different. Hence one first needs to find a
k-module isomorphism C% H — CB H, which amounts to a generalisation to higher degrees of the Hopf-
Galois map from [Schau2, Thm. 3.5] (see also (2.2.1)) and its inverse from [BSz2] for Hopf algebroids, cf.
(2.2.3) and (2.6.15).

6.1.2 Lemma For each n > 2, the k-modules C H and CB H are isomorphic as k-modules by means of
the (higher) Hopf-Galois map

on  H® -, @H S H®y - Q4 H (6.1.5)
hlB® e B® A? — h%l) N h%2)h’%1) QA Ra h%n)h%n—l) c. h?2—)1hn
= (A7 TRY(AYT2RY) - (Ah™ (1 @4 - @4 1@ A",
with inverse given by
Yo H@a @2 H > H® - @H (6.1.6)
—

hy®a®@ahy WY@ SRR @ SIS @ - @ S(hE ) hn,
= hf5®h17h2+3® to B®h;f2h:le®hrjflhm

using the notation ht . @h~ := h()_® Sh(?), see (2.2.3) and (2.2.13). Note that the first map employs the
left coproduct only, whereas the inverse uses the right one plus the antipode. In case n = 1, set 1 = ¥ =
idg; in case n = 0, one combines the isomorphism 0s’ : A°® — B with the canonical isomorphism of
k-modules A — A°P.

PROOF: This is proven by induction on n > 2. For n = 2, it can be directly checked. Hence assume that
the statement is already true for n, i.e., @, ¥, = idc;; g and ¥, @, = idcf - As for n + 1, note that one
can decompose

Ony1 = (1d® ¢p) (P2 ® id@n_l) and Yy = (V2 ® id@n_l) (id ® 1n)

and then one verifies directly that ¢,, 11 and 1,11 are mutually inverse. O

The cyclic dual of a cocyclic operator is given by its inverse, see §1.1.17. To continue the proof, we hence
need the inverse of the cocyclic operator (5.2.4) from cohomology:

6.1.3 Lemma Let 0 € GH be a grouplike element. If the inverse of the antipode S exists, the cocyclic
operator given by the map (5.2.4) is an automorphism of the k-modules C’y H forn > 1, with inverse

T (W @a @A b)) = (AFTISTHR T (1 ®@aht @4 @4 AT (6.1.7)

forallm > 1 as an (A, A)-bimodule morphism ~(CtH), — »(C%HH)_ . Likewise, the operator (6.1.4) is
an automorphism of the k-modules C5 H for all n > 1 with inverse

7 (hay® - ®hy) = WS @ - oh) @S hS - hP) (6.1.8)

for alln > 1 as (B, B)-bimodule morphism »(CBH)_ — -(CBH), .
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PROOF: Clearly, this can be verified directly; however, we pursue a strategy with more structural insight,
that is, we express the operator ¢,,4; in terms of ¢,, and prove the lemma by complete induction. For n = 1,
(6.1.7) reads 7 ! = §=1, hence the induction start. Now assume that the assertion already holds for degree
n and introduce the following bijective k-module morphism and its inverse,

0 HRaH — H®sH, hA®f:l — ~Agh(0'_1]~1®1~)Zh(1)0_1i1®,4h(2),
¢p; ' HoaH — H,®H, hoah — h® 205 (hW)h.

Observe that the tensor product ,& is the left bialgebroid version of (6.1.1), i.e., H \® H = H4 ®4 = H.
Then ¢,, ¢, ! are morphisms with respect to the canonical left A-module structures o(H ,&H) —
>(H ®4 H). One finds now that

Tn+1 = (id@nil & ¢U) (Tn 0y id),
o= (nteid) ([d® T @ e

Note that 7, ®id is only well-definedasamap H®4 - - Qa HR® s H — H®4---®4 H 4,&H, which is why
the map ¢ is required. It can be directly seen that 7,11 and 7, ﬁl are mutually inverse; hence the induction is
completed. As for the second part, introduce the maps

¢p:H®@H — H®zH, §hQ M - AZOOph(h/ ® 1) = h(g)h/ R h(l),
¢V He®,H — H®H hesh — Y geSH®)h,

which again can be directly checked to be mutually inverse. Here ® 5 is the tensor product given as

H®p H := H®y, H/span, {t"bh @), h' —h @y, s"(uv~'b)W', b € B},

1

where 1, v are given in (2.6.5) and puv~! = id in case S? = id. Then one has

tar1 = (L, ®id) (d®" "' ® ¢),
tor = ([(d®" '@ (¢, ®id),
continuing to argue in the same fashion as in the first part of the proof. |

One can now immediately write down

T ton(h!p® - @ B") =

=7 (hi) @4 higyhtyy @4 higy hig by ®a -+ @4 hipy 1y Ry ' h")

_ S—l(hlgzg . ”hn—lg))hn(n)) ®a S—l(hlgz)_l) . ..hn—lg)—l)hn(n—l))h%l) Q4
S Oy

and by higher twisted coassociativity one obtains

Puta(h' 5@ - 5@ W) = (ST iy - hiy h™) 5@ hiy) 5@ hi1)5® - 5@ h{)
— (n) n— (n) n{n — (nfl) n— (nfl) n(n—
:Sl(hl()...h 1(2)h())®AS 1(h1(n) R 1(2) pnl 1))h%1)®,4"'

n

—1/1(1) n—11) 1 n(1)yp1 2 -1
@A ST (B )y R ) W)y hi gy -
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Hence ¢, t, = 7,1 pp or t, = ¥, 7,7 L ¢,,. In the same fashion,
Un—lrn@n(hlg(g) e g h‘n)

(n) (2) —11n (1)
= Un—l(S(hl(l) )hé)h?l) ®a - ©a S(hl(l))h%n)h%n—l) o h??)lh ®a S(hl(l)))

(n—1) (1) n—
= S(h'(y Dhinhtyy ©a - ©a S(h (1) himyht,_1y - hig ' h"

—1 —2 n—1
=o'y )ty ©a ST GT Ry Ry @a -

o @a SRR, e
n—2 n—1 n—1
= 12y @4 S sran )Ry hgyhd @ -
(1), 1(n—1) o
2 @a SR Bl by B
1—2)

2 1(r 1 32 13 1M1 2 n—1lpn
= h(l) XA S(h (1) )h (2)h(2)h(1) Ra - Ra S(h (1))h ("_1)h(n—1) N h(2> h

T n—1lin
= h{y) ®a hig)hiyy ®a - @a s"O(W' A,y - hiy A",

where the dots denote another n — 2 repetitions of the same procedure of the lines before: one observes that
the third compared to the sixth line from bottom has analogous left and right coproduct Sweedler components
of h! with respectively one degree less and moved one factor to the right. On the other hand,

(pnfldO(hlB(@ et B® hn) = h‘%l) ®A h?g)hg)l) ®A e ®A Sra(hl)h?nfl) e h?2;1h7la

hence dg = v,,—1 0p—1Tnn as claimed. The proof of the remaining identities is left to the reader. O

6.1.4 Corollary Hg is a cyclic module if Hy g is cocyclic, i.e. if and only if S? = id.

6.1.5 Definition In case S? = id, denote the associated Tsygan’s cyclic bicomplex of the cyclic module H g
by CC’f{. (H), and the associated Connes’ bicomplex by (BC? (H), b, B), analogously as in §5.2.1. Define
HH?(H), HC?(H) and HP?(H) to be the associated Hochschild and cyclic homology groups. We will
refer to these as dual Hopf-Hochschild and dual Hopf-cyclic homology, respectively.

6.1.1 The Space of Invariants

In this subsection we make a few comments on a notion dual to coinvariants from Subsection 5.1, and its
significance for dual Hopf-cyclic homology.

6.1.6 Invariants Let H be a Hopf algebroid with structure maps as before, and denote the underlying right
bialgebroid over B by H".

Furthermore, let M € Comod-H" be a right H"-comodule (hence in particular a (B, B)-bimodule)
with coaction A : M — M ®@% » H", m — m(®) @2 m(). We do not treat the details of right bialgebroid
comodules here: these can be formulated mutatis mutandis as in Sections 2.3 and 2.4 for left bialgebroid
comodules (see e.g. [B3]). Analogously to (2.4.1), for M € Comod-H" define the right bialgebroid (right)
invariants of M by

M.:=MOg-B={meM | ,Am=m®®1} C M.
Considering H" as aright H"-comodule over itself by the right coproduct A,., we can analogously to (2.3.11)
equip the tensor product M ;& » H" with the following right H"-comodule structure

ol M@ o H — M Q% cH <« @° vH", myh— m® ohM @2 mWp®),
One then finds, dually to Corollary 5.1.3:
6.1.7 Lemma For any M € Comod-H", there is a canonical isomorphism
M = (My@:H").

of k-modules, given by
m — m© 2 Sm®.
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PROOF: We have
[YPYT7AN (m(O)B@)Sm(l)) = m(O)B(X)Smg; @8 m/ Smg;

—m(O)B®Sm ®° semglg

B®Sm(1) ®° 14,

where (2.1.8) and (2.6.10) have been used. Hence m(? ;@ Sm) ¢ (Mz® =H"),, indeed. It is easy to see
that this is a bijective map, with inverse

(Mp®cH")e = M, mz®@h — mv(eh).

6.1.8 Relation to Dual Hopf-Cyclic Homology Let n > 0 and compare the chain spaces C'Z H of the Hopf-
cyclic module (6.1.2) with the chain spaces BBH C +1H ® pe B associated to the canonical cyclic module
of H as B-ring (see §1.2.4). Since CZ " 1H € Comod-H", the preceding lemma yields the isomorphism
CPH ~ (CE H). = CP, HOy B via the embedding

CEPH — CP L H, h@ - 2hy = bY@ 0h) @7 §(h .- n®).
Combining this embedding with the canonical projection
CB H=CPH@H - CPH®" H~BEH

yields a map
U :CPH — BPH.

Related to this map, one would expect a commutative diagram that is in some sense dual to the diagram (5.2.9)
in cohomology, where the vertical arrows should rather be injections than surjections. Such a statement at
least holds for Hopf algebras [KhR1, KhR2]. Unfortunately, for Hopf algebroids this does not appear to be
that simple, and only works in special cases (see Section 6.5 and Subsection 6.6.1). First of all, the precise
nature of the map W, is in general not clear to us. A related problem appears to be that H usually cannot
be given the structure of a coring over B¢ ~ B ®j, A, which is possibly required for the existence of a
well-defined injection CPH ~ CB HOy-B — BPH ~ CP | H ® g B that would do the job.

Apparently, Hopf-cyclic cohomology and dual Hopf-cyclic homology are ‘not dual enough’ for such
a symmetric picture. Possible ways to investigate include Hopf algebroid comodules ([B3, Def. 4.6], cf.
Remark 3.3.7) or, as was suggested to us by G. Bohm, (co)tensor products over so-called bicoalgebroids
[BrzMi].

6.2 Dual Hopf-Hochschild Homology as a Derived Functor

In the next theorem we are going to show that the dual Hopf-Hochschild homology given by the complex
(C’_B H,b= Z;LZO(—l)j dj) from (6.1.3) can be seen as a derived functor of the tensor product functor.

6.2.1 Coefficients As in the cohomological case, one may consider coefficients in the Hopf-Hochschild com-
plex. Let M be a right H-module with action (m, h) — mh and define CM H := {M ® 4 Hz®"},,>. Face
and degeneracy operators are now given by

mh! ®h? @ - @ h" ifi=0
di(my@ht @ - @h") =< m@ht @ - @hhT @ - @h" ifl<i<n-—1
m@h' @ - @ h" 1 (eh™) ifi=n, 6.1
mR1ly,Qht® - Qh" ifi=0 6.2.1)
sim@ht @ - @A) ={m,® - Qh,@1,h & .. @h"if1<i<n-—1
mht,® - - @h",®1 ifi=n.

Elements of degree zero (i.e. of M) are mapped to zero, do(m) = 0 for all m € M. The corresponding
(dual Hopf-)Hochschild homology computed by (CM H,b = =7 (—1)’d;) will be denoted H,(H, M);
in particular, if M = By, one has, with the notation of Definition 6.1.5, H,(H, By) = HH?(H).
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6.2.2 The Bar Complex As in the cohomology case, we will calculate the homology groups of the complex
associated to (6.2.1) by finding an appropriate resolution, dual to the cobar complex in Section 5.3. Such a
resolution is provided by an analogue of the classical bar complex. This is again in some sense the complex
originating from the so-called path space PM, = {M,41}n>0 associated to any simplicial object M,;
hence PM,, = M, in degree n, and face and degeneracy operators of the underlying simplicial object are
shifted correspondingly. For the simplicial space CF H using M := H in (6.2.1), the simplicial pieces of its
path space
Bar, H := {H ,®H5%"}, >

therefore read

~ We. o QKT @ ... ;" if0<i<n-—1
. 0 - ny — B B B B — -
dz(h 59 QN ) hOB® e ® h”fltl(eh”) ifi =n,
B W - M lohtl @ ... k" if0<i<n-—1
(W0 @ - n) = B B BT B z . -
R L VS T ifi =n.

Defining b’ = Z?zo(fl)icii, it is easily checked that b’ b’ = 0, and (Bar, H, V') is called the bar complex of

H. A simple characterisation of the dual Hopf-Hochschild homology is then the following.

6.2.3 Theorem Let H be a Hopf algebroid with structure maps as before, and let M be a right H-module.
If H is projective as a left B-module . H, there is an isomorphism

H,(H,M) = Tor® (M, A,).
In particular,

HH?(H) = Tor(By, A.).
Here By and A carry the canonical right and left H-module structures, originating from the right and left
counit, respectively.

PROOF:  The proof works in a conceptually analogous manner to the classical statement for Hochschild
homology of algebras. Recall (cf. e.g. [M, p. 146]) that for a projective left B-module P the space H « ®p P
is projective as a left H-module, where the multiplication is simply A/'(h,®p) := h'h,®p. Evidently,
Bar, H is H-projective if H is B-projective (with respect to the module structure b=h := s"bh for b €
B, h € H). Now ¢ : H — A defines an augmentation of the bar complex and we need to show that
A. << Bar, H is a projective resolution of A, in the category of (left) F/-modules. The map V' : Bar,, H —
Bar,,_; H in degree n > 0 is a morphisms of left H-modules if the H-module structure mentioned above is
used; as for degree zero, this property of the map ¢ : Barg H — A, follows from (2.1.4). Then introduce the
‘extra degeneracy’

Sny1:Bar, H — Bar,y H, h,@-- ,@h" — 15,0h° ,@ - ,@h"

for n > 0. It is not particularly problematic to realise that s,,_1 b + b’ s,, = id for n. > 0; furthermore,
set s_1 :=t' = s"Ovtohave es_; = idy and 5,,_1 b’ + ' s,, = id for n > 0. Hence, s is a contracting
homotopy and (Bar,, H,b’) is acyclic. In particular, the latter yields a resolution of A. by projective left
H-modules and can therefore be used to compute the groups Torfl (M, A,) for a right H-module M. Note
that in case M = B the functor (—)s := By @ — of coinvariants reappears here. For each n > 0 one then
obtains an isomorphism

¢: M@y Bar, H— CMH, mayh’ @ - ,@h" — m, @s"9(h°)h! ;@ - ,oh",
and we are left to show that
,(/J (ldB ® b/) = b’(/}>

i.e. that (id; ® b) becomes the Hochschild differential b formed by the simplicial pieces from (6.2.1) under
the isomorphism ). We write this down only for the first summand, the rest being clear. One has

Y(idy @) (m @y h° @ --- ,0h™) = mIA(h°hY) ,@h% @ --- ,Oh™ + ...
=bf'(mey hOB® @R,

using the properties of a right counit. a

6.2.4 Remark Hence the dual Hopf-Hochschild homology groups are the left derived functors of the functor
(5.1.1) of coinvariants. In the context of Hopf algebras in [KhR1] these are baptised Hopf algebra homology
groups.



6.3. DUAL HOPF-CYCLIC HOMOLOGY OF COCOMMUTATIVE HOPF ALGEBROIDS 111

6.3 Dual Hopf-Cyclic Homology of Cocommutative Hopf Algebroids

The aim of the following consideration is to generally calculate the dual Hopf-cyclic homology of a cocom-
mutative Hopf algebroid, as a generalisation to [KhR1, Thm. 4.1], where this is done for Hopf algebras.

Clearly, cocommutativity only makes sense for a special kind of A-corings: namely those for which both
left and right A-module structures coincide, and as a consequence A needs to be commutative. Observe that
in case of a Hopf algebroid over commutative A with, say, cocommutative right coproduct, the left coproduct
is automatically cocommutative as well, as follows from (2.6.10). In particular, A = B and both st =t as
well as s =t".

6.3.1 Proposition Let H be a cocommutative Hopf algebroid over commutative base algebra A with invert-
ible antipode S. Then Bar, H is a para-cyclic H-module with cyclic operator

t, :Bar, H — Bar, H,
h03® "'B®hn =

hoh1® -+ b, ® S—l(hlg ) "hn—lgghn( N .® hlEBB ®  ,® hn_1837

and is cyclic if and only if S~2 = id. In particular,

EZ—H(hOB@ ¥ hn) = ho 5@ S_2h13® ¥ S_th-

PROOF:  We only prove the cyclicity condition #?*! = id and leave the remaining identities defining a
cyclic module to the reader. Since otherwise the Sweedler notation in this proof may be ambiguous, we
indicate the order in which the respective coproducts are taken by inserting, at times, little gaps. By higher
twisted coassociativity and the various antipode properties in (2.6.4) and (2.6.11), one finds

t?z(h03® o 5® hn) =

=T (hoh1® - b, @ 5_1(’1183 o hnflggh )@ h1833® o s® hnflgg)

= hohi™ - hpy Wh, S (hy (28)"'hn—l(%)hnﬁi)hl(?l)~~hn,1<2(>1)

5@ 57 (87 (n(5))S ™ (n Ty o ona G Ya o2 s )

@S h ™ hy Ok, @Y @ by (1()1) e ® hnfz(l()l)

= hoh1® -+ hy 1 @, @571 (R, )

5@ ST (S T n(3)) ST () -2y (3)h(y) - hna(3) ()

@S P by P, @) ®h18§5 ®h”*28§

— hohy® - h,,_ (B)tééhnéé;]g@ Sra(hl(l) hy 28;% 1(1))5 (hngg)
228 I by PR, @ e @ o)

_ hoh1(2) by, (2)B® 5_2(hn(1))
48 ST (hly) b a1 P h ) @ b)) @ @ b o),

where to obtain e.g. the second line the identity

(A ®id®%)(A, ®1d®)(1d®* ® A, @ id)(id ® A @ id)(A, ®@ id)A, =
= (A ®1d®%)(id ® A2 ® id®2)A3

was used. By repeating the above computation another n — 2 times, one obtains

{n(hOB s ® hy, ):
= hoh1®® ;@ §72(heV) @ -+ ,® S72(h, ) ;@ ST (Ve @ - - - 1, D).
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To end the proof we can now calculate
M (hoy® -+ @ hy) =
= holt @S 2(h3) - hn2)S T (ha(l) -+ ha(3)S T (}))
TS (hQEg I 8)5 Hha) - hngs)S™ (hl(g)))
®S‘ (h2(1)) 6® -+ 5@ 82 (hn (1))
oy 5 (S22 - 2
@5 (Il §h2<> ins)S T (haly)  hnly)) s® ST (ha1) 2 <+ 42 ST ()

— 2 2 — — 1 1
= ho @ te(ly2)S 2 (hs2) - ha &) S (1) has) -+ hns) S~ (hald) - 13

52 S (ha(1))5® - - ®572(hn(1))
:h0B® 5_2(h1h2g§ . hnE2))S (h2 ' hng;)

52 S (ha(1) 4@ -+ 1@ 5 *(hn(1))
= hoy® S72(h1) ;@ t'€S™2(ha(a) -+ han(2))S ™ 2 (ha(1y)
52972 (ha(1)) 5 + - 5@ S (B (1))
=ho,® S 2(h1),® -+, S 2(hn).

6.3.2 Lemma The projection
wa;Bar.HHC.BH, hos® -+ 5@ hp = sT0hgh1 @ -+ & hy,

is a morphism of simplicial modules. If H is a cocommutative Hopf algebroid with A = B and S—2 = id,
the map 7y is even a morphism of cyclic modules.

PROOF: Straightforward computation. g

The following theorem generalises [KhR1, Thm. 4.1] from cocommutative Hopf algebras (which in turn
for H = kG generalised Karoubi’s theorem [Karou]) to cocommutative Hopf algebroids.

6.3.3 Theorem If H is a cocommutative Hopf algebroid over commutative base A, one has

HCJ(H) = @ HHS,_;(H).

>0

PROOF: We follow the pattern in [KhR1, Thm. 4.1]. As already mentioned in the proof of Theorem 6.2.3,
the complex Bar, H becomes a left H-module by multiplication on the first tensor factor. One then has
the relation (since A = B) CAH = Ap ®y Bar, H which transfers to the level of (cyclic) bicomplexes
CC?(CAH) = Ay @y CC,(Bar, H). With the fact that the augmented complex ¢ : Bar, H — A, is a
resolution for A, the bicomplex C'C, (Bar, H) is in turn a resolution of the complex A, : A «— 0 «— A «
0 « .... One then computes

HC?(H) = H,(Tot CC?(C#H)) = H,(As ®py Tot CC,(Bar, H)) = Tor (A, A.),

where the last term denotes the hyper-derived Tor groups [W, 5.7.8]. As [W, Lem. 5.7.2] reveals, we may
find a Cartan-Eilenberg resolution for A, with only zeros in every second column. One therefore concludes
HC?(H) = Tor(Ap, A.) = @, i>0 HHY ,(H). U

6.4 Example: Lie-Rinehart Algebras

As we have seen, already at the Hochschild level the dual theory requires the full Hopf algebroid structure;
as we learned from Proposition 4.2.9, we can equip V' L with such a structure by choosing a flat right (A, L)-
connection 0 on the base algebra A. Recall also that in contrast to the cohomology theory, we will need to
consider the tensor product VL @™ V L from (4.2.3).
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6.4.1 Theorem Let (A, L) be a Lie-Rinehart algebra and n > 1. Under the same assumptions as in Theorem
5.5.7, the following holds.

(i) The composition of the antisymmetrisation map Alt,, : AN} L — V L®"" with the inverse Hopf-Galois
map v, : VLE'" — VLE"'" from (6.1.6), more precisely, the map Alt,, := 1b,n! Alt,, : ANAL —
VL®"'™ given by

- + rl y— + rl rl xy—
X A ANX, — Z slgnUXU(l) ® Xo(l)Xa(2) QT"...® Xa_(n_l)Xo'(n)7
oc€P(n)

induces an isomorphism
HH?(VL) < HA(L, Ap). (6.4.1)

Hence the dual (Hopf-)Hochschild homology of the Hopf algebroid V L is isomorphic to the Lie-
Rinehart homology of L with values in its base algebra A.

(ii) Furthermore, for the dual Hopf-cyclic homology we have an isomorphism

HC2(VL) < @ Hl (L, Ap).
i>0

PROOF: Part (i): to prove at first that the homology groups in (6.4.1) are isomorphic, it suffices to apply
Theorem 6.2.3 to the case H = V'L and compare this to (5.5.3). Secondly, we show that the isomorphism
is induced by Alt by comparing the Koszul-Rinehart resolution KAL = (VL ®4 A% L, v, ) from (5.5.2)

to the bar resolution Bar, VL = (VL®N"+1, b') from §6.2.2. The map idy; ® nAlt,, : KAL — Bar, VL
given by
U X1 A ANX, —

Z signou @"! Xj(l) QX

+ rl rl y— 6.4.2
s X @@t X Xo(n) (6.4.2)
oc€P(n)

o(n—1)“"0

is obviously a map of left V L-modules (where the left I L-module structure on both sides is just multiplica-
tion on the first tensor factor u) and does not depend on 0 any more:

X+ ®T'l X =X ®7'l 1-1 ®7'l )(7

see (4.2.4). Note that the ‘conventional’ antisymmetrisation Alt cannot be seen directly as a map from A% L

into VL®H' since it would not be well-defined; whereas Alt is. As an illustration, in degree n = 2, this
reads
ALXAY) =Xy —Ye"'X -1 [X,Y], X, Yel,

where [X,Y] = XY — Y X (as elements in V' L). We now show that (6.4.2) is a chain map, i.e.,
V (idvr ® Alt,) = (idy ® Alt,_1) b, .,
or, equivalently, and slightly simpler to see,
n(idy g ® @n_1) b (idvy ® ¢y Alty,) = (dy @ Alt,—1) b, ,,

where ¢ = 1! from (6.1.5). To start with, observe first that the right hand side (idy; ® Alt,_1)b/, , :
KAL — VL®"™ can be written as

(idyp @ Altp—1) 0, [(u@a X1 A AN Xp) =
1
(n—1)!

> signo(uXon) @ Xo@) @ @ Xom)
oc€P(n)

n—1
- Z(—l)zu ®" Xo1) & " Xo(y Xo 41y ®" -+ @ Xo(my),
i=1
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as a little thought reveals (or as proven easily by induction). As for the left hand side, with (4.2.16), (4.2.14)
and S(XM)X®) =0 forany X € L, we calculate at first

nb (idyr @ ¥, Alty)(u®@a X1 A+ A Xy) =

1 3 rl + rl - + rl rl —
“h_1) Z sign o (uXo(1) @ X ) O™ X Xy @™ - @™ X, 1 Xo(n)
oc€P(n)
rl + rl oy — + rl rl yv—
—u®" Xo1)X gy ®" X ) X0y @™ - @™ X0 11 Xo(m))
1 . ,
=G 2 SiEo(uXem O a1 (Ko 8" Xom @0 Xom)
" oeP(n)
rl + rl y— + rl rl y—
—u®" Koy X gy ® X )Xy @™ - @™ X 1\ Xom))-

Using A} (uv) = AJu A} for w,v € VL and n > 0, one obtains for an element X € L, as a primitive

element,
n+1

A?Xzzl(g)ll“.@lll@llX@ll1®ll...®ll17
i=1
which we need to apply the explicit form of ( from (6.1.6) to calculate

n(idvy @ pn_1)b (idyy @ ¥, Alt,)(u @4 X1 A A X,) =

1 , .
= oo L SiEne (ko O Ko @ -8 Xom)
" o€P(n)
—u @ (AT X @) (AT X ) - (DX X))
2 ) 125 —
(et @M 1N X, Xom))-
1 : rl 2 )

= (n — 1)' Z Slgncr(uXU(l) ® XU(2) KR ® Xa(n)

oceP(n)
n

_ Zu ®’r‘l (1 ®ll . ®ll 1 ®ll Xo'(l) ®ll 1 ®ll L ®ll 1)
=1 i

. Spn—lwn—l(XU@) ®” R ®ll Xo(n)))
1

: rl 12 i
= (Tl — 1)! Z &gna(uXU(l) (24 XU(Q) R” R Xg(n)
oc€P(n)

n—1
= (D™ Xy @ - @ X Xo(ipn) @ - @ Xog)),

hence the right hand side again. By routine homological algebra, the induced map Alt, = (3 Alt), obtained
by applying the functor Ay ®y 1 — induces the isomorphism (6.4.1) in homology.

Part (if): clearly, V' L is cocommutative over commutative A with equal source and target maps; with
Theorem 6.3.3 and with part (i) the claim follows. O

Observe that part (i) of the preceding theorem is a generalisation of the classical Chevalley-Eilenberg theo-
rem, cf. e.g. [CarE, Thm. 7.1] or [Lol, Thm. 3.3.2].

6.5 Example: Jet Spaces

In this section we calculate the dual Hopf-cyclic homology for the jet spaces JL of a Lie-Rinehart algebra
(A, L), where L is finitely generated A-projective of constant rank. Again, the outcome is in a certain sense
dual to the result in the previous subsection. Write L* := Hom( A},)(L, A) and, as in Section 5.6, we write
(AaL*,d,, ) for the Lie-Rinehart cochain complex (with values in A). Furthermore, recall from (6.1.2) that
the dual Hopf-cyclic module is given as .J LY = {CA T L}, >0, where the tensor product in C4 JL = JLA®™
reads (cf. (6.1.1))

JL,QJL = vJL @00 JLo = JL @, JL/span, {¢tta @ ¢ —p@t' ad’, a € A}.

This makes sense since A is commutative.
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6.5.1 Theorem Let (A, L) be a Lie-Rinehart algebra where, as an A-module, L is finitely generated projec-
tive of constant rank. There is a natural morphism of mixed complexes

F:(CAJL,b,B) — (A% L*,0,d4,1),
defined in degree n by
Fi(¢ha® - a@¢")(Xi A AXp) = (=1)" (S A A Spo")(Xa, ..o, Xa).
This induces isomorphisms

HH,(JL) ~ A% L,
HP,(JL) ~ [[ H*"*(L, A),

i>0
where the left hand side refers to the dual Hopf-cyclic homology groups.

PROOF: This statement iAs very much the dual of Theorem 5.5.7. First of all, the dual of the PBW
isomorphism yields JL ~ S4L* as commutative algebras. Similar to Lemma 4.3.2, there is a canonical
isomorphism

CAJL ~limHomy (VL' ™)<, A),

p

induced by the map
(le Rk Ok ") (U1 Qp -+ Q Up) = (SJL¢1)(U1) (S d") (un).

The antipode S,, here comes into play to go from VL® '™ to VL®”", S0 as to give a sense to the map F'.
Since JL is a commutative algebra, it maps the Hochschild differential b to zero. Clearly, F' is a morphism
of A-modules, where A acts on C2.JL by multiplication by tha, a € A, on the first component. Therefore
we can localise with respect to a maximal ideal m C A to prove that F' is a quasi-isomorphism. Since L is
A-projective, Ly, is free of rank r over A, and we choose a basis ¢; € Ly, el e Ly,i=1,...,r. The

Koszul resolution
€ o’ « 0 2 « O
0¢— A JLy «— JLn®a,, Ly & JLn ®@a, N Ly

is a resolution of A, in the category of left J L-modules with differential

¢®W Ze¢®L67

The natural map J Ly ®4,, A% Ly, — Bar,(JLy) given by
P®a, 1N Nay :=¢®a, (€1opr)A---A(ayopr),

is a morphism of complexes, as one easily checks. Since S, (e opr) = —«a o pr for & € L*, the map
id® Fin : Bar,(J L) — JLy ®a,, A% _ Ly, is aright inverse and induces the morphism F' when taking the
tensor product Ay, ® 7, — on both sides. This proves the first claim.

As for the second, recall the standard A-ring cyclic structure .J L8 = {BAJ L}, >o for JL asin §1.2.4.
Notice that since JL is commutative, one simply has B2 JL =~ C;?_HJ L and the map to invariants W,
CA(JL) — C2, (JL) (see Subsection 6.1.1) is a morphism of cyclic modules. Explicitly, when restricted
to L* this map is given by

\Pe(¢lA® te A®¢n)(X1 R R Xn+1) =
= (SJnga%l))(Xl) . (SJLQS?U)(X,L)v{;(n+1 (Bhyy -+~ Bly)(1)

z:l

- ( JL¢(1))( i)(€VL(Xn+1¢§2)(1)) - ¢22) (Xn—H))-



116 CHAPTER 6. DUAL HOPF-CYCLIC HOMOLOGY

Since the cyclic structure on C;“H (JL) depends only on the structure of JL as a commutative algebra, it is
well-known that the morphism

¢1A® et A®¢n+l = ¢n+1dA,L¢1 JANRRRA dA,L¢n

induces a morphism of mixed complexes (C{*(JL)[1],b, B) — (A% L*,0,d.,) (cf. Example 1.1.10(ii) for
a similar consideration). Composing this morphism with ¥, as above, one finds exactly the map stated in the
theorem. This proves that F' intertwines the B-operator with the Lie-Rinehart coboundary d, .. Since we
already know that this map is a quasi-isomorphism on the level of Hochschild homology, the S BI-sequence
implies that it is a quasi-isomorphism on the level of cyclic homology. This proves the theorem. a

6.6 Example: Convolution Algebras

In this section we compute the dual Hopf-cyclic homology for the example of the convolution algebra C° (G)
for an étale groupoid s,t : G = Gy (see Section 4.4); we will see that it coincides with groupoid homology,
see Theorem 6.6.4. To this end, let us first recall some material we need for the latter.

6.6.1 Nerve of a Groupoid For a groupoid G = Gy, denote by
Gn={(91,---.9n) € G"" | 8(g:) = t(gi41),1 <1 <n—1}

for n > 1 the space of strings g of n composable arrows,

— g1 g2 gn

This is consistent with the notation for G5 and G; already introduced. The nerve of a groupoid is the
simplicial space

_— S
G,: ... —x Go—= G —=< Gy,
formed by the family G, := {G,}n>0, where G is the base manifold as before, and the face operators
d; : G, — G,,_1 are given by
(9255 9n) ifi =0,
di(gry---y9n) = (g1, 9iGit1s -5 9n) ifl1<i<n-1, (6.6.1)
(9155 9n—1) ifi =n,

whereas dg,d; : G1 — Gy are given by source and target map, respectively. Moreover, the degeneracy
operators s; : G, — G141 are

. — (]‘t(g1)?gl7"'7gn) lf’LZO’
Sl(gl,.“’gn)_ { (917"'7gi7]-s(gi)7gi+1a"'7gn) ifl1<i<n. (6.62)

Finally, for all n > 2 define an operator t,, : G,, — G,

tn(gl, oo agn) = ((9192 o 'gn)ilaglv cee 7971*1)) (663)

and sett1(g) = g~ ¢

structure on G,.

and top = idg,. Then it is easy to see that the set of operators (d,, s, t,) defines a cyclic

6.6.2 Bar Complex for Groupoids Let G = G be an étale groupoid and assume that 7 € Sh(Gy) is a

c-soft G-sheaf (cf. [Br]). Consider the map 7,, : G,, — Go, § — t(g1) forn > 1, where § = (- LA 2

L -) and set 7y := idg,. Observe that for all n > 0 the pull-back sheaves F" := 7,7 1F on G,, are
again c-soft since 7, is étale. The family {I'.(G,,, F™) } >0 of groups of compactly supported sections form
a simplicial abelian group

—_— >
Bo(Gm}-) : R : FC(G27f2) *; FC(Glafl) : FC(GOafO) )
with simplicial operators defined as follows: for the face maps d; : G,, — G, —1 from (6.6.1) of the nerve,

one obtains the isomorphism 7" — d;lfnfl, the stalk of which at g is given by Fi =Fig) = Fr(g) =
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d;l}'gﬁ“l for 7 = 0, hence by the identity; for ¢ = 0, however, the stalk at ¢ is 5’-'99 = Figr) = Fs(gn)
dy 1]:;_1, which is the (right) action R by g;. Analogously, one has the isomorphisms 7" — s L+l

given for all 4 by the identity map. The face and degeneracy operators on B, (G, F) now read

(ugi | g2, 9n) ifi =0,
di(u|glﬂ"'7gn): (u‘gl7"'7g’igi+17'~'7gn) lflglén_la
(g, s gn-1) if i = n, (6.6.4)
(| Le(g)» 915+ -+ Gn) ifi =0,
S; (U yeeoyOn) = . .
( |gl g) {(u|917"'7gi715(gi)7gi+1a"'7977,) lfISZSn

A similar argument using (6.6.3) shows that there is an isomorphism F" — ¢, 1 F™ with stalk at § given by
Fi = Feg) = Fs(gn) = t;lfg?, i.e. the right action R by ¢; - - - g,. One correspondingly defines

to(w| gy gn) = (ugi--gn | (g1 gn) "1 015 s Gn1) (6.6.5)

as a cyclic operator on B, (G, F). For later computations, we remind that our notation (cf. §1.5.3) explicitly
reads here

Lo(Gn, F") = Te(Gn, F), (b, R))(@) = Y uld)gi - gl

§:t7,(§/)

forg = (g91,.-.,4.,) € Gn.

6.6.3 Lemma [Crl, Lem. 3.2.9] If F is a c-soft G-sheaf, the cyclic space B, (G, F') with the operators (6.6.4)
and (6.6.5) computes the homology groups HH,(G,F), HC,(G,F) and HP, (G, F).

Here we only presented a simplified version sufficient for our needs; see however [Crl] and [CrMoe2] for
full details and generality introducing cyclic groupoids and cyclic sheaves.

Let us now turn to dual Hopf-cyclic homology. We will frequently need the following n-fold generalisa-
tions of the isomorphisms introduced in (4.4.1),

m times m times

Q0 CF(G) ®cloo(co) S B () CS(G) — C(G %G, -+ %6, G) = C2(G),
Q0 CE(G) @y Blme(ay) CO(G) — CE(GM%G, - Ixb, G) = C(G™),
st . Cé)o(G) ®C7;°(Go) i ®C°°(Go) Cé)o(G) ;> Cé)O(GSXé . SX(S; G)7
O, C(G) B )+ Ol () C2(G) 5 CR(GIxG, -+, G)
all given by the formula
Qr (uq oo (Go) Do (Go) Un)(g1s- -+, gn) = u1(g1)u2(g2) - - - tn(gn), (6.6.6)
for uy,...,u, € CZ(G) and (g1, ..., gn) in the respective pull-back G'xg, - X5 G. One can also de-

compose

Q= Q?,‘(id ® Q?ffl),
where in this case (22 has the obvious meaning as an isomorphism
n—1 tmes 7 times
Q2 1 C2(G) o () C (G Xy %G5y G) = C(G Xy - %G, G).

We hope that the notation by the same symbol does not create too much confusion; the individual meaning
will be clear from the context. We also remind the reader of the possibility of ‘mixing’ these maps, as in
(4.4.3). The space of interest for dual cyclic homology is then

CE(@)h = {CETOCE(G) }nzo

where
Clloe (60 C(G) = C2(G) Olhe g+ Plobe gy C2(G), (6.6.7)

again n times in degree n.
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6.6.4 Theorem For any étale groupoid G = Gq over a compact manifold G, the set of simplicial and
cyclic operators (d,, s,,t,) on the nerve G, makes (C3°(G,),d.+, Set,ts+) a cyclic vector space, which is
isomorphic to the Hopf-cyclic module CZ° (G)ha. Hence

HH?(CZ(G)) HH,(G,CZ),
HC?(Cx(G) =~ HC.(G,CE),
HP?(C>*(@Q)) ~ HP,(G,C¥).

R

i

PROOF:  Since G is étale, note first that the bar complex B,(G,CZ) is formed here by the pull-back
sheaves 7, 'C ~ C . In degree n one has B, (G,C¥) ~ T'e(Gn,CF ) = C°(G,). Hence the fact that
(C°(Q),dut, Setstet) is a cyclic vector space follows from the general considerations in §6.6.2, see §1.5.3
for the notation. To show that it is isomorphic to the Hopf-cyclic module CS° (G)ha, it only remains to prove

that
diy Qs Q.
Si+ Qs,t = Q
Qst

thr Qs,t -

“H Cm Q‘l

forall 0 <7 <nandin all degrees n, where (J., Se, f.) denote in this proof the Hopf-cyclic operators from
(6.1.3)~(6.1.4) for C2°(G)’). For u’ Qlhe gy Olbe gy u™ € Cr “VCE(G) and (g1, ., gn—1) € Gn1,
we compute
(do-‘r Q?t(u ®C°°(G0) : ®2€’°(Go) un))(gl7 e vgn—l)
= Z Q?,t(ul ®Zl°°(GO) "'®(T:%’°(Go) ")(90,915 -+ 9n-1)
{90€G|s(g0)=t(91)}

= Z u'(go)u*(g1) - u™(gn-1)
{90€G|s(g90)=t(g1)}

= 0u' (Ly(g,))u*(g1) -+ - u" (gn-1)
= (9u *u®)(g1) - u"(gn-1)
(Q?tldo( c{”(c y ®Zl°°(co) ))(917-~~79n—1)a

and likewise for all remaining face and degeneracy operators. As far as the cyclic operator is concerned, one
has

(b Q21 (u" ®he ) B i W")(G15- -1 Gn)

=YY o) (e

tn(g{ ;<-~7Q£L):(917m,gn)

= u1(92) e un_l(gn)un((gl o 'gn)_l)a

since in the sum one has (¢} ---¢/)~! = g1, and moreover ¢§ = g2, ..., g,y = gn; hence g/, =
(¢ g )97 = (g1~ gn_1)"". On the other hand,

(Qn L (ul ®£€X’(GO) T ®Z{X’(GD) u"))(g15-- -+ 9n)

= Q?t(s (“(2) ok u?zi)l * un) ®2{’°(Go) u%l) ®£l°°(co) : ®Zl°°(GO) (1)1)(91a cee »gn)

= (“(2) Kok “(2)1 * Un)(gfl)u%n(gﬂ e “?1_)1(%)

=S uly ()l (g U gy (g2) -l (g)

g1 ‘=919l
u(g2) - u" " (gn)u" (g1 gn) ™),

by the left coproduct (4.4.6), which dictates g;-_l = g; forall 2 < j < n, whereas for the last element one
has g7, = (9191 - gn—1) " O

Taking into account that C°(G) is a cocommutative Hopf algebroid over C*°(Gy) (see Section 4.4),
Theorem 6.3.3 immediately yields:
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6.6.5 Corollary For each étale groupoid G over compact base, one has
HC,(G,CZ) ~ @7;20 HHy,—i(G,CZ).

We end this subsection by showing that the Hopf-Galois maps (6.1.5) and (6.1.6) are dual to certain maps
defined on the groupoid level. Recall that for the coordinate ring U = k[G] of an algebraic semigroup, the
Hopf-Galois map 3 from (2.2.1) is dual to the map

GxG—GxG, (g,h)— (g,9h),

which is bijective if and only if G is a group. For groupoids, one obtains similar maps: making use of the
maps Q ¢, Q; ; and denoting (as before) G, = G*x§, -+ - *x§, G (n times) and G = G'x§, --- "t G (n
times), one finds

6.6.6 Proposition The vector space isomorphisms (6.1.5) and (6.1.6) between Cﬁw(GO)CSO(G) from (6.6.7)
and Cl (GD)CSO(G) from (5.7.2) are dual to the following diffeomorphisms on groupoids:

On Gy —=G", (91,---,9n) = (91,9192: - -, 9192 " Gn),

with inverse

Un 2 G" = Gy (G121 Gn) = (30,07 G20 51 3n).
More precisely, in each degree n one has the commutative diagram

n
st

CLT e () ————=CZ(Gy)

‘P”\LTd)n Pt \H\’J)n+

Ceoe 60 C(G) ce(Gn).

n
t,t

PROOF: Forul,...,u™ € C>(Q), (g1,---,0n) € G™, we clearly have

- 1 1 ~
(Son+ Qgﬁt(ul ®£oo(G0) ce ®Z°°(G0) un))(glv oo 7971) =

= Y e (e

Pn(g1ses9n)=(g1,--,Gn)

= DD ug) o ut(on)

(917---7.‘771):"Zn(glv---v.‘}n)

= u! (§1)u?(Gy ' G2) - u™ (G5, 1 Gn)s

but also

(1 (U @ )+ Obbo gy W) (1, -+, Gn) =

= ulyy(§1) (ulyy * 02)) (@2) -+ (udyy % gy %% 0l ") (Gn)

= u%1)(§1) Z “%2) (5121)1‘%1)(922)

J2=02, 92,
: Z u%n) (gnl )u%nfn(gnz) T u?{)l(gnn—nun(gnn)
9n=0gny"Inn

= u! (§1)u? (97 52) -+ u" (92 19n).
This is seen as follows: as a first step, by the higher coproducts only elements with g1 = ga, = ... = gy, do
not disappear; as a second step, one finds go, = g, 1G5, and only elements with 91 1g, = g3, = ... = gn, do
not vanish. Hence s, = (J3,83,) "3 = (§19; *G2) ' §3 = G5 " 3. By induction on n steps one concludes
that the non-vanishing elements have g;, = gj—jlgj for all j = 2,...,n which are the arguments in the first

components of the respective left coproducts. The same diagram can, of course, analogously be verified in
the opposite direction using v, and 1, . a
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6.6.1 Invariants for the Convolution Algebra
In this subsection we are going to explicitly show how the dual Hopf-cyclic module CS° (G)t‘a can be obtained
i

by restricting the standard cyclic C>(Gy)-ring structure of C°(G) oo 6,

(2.4.1). Asin §1.2.4, set

(given by (1.2.3)) to invariants, cf.
C3 ()i o = 1BV (@) 0.

where in degree n > 0
By T 90CE(G) = Cp 7 C0CE(G) @e (cyseag) C(Go) = Cp COCE(G) @ee gy -

In Theorem 6.6.4 we saw that dual Hopf-cyclic operators correspond to the respective cyclic operators on
the nerve of GG as given in (6.6.1)—(6.6.3). The cyclic operators (1.2.3) on Cé’O(G)im(GO), on the other hand,
correspond to a different set of cyclic operators given on a certain subspace of the nerve. Let us introduce

this subspace first:

6.6.7 Burghelea Spaces [Bu] For an (étale) groupoid G = G|, for n > 0 define
B, :={(g0,91,---,9n) € G*(nth) | t(g:) = s(gi—1) for 1 <i < n, and t(go) = s(gn)}, (6.6.8)

the space of closed strings of n + 1 composable arrows; note that B,, C G,1. The space By = {g €
Gls(g) = t(g)} is called the space of loops in G. The family B, := {B,,},>0, Which we will call the
Burghelea space, can be turned into a simplicial space by defining face and degeneracy operators d; : B,, —
B, _1, s, : B, — Bp1, respectively, by

(g0, 1, gn) = (90 -+ 9iGit1s-- -+ 9n) %f(?gign—l,
E e (9n90, 915+, Gn—1) if i = n,
1 ; if0 << 1 (6.69)
5590y 91s- -1 Gn) = (90,295 Lu(gis0): Gi41 -1 n) O i<n—1,
! (907'--agn715(gn)) if i = n.
Together with the cyclic operator ¢/, : B,, — B,, given by
t;(go,,gn) = (gnagﬂw-'agn—l)a (6610)

it is easy to see that the set of operators (d., s/,t.) defines a cyclic structure on B,. In particular, one has a
natural inclusion of the nerve G,,:

i:Gn = By (g1,---,90) = (9192 9n) " 1914+, 9n), (6.6.11)

which is compatible with the sets of operators (d,, s,,t,) from (6.6.1)~(6.6.3) and (d., s, t.) (i.e. with the
simplicial and cyclic structures, respectively).

6.6.8 Proposition The set of simplicial and cyclic operators (d.,, s, t.) on the Burghelea space B, makes
(CX(B.),d, s, .t ) acyclic vector space. In each degree n > 0, one has

BET(COC®(G) ~ CX(B,,).
In particular, (C*(B.),d,,,s, ,t,,) is isomorphic to the standard C°°(Gy)-ring cyclic module
C§°(G)h from §1.2.4, with operators given in (1.2.3).

€ (Go)

PROOF:  The fact that (C°(B.),d, ., s, ,t,,) is a cyclic module follows from our considerations below.
It can be also shown by either a direct verification of the simplicial relations plus the additional ones (1.1.3),
(1.1.4), (1.1.5) for a cyclic module, or by deducing it from the cyclicity of B, and accounting for the fact that
the operation of fibre summing (1.5.1) is associative in a sense. Explicitly, for any n > 0 and u € C°(B,,),
(907 B agnfl) S anl’

(doy (thyw))(gos - -5 gn1) = Yo (w90

d5(96s--90)=(90,---:9n—1)

/ /
Z u(glaglv s 7gn—1ago)

90=9(91

ZZ UGy - Gh)

(919629195 _1)=(90,--s9n—1)

ZZ w(Gos - -5 Gn)

dgy t1,(905-++:95,)=(90s-:gn—1)

(( /0+ t'/n+)u)(go7 e >gn71)7
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and similarly for all other relations. Hence the cyclicity of C°(B,) follows, as could have been expected,
from the cyclicity of B,. As for the second part of the Proposition, write

n+1 times
BZW(GO)CSO(G) :CSO(G) ®Zl°°(c0) : ®c‘><>(c )COO(G) C°°(Go)®C°C(GO)COO(G0)
s s rilr
= CSO(G Xéo e ><GOG) ®c°°(c; ) C::X)(G)a
—_—————

n times

where on the first n factors the isomorphism QZ;I was used, and the last tensor product has the obvious

meaning of simultaneously balancing with respect to ®"k (G and Ui (G- The notation ®2iolfc , suggests

that a map Qsm +,s acting simultaneously as ngt as well as Q7 7.5 by still the same formula (6.6.6) gives an
isomorphism, so that

B {9VCR(G) = CR((GoxG, SxéOG)S?txng) ~ C®(B,).

Conceptually a repetition of what was implicit at the beginning of this proof, it remains to show that

dfiJr Qg,t H t,s(Q?,t ® ld) = Q? t;t,s Q?t ! ® ld)
Sit Qg,t (5, ®@id) = Q?,t ; t,s(Q?,t T ®@id) 8,
t;1+ Q?,t ; t,s(Q?,t ®id) = Qg,t; t,s(Q?,t ®id) Elm

for all 0 < i < n and all degrees n; in this proof, (d,, 3, d.) are the standard C*°(G)-ring cyclic op-
erators from (1.2.3). For example, for u® @k . | -+ @k g u™? ®£lxl(rco) u" € B (GO)CCOO(G) and
(90,---,9n—1) € Bn_1, one has

— NS
(d/n+ Qz,t;t,e(Qnt & ld)( QL’(GO) e ®£l°°(co) u" ! ®ZM€GO) u ))(907 s ,gn—l)

= ST wWlgh) - u(g))
d;,(90s--:90)=(90s---19n—1)
= > dCgpu(gr) - u" (gno1)u"(gh)

90=9%,94
. — 1,1
:Qgtts(ggt@)ld)((un*uo) ®£l°°(co) "'®£l°°(c;0) u” 2®£°°’("G )u ))(g()""agnfl)
— N
= Q21 1(2 @1A)(d), (u® e gy, + Obbo gy U @e () ©™)) (905 - -5 Gn1),s

and much the same way for all remaining faces, degeneracies and the cyclic operator ¢. a

6.6.9 Comodule Structures and Invariants For the consideration of invariants (cf. Subsection 6.1.1) one
wants to consider comodule structures over the enveloping algebra of the base algebra. Due to the form of
the left and right coproducts in the present example, this is particularly simple; we now show how CS°(G)
can be seen as a coalgebra over C*°(Gy)°® = C™(Go) ® C*°(Gy). As a coproduct, one needs a map

A:CE(G) — CZ(G) @l C2(G),

since s! = t! = s = ¢, and as in Proposition 6.6.8 one infers the existence of an isomorphisms 2 ¢, 5 5 :
CX(G)® lclogfco) CX(G) — C?(Gt?sngG) (that is, to the space of compactly supported smooth functions
over the space of pairs (g, ¢') that have not only identical sources but also equal targets). Evidently, the non-
vanishing elements of both left and right coproduct in (4.4.6) are already of this form and one only needs
to modify the image space. Hence we can take the same formula, and set for the coproduct of C°(G) over
C=(Gy)®

/ [e%} [e%} ;8 3S U lf = /’
A= 0, A CH(G) = CXEER), (e ={ 9 RIS

Again, introducing the map d : G — G%%x SG g — (g,g) one may write A’ = d, or A = Qt PR A
The associated counit € to this coalgebra structure is given as the ‘intersection’ of the left and rlght counits:
using the Sweedler components Agu = 1) U (o) U(2) Of the left coproduct, define

€ :CX(G) = C®(Go)RC®(Go), u— dum)® eu(z).
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However, it will be also clear in a moment that there is an equivalent expression which uses the right co-
product. If the tensor product & is a topological (e.g. projective) one, which allows the identification of
C%(Go)RC>(Gy) with C*°(Gy x Gy) in some sense, we write for u € C°(G), z,y € Go,

€ (u)(x,y) = dugy (e (y) = > > uwy(g)ue)(y)

s(g)=z t(g9’')=y

Sulg = Y. uly.

gz s(g)=z,t(9)=y

In words, the last term involves the sum over all arrows from z to y. To prove that (C°(G), A, €’) indeed ful-
fills the identities of a comonoid over C*°(Gj)°, observe firstly that there is a twisted coassociativity between

A’ and both A and A,., respectively, analogous to (2.6.2). Then one has, denoting A’y = w1’ ®”o§ (T u®’,

((id ® €)A"u)(g) = (e(ulz) Ju™ D(ul3) ))(9)
= > > uel (1)( Ju 83 (¢") = ulg),

t(g')=t(g) s(g”)=s(g)

hence (id ® ¢)A’ = id as desired, and similarly for all remaining comonoid identities. We write C>°(G)’

instead of C°(G) whenever we refer to this coalgebra structure over C*(Gy)°.

. ?ig))w consider the space M := Cy, {°°'C(G). Forug, . .., u, € C(G) define ;A : M — M®lclsffco)
o (G) by

rl rl M ol rl ( ) e 2", (2) (2)’
Wl (U0 @k )+ Blbo (g Un) =1 Db gy Blbo gy U Do () g Uy - ulp)

It is a straightforward calculation to see that ,,A is a right C°(G)-comodule structure over C*°(Gp)®. In
particular, one can easily check

Qt2,t ; s,s(QZ,t ® id)MA (uO ®le(co) : ®2%>0(c0) Un)(g(), <oy 0n, g)
= u$ (g0) - ulD (g) (S 5 -5 ulP ) ()

_ uo(g0) +  + tn (gn) ifg=go - gn.
0 otherwise.

Hence for u € C°(Gp41) We write
WA= O (2 ©1d) WA 1 C (Gna) = CF (Gt "% G),

u e, ifg = S ,
A u(gos -y Gy g) = { O(go ) ot}gierwigsog1 gn

We finally mention that a left C°(G)-comodule structure on C*°(Gg) over C*°(Gy)® is simply given by the
injection (4.4.5), i.e.,

0 otherwise.

5z z) if g = 1, for some x € G,
Bemiany:€(Go) = €@, 1 . Jl)={ §7) I ’
We now have all ingredients to define the space of invariants of the complex in question. In each degree
n > 0, set
BT (G) D Inv By C0C(G) = Cp [ 17VC(G) e 6y C™ (Go).
Explicitly, this means
0= Qtz,t ; S,S(Q?,t ®1d) (1A ®1d —id @ Ace ()

(uO ®£l°°(co) o ®Zl°°(c;0) Un ®C°"(Go)e f)(907 <3y 9n, g)
_ { F(t(g))uo(go) - - un(gn) — wo(go) - - un(gn) f(z) ifg=go---gn =1, forz € Gy,
—Uo (90) T Un(gn)f(s(gn)) otherwise.

Here f € C*(Gy), and in the last factor we took the tensor product over C*°(Gy)°. While the lower
expression in the last line never vanishes in non-trivial cases, the upper one does if 1, = g = go - - - gn, that
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is, if g is a closed string that is a unit, i.e. an n + 1-tuple (go,...,gn) € By for which gg--- g, = 1,. We
reformulate this with the aid of Proposition 6.6.8: an invariant element in degree n is a function v € C°(B,,)
with
, | ulgo,---.9n) if g = 1, for some x € Gy,
()0 sa) = { o

if A is restricted from C° (G, +1) to C°(B,,). Note that ,,A remains well-defined, since

(f *u0)(go)ur(gr) - unlgn) = f(t(g0))uo(go) - - un(gn)
=u0(90) - - - Un(gn) f(s(gn)) = uo(go) - - - (un * f)(gn)

for closed strings, and that ,,A on C°(B,,) takes an analogous form as in (6.6.9), but now seen as map
C(Bn) — Cgo(BnSxCS;OG).

The following Theorem is basically a summary of what has been proven before. It explicitly connects dual
Hopf-cyclic homology for convolution algebras over étale groupoids to the standard C*°(Gy)-ring homology
(cf. §1.2.4) by restriction (or injection) of the respective spaces. More precisely,

6.6.10 Theorem The subset of invariants of C3°(B,,) in each degree n is isomorphic to C°(G,,), and the
injection i : G,, — By, from (6.6.11) induces an injection iy : C°(G,) — C°(B,,), which is compatible
with the respective cyclic structures. Hence one has a commutative diagram

C e (@) BT 0e ()

(doysayto)l l(daysa,to)

Crii09,C (@) B, (00 Ce (@),

where on the left-hand side one has the Hopf-cyclic operators from (6.1.3), (6.1.4) and on the right-hand side
one has the standard operators from (1.2.3) for the C*°(Gy)-ring C°(G).

PROOF:  The first statement follows from the simple observation that if v € Inv By, “0C2°(G), then
u € C°(B,,) with

suppuC{(go,...,gn)GBn | gO'"gn:]-az}:{(gOa-“,gn)GBn | 90:(91"'9n)71}
:i(Gn)a

hence u may be identified with a function in C°(G,,). To continue, one only needs to apply Proposition
6.6.8 and Theorem 6.6.4, which allows to equivalently prove the commutativity of the diagram

C(Gn) C®(Bn)

(do+75a+7ta+)i l(d/.+as/.+7t/.+)

C(Gnigo,1y) —— C(Bpt{o,1})

in each degree n > 0; this time, the sets of operators are the fibre sums of the operators (6.6.1)—(6.6.2) on G,
and (6.6.9)—(6.6.10) on B,, respectively. Now, since i respects the cyclic structures of G, and B,, so does
the fibre sum 7. As an example, for u € C°(G,,) we verify

itntru(go, .-y gn) = { g: o Ztn(g’l»---vga):(gl,-n,gn)“(g/lv ey Gn) ioftgg_r;iisglﬁ e On,
_ { w(g2, .-y Gn, (9192 - .gn)fl) ifg(?l — G102 Gn,
0 otherwise,
and
Goilgo o= XY o))

(97,:905-:91_1)=(90,91:--,9n)

_ [ ulg2--s9m90)  ifgrt = g2 gngo,
0 otherwise

which is seen to coincide with the expression above. a






Chapter 7

Duality and Products in Algebraic
(Co)Homology Theories

7.1 Introduction

Most classical (co)homology theories of algebraic objects such as groups, or Lie, Lie-Rinehart or associative
algebras can be realised as

H*(X, M) := Ext{ (A, M), He(X,N):=Tor!(N,A) (7.1.1)

for an augmented ring X = (U, A) (i.e. a ring with a distinguished left module) that is functorially attached
to a given object. The cohomology coefficients are left U-modules M and those in homology are right
U-modules N.

Our aim here is to clarify the origin and interplay of multiplicative structures and dualities between
such (co)homology groups, and to provide a unified treatment of results by Van den Bergh on Hochschild
(co)homology [VdB] and by Huebschmann on Lie-Rinehart (co)homology [Hue3]. The key concept involved
is that of a left Hopf algebroid (x 4-Hopf algebra) introduced by Schauenburg [Schau2], cf. Section 2.2.

The main results can be summarised as follows:

7.1.1 Theorem For any A-biprojective left Hopf algebroid U there is a functor
® : U-Mod x U°?-Mod — U°’-Mod
that for M € U-Mod, N € U°?-Mod and m,n > 0 induces natural products
~ : Ext?} (A, M) x TorY(N, A) — Tor!_, (M @ N, A).

If A € U-Mod admits a finitely generated projective resolution of finite length and there exists d > 0
with Ext7 (A, U) = 0 for m # d, then there is a canonical element

[w] € Tor{ (A%, A), A" :=Ext{(A,U)
such that form > 0 and M € U-Mod with Tor; (M, A*) = 0 for g > 0
o~ W] Ext (A, M) — Tory | (M ® A*, A)
is an isomorphism.

This theorem will be proven in Section 7.3.

As we saw in Chapter 2 above, left A-bialgebroids and left Hopf algebroids over A generalise bialgebras
and Hopf algebras to possibly noncommutative base algebras A. Besides Hopf algebras, both the universal
enveloping algebra V' L of a Lie-Rinehart algebra (A, L) and the enveloping algebra A° = A ®;, A°P of an
associative algebra A are left Hopf algebroids over A, see Subsections 4.2.1 and 4.1.1.

For any left A-bialgebroid U, the base algebra A carries a left U-action and the category U-Mod of left
U-modules is monoidal with unit object A, cf. Subsection 2.3.1. But it is only for left Hopf algebroids over
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A that one has a canonical operation ® as in Theorem 7.1.1, which turns U°P-Mod into a module category
over (U-Mod, ®, A) (Lemma 7.2.8).

Any left Hopf algebroid carries two left and two right actions of the base algebra that all commute with
each other. The biprojectivity assumed in Theorem 7.1.1 refers to the projectivity of two particular of these,
see Section 7.1.1. Under this condition, we can use the elegant formalism of suspended monoidal categories
from [Sua] to define products for M, N € U-Mod and P € U°?-Mod by means of

<t H™(X,M) x H*(X,N) — H™"(X,M ® N),

~: H"(X,N) x Hy(X,P) — Hy_,(X,N® P),

where once again we use the abbreviations from (7.1.1) (cf. Sections 7.2.2 and 7.2.5).
In the last part of Theorem 7.1.1, A* = H%(X,U) = Ext{,(A,U) is a right U-module via right multi-
plication in U, and if we define the functor

" U-Mod — U°*-Mod, M — M := M @ A*,
then the statement can be rewritten as an isomorphism

H™(X, M) =~ Heim(x)—m(X, M), dim(X) := proj.dim;, (A)
given as in topology by the cap product with the fundamental class [w] € Hgim(x) (/i) which corresponds
under the duality to id4 € H°(A) = Homy (A, A). For M = A this simply means that the H*®(A)-module
H,(A*) is free with generator [w].

Theorem 7.1.1 is well known in group and Lie algebra (co)homology [Ha, Bie]. For U = A ®; A°P it
reduces to Van den Bergh’s result [VdB], which has stimulated a lot of recent research, see e.g. [BroZ, Dol,
Gi, LauRi]. Note that we do not need Van den Bergh’s invertibility assumption about A*, which says that ~
is an equivalence. However, it is satisfied for many well-behaved algebras [ibid.] and implies the condition
Torj;‘ (M, A*) = 0 for arbitrary A-bimodules M (since invertible bimodules are finitely generated projective
as one-sided modules from either side). For Lie-Rinehart algebras, Theorem 7.1.1 is due to Huebschmann
[Hue3], and we find the general setting helpful, for example, to understand the different roles of left and
right modules that were observed by Huebschmann (cf. 4.2.5). As was shown in [loc. cit.], the conditions
of Theorem 7.1.1 are satisfied whenever L is finitely generated projective (of constant rank) over A, and A*
coincides as an A-module with A% L and is in particular projective, so also here we have Torj? (M,A*)=0
for arbitrary (A, L)-modules M.

So both these examples and the applications in homological algebra clearly demonstrate the relevance of
the intermediate concept of a left Hopf algebroid.

One could generalise Theorem 7.1.1 to differentially graded left Hopf algebroids, sheaves thereof, or
suitable abstract monoidal categories. One also could drop the condition Ext{;(A,U) = 0 for n # d
the assumption that Torj;‘ (M, A*) = 0. Then one obtains an isomorphism RHomg (A4, M) ~ (M &Y
RHomy (A4,U)) ® A for a bounded below chain complex M over U-Mod.

7.1.1 Some Conventions

Let U be a left bialgebroid over A with structure maps as in Definition 2.1.2, and consider the categories
U-Mod and U°P-Mod. Using the forgetful functor U-Mod — A°-Mod, we regard, as in Subsection
2.3.1, any U-module M also as an (A, A)-bimodule with actions

a-m<b:=n(a®b)m, a,be A;m e M. (7.1.2)
Similarly, every right U-module N is also an A-bimodule via
arm<b:=nnbey a), a,be A;n € N, (7.1.3)

although the category U°P-Mod for a left bialgebroid is usually not monoidal, in contrast to U-Mod. A
useful abbreviation in this section will be the following:

7.1.2 Definition If U is a left A-bialgebroid and M, N € U-Mod are left U-modules, we denote the left
U-module M ® 4 N with U-action (2.3.2) by M ® N.



7.2. MULTIPLICATIVE STRUCTURES 127

As before, the notations from (7.1.2) and (7.1.3) apply in particular to U itself; let us repeat that as the
default case we consider U as an A°-module using a >w <b, and otherwise we write e.g. » U< to denote
which actions are considered.

Since this will be repeatedly a necessary technical condition, we define:

7.1.3 Definition For an A°-algebra U we call M € U-Mod A-biprojective if both ~ M € A-Mod and
M, € A°P-Mod are projective modules.

7.2 Multiplicative Structures

7.2.1 D~ (U) as a Suspended Monoidal Category

For any ring U, we denote the derived category of bounded above cochain complexes of left U-modules
by D~ (U). As usual, we identify any M € U-Mod with a complex in D~ (U) concentrated in degree
0, and identify any bounded below chain complex P, with a bounded above cochain complex by putting
P =P_,.

If U is an A-biprojective left A-bialgebroid, then any projective P € U-Mod is A-biprojective. Hence
the monoidal structure of U-Mod extends to a monoidal structure on D~ (U) with unit object still given by
A and product being the total tensor product @ = ®@% (the A-biprojectivity of U-projectives is needed for
example to have [W, Lemma 10.6.2]).

Together with the shift functor 7' : D= (U) — D~ (U), (T'C)" = C™!, D~(U) becomes what in
[Sua] is called a suspended monoidal category. This just means that for all C, D € D~ (U), the canonical
isomorphisms

TC @D ~T(C®"D)~C&“TD

given by the obvious renumbering make the diagrams

AQETC ——=TC TC @Y A——TC
T(AR"C) T(C @ A)

commutative, whilst making the diagram

TC @“TD — T(C ®"“TD)

| |

T(TC ®" D) ——T?(C ®" D)

anti-commutative (commutative up to a sign —1).

7.2.2 The Products -« and o

As a special case of the constructions from [Sua], for any A-biprojective left A-bialgebroid U and L, M, N €
U-Mod we define the cup product

< Ext{}(A, M) x Ext},(A,N) — Ext}T"(A, M ® N)
and the classical Yoneda product
o : Ext{}(N, M) x Ext{;(L, N) — Ext}T™ (L, M).
The latter is just the composition of morphisms in D~ (U) if one identifies
Extr; (L, N) ~ Homp- ¢y (L, T"N),

and
Extr; (N, M) ~ Homp- ) (N, T™ M) =~ Homp- ) (T" N, T M).
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The former is obtained as follows: given
¢ € BExtir (A, M) ~ Homp- ¢y (A, T M),
¥ € Exty; (A, N) ~ Homp- (1) (A, T" N),
one defines ¢ - 1 as the composition
A~ARA

T"M @ T"N ~T™(M @“T"N) ~ T™ (M " N)
— TI™(M®N),

PRY
_—

where the last map is the augmentation M @ N — HO(M ®@" N) ~ Tory'(M,N) ~ M ® N, or rather
T™+" applied to this morphism in D~ (U).
A straightforward extension of Theorem 1.7 from [Sua] now gives:

7.2.1 Theorem If U is an A-biprojective left A-bialgebroid, then we have
Yop=pw=(-1)""Ywp, ¢ecExt](A A)1Y € Exty(A M)

as elements of Ext} 7" (A, M) ~ Ext]} 7" (A, A® M) ~ Ext} ™" (A, M ® A).
In particular, through either of the products Exty; (A, A) becomes a graded commutative algebra over the
commutative subring Homg (A, A).

PrROOF: This is proven exactly as in [Sua]. For the reader’s convenience we include one of the diagrams
involved. The unlabeled arrows are canonical maps coming from the suspended monoidal structure.

A AR A
T"A ————=AQT™A "M @~ A
\ N i@
id T™(A® A) "M @ T™A
T (V@id) /

T (%)

Tm A T™(T"M @ A) (M @ T™A)

\

Tm-l—nM Tm+n (M ®L A)

The morphism 1) o ¢ € Homp- (1) (A4, T™* " M) is the path going straight down from A to 7™ "M, and
1) — ( is the one which goes clockwise round the whole diagram. All faces of the diagram commute except
the lower right square, which introduces a sign (—1)™", so we get ¥ o ¢ = (—1)""%) « ¢. The other
identity is shown with a similar diagram. ]

7.2.3 Tensoring Projectives

This paragraph is a small excursus about the projectivity of the tensor product of two projective objects of a
monoidal category. For example, U ® U € U-Mod is not necessarily projective even for a bialgebra U over
afield A = k (so the A-projectivity of U or the exactness of @ does not help). Here is a simple example (for
a detailed study of examples of categories of Mackey functors see [Lew]):
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7.2.2 Example Consider the bialgebra U = C|a, b, ] over A = k = C, with
Ala)=a®a, Ab)=a®b+b®c, Al)=c®c,

gla)=1, e(b)=0, e(c)=1.

Geometrically, this is the coordinate ring of the complex algebraic semigroup G of upper triangular 2 x 2-
matrices, and A and ¢ are dual to the semigroup law G x G — G and the embedding of the identity matrix
into G.

We prove that U @ U € U-Mod is not projective by considering the fibres of the semigroup law G x G —
G. The fibre over a generic and hence invertible element is 3-dimensional, but over 0 it is 4-dimensional, and
this will imply our claim. We can use for example [Mat, Theorem 19 on p. 79]:

7.2.3 Theorem Let U C V be a flat extension of commutative Noetherian rings, p C V a prime ideal, and
g := U Np. Then
dim(V;) = dim(U;) + dim(Vy @0 U(a)),

where dim denotes the Krull dimension of a ring, V,, is the localisation of V' atp and U (q) := U, /qU, is the
residue field of the localisation Uy.

Apply this to our example U ~ A(U) C V := U ® U: let p be the ideal of V' generated by a ®c 1,
1®ca, b®c1,1®cb, c®c 1, 1®c c. Geometrically, V is the coordinate ring of C® and V} is the local ring in
0, so dim(V},) = 6. Since 1 ¢ p, g = U N p is proper, and it contains the ideal generated by A(a) = a ®c a,
A(b) =a®c b+ b&c ¢, A(c) = ¢ ®c ¢, which is maximal in U, so q C U is the ideal generated by a, b, c,
and Uy is the local ring of C? at 0 with dim(Uy) = 3. The field U(q) is obviously C, and we can write
Ve ®@u Ul(q) also as V,, /A(q)V,. Since A(q)V} is contained in the ideal v generated in V}, by the elements
a®c 1,1 ®c ¢, we have dim(V, /A(q)V,) > dim(V,,/r). Now V, /t is the local ring of C* C C at 0 and
hence dim(V},/t) = 4. In total, we obtain the strict inequality 3 + dim(V},/A(q)V,) >3 +4 =7 > 6, and
hence V is not flat over U and in particular not projective.

For left Hopf algebroids the situation is, however, much simpler: notice that for any left A-bialgebroid U
and M € U-Mod

» U ®pgor M < :=U ® M/span{aru®@,m —u®@ym<alucUacAmeM}
is a left U-module by left multiplication on the first factor. Just as for M = U, there is a Galois map
Orr i wUR@poo Mg — U R M, u®Aopmi—>u(1)®AU(2)m,

and we have:

7.2.4 Lemma For any left A-bialgebroid U, the generalised Galois map (35s is a morphism of U-modules.
If U is a left Hopf algebroid over A, then (35 is bijective.

PROOF: The U-linearity of 3, immediately follows from the factthat A : U — U x4 U C U ®4 U is
a homomorphism of algebras over A°. Furthermore, if § is a bijection, then so is 3, since we can identify
B with 8 ®g idyy, and then the inverse is simply given by ﬂ&l(u ®A M) = Us & gop U_MN. O

Using this one now obtains:

7.2.5 Theorem If U is a left Hopf algebroid over A and U4 € A°P-Mod is projective, then P ® Q) €
U-Mod is projective for all projectives P, () € U-Mod.

PROOF: By assumption, any projective module over U is also projective over A°P, and if ¢ : R — S is any
ring map, then S ® - : R-Mod — S-Mod maps projectives to projectives. This shows that » U ® gop U 4
and hence (Lemma 7.2.4) U ® U is projective. Since ® = ® 4 commutes with arbitrary direct sums, P ®
is projective for all projectives P, Q. a

7.2.6 Corollary If U is as in Theorem 7.2.5 and P € D~ (U) is a projective resolution of A € U-Mod,
then sois P ® P := Tot(P, ® P,) = P ®" P.
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This leads to the traditional construction of -, given for A = k in [CarE, Chapter XI]: one fixes a
projective resolution P of A, and by the above, Exty (A, M ® N) is the total (co)homology of the double
(cochain) complex

C?,. :=Homy (P, ® P,, M ® N).

Then w is given as the composition of the canonical map

@D Ext(A, M) @ Ext (A, N)

m—+n=p
~ @D H™(Homy(Pe, M)) ®r H" (Homa(Ps, N))
m—+n=p
— HP( @ Homy (P, M) ®;, Homy(P,, N)) = H?(Tot(CL,)),
m+n=e

where C} ., := Homy (P, M) @, Homy (P, N), with the map

H(Tot(CL,)) — H(Tot(CZ,)) ~ Exty (A, M @ N)
that is induced by the morphism of double complexes

Crn 2 9 @1 ¥ = {20y = ¢(z) @ ¥(y)} € Cpy,

For the sake of completeness, let us finally remark that—as for A = k—one can in particular use the bar
complex to obtain a canonical resolution (cf. Theorem 6.2.3, where this is formulated for the case of a Hopf
algebroid):

7.2.7 Lemma (the bar complex revisited) For any left A-bialgebroid U, the complex of left U-modules
Bar,, U := (> Ua )®Aor)n+1’ ’U(UU @ Aop +++ @ gop Un) = VU @ gop *++ @ gop Un,

whose boundary map is given by
n—1
b i ug @aop - @gop Uy Z(—l)iuo ®A0p ++* @ Aop Ujljs1 D Aop ** + & gop Up
i=0
+(=1)"up @p0p + -+ @ p0p E(Up ) » Up—1,
is a contractible resolution of A € U-Mod, with augmentation
e:BargU=U — A=:Bar_, U.
If U, € A°?-Mod is projective, then Bar,, U € U-Mod is projective.
PROOF: All claims are straightforward: there is a contracting homotopy

s:Bar, U — Bar,+1U, uy®4op -+ @400 Uy — 1 @400 Uy @ gop - -+ @gop Uy, N >0,

s:A=Bar_1U - U =BargU, ar na®1l),

and the projectivity of Bar,, U follows as in the proof of Theorem 7.2.5. o

7.2.4 The Functor ® : U-Mod x U°°-Mod — U°’-Mod

Now we introduce the functor ® mentioned in Theorem 7.1.1.

7.2.8 Lemma Let U be a left Hopf algebroid over A and let M € U-Mod, P € U°P-Mod be left and right
U -modules, respectively. Then the formula

(M®ap)u:=u_m® pus uwelU meM,peP, (7.2.1)
defines a right U -module structure on the tensor product

M ®a P:=MQ® P/span{m<a®,p—m Q@ arpl|lac A}. (7.2.2)
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If N is any other (left) U-module, then the canonical isomorphism
(M@N)®sP~M®s(N®asP) (7.2.3)
of A-bimodules is also an isomorphism in U°P-Mod. Finally, the tensor flip
(M@aP)Qu N =Py (N®@aM), mRspQun—pQun®am
is an isomorphism of k-modules.
PROOF: To show firstly that (7.2.1) is well-defined over A, we compute

(m®a(arp))u=u_m®aspn(l®a)uy =u_m®4pus <a)
= (avu_)m @4 puy = u_(n(1 © aym) ©a pus
= ((m< a) @4 p)u,
where (2.2.6) and the action properties were used. Together with (7.2.2) this also proves well-definedness of

(7.2.1) with respect to the presentation of u4 ® 400 u—_. With the help of (2.2.9), one immediately sees that
for u,v € U we have

(m XA P) (uwv) = (uv)-m @4 p(uv) 4 = v_u_M @4 pus vy = ((m ®a p)u)v,
since P and M were right and left U-modules, respectively. As a conclusion, M ® 4 P € U°P-Mod.
Equation (7.2.3) is a direct consequence of the associativity of the tensor product of A-bimodules and of

(2.2.8).
For the last part one has to check that the flip is well-defined: we have

NlRamapRun — pRUnRsanN1lR@a)m=pynl®a)(n®sm)
= pn(l®a) @y (n®am),

which is what m ® 4 pn(1 ® a) ®u n is mapped to. Secondly, we have

mPaApLuun = PRy UNRAM =P AU Uy(1)N DA Uy (2)U-_1
= pRUutr(N®4u_m)=pus Qun®4 u_m,

which is what u_m ® 4 puy ®uy n = (m ®4 p)u @y n is mapped to. m|

7.2.9 Definition We denote the U°P-module constructed above by M ® P.
Thus an unadorned ® refers from now on either to the monoidal product on U-Mod or to the action of

U-Mod on U°P-Mod just defined. For example, (7.2.3) would now simply be written as (M @ N) ® P ~
M® (N ® P).

7.2.10 Example Let (A, L) be a Lie-Rinehart algebra, M aleft and N a right V L-module, respectively (or,
in the terminology of [Huel, Hue3], left and right (A, L)-modules, see 4.2.5). Using (4.2.4), one obtains the
right V L-module structure on M ® 4 N from formula (2.4) in [Hue3, p. 112]:

(mRan) X =mxsnX —Xm®an, meM, neN, X €L.

If we again assume that U is A-biprojective, then the above results extend directly to the derived category
D~ (U°P): we obtain a functor

ol = @Y% : D7 (U) x D™ (U°P) — D~ (U°P),
and for all M, N € D~ (U), P € D~ (U°P) we have canonical isomorphisms

(M@"N)ol P~ Mo (Ne"P), (M&"P)ok N~PcL (Na"M). (7.2.4)
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7.2.5 The Products ~ and
These products are dual to - and o. There is a Yoneda one
o : Ext/}(L, M) x Tor” (N, L) — Tor”_,_ (N, M)
which exists for any ring U and L, M € U-Mod, N € U°’-Mod: an element
@ € Extfy (L, M) ~ Homp- ) (L, T™ M)
defines a morphism in D~ (Z),
N@EL—NET"M, =Quy— xQu o(y),
and ¢ e - is the induced map in (co)homology
TorY (N, L) ~ H™"(N ®% L)
H™"(id®g)

H™"(N @ TmM)~ H™ "(N @5 M) ~ Tor

n—m (N7 M) :
For M € U-Mod, N € U°P-Mod as before, the cap product
~ : Extl}(A, M) x TortY (N, A) — Tor’_, (M @ N, A)

involves the functor @ from the previous paragraph, so for this we want U to be an A-biprojective left Hopf
algebroid over A again. Similarly as for e,

@ € Extfy (A, M) ~ Homp- (1) (A, T™ M)
defines a morphism in D~ (k),
Nk A~ Neb (A A)
N @K (A" T™M) ~ N @F (T"A®" M) ~ (M @" N) oF T™A
—— (M®N)opTmA,

1d®id®p
—_—

where the last ~ in the second line is induced by the tensor flip as in the derived version (7.2.4) of
Lemma 7.2.8, and the morphism from the second to the third line is similarly as in the definition of —
induced by the morphism M ®@“ N — M ® N in D~ (U°P) that takes zeroth cohomology. Passing now to
cohomology, we obtain ¢ ~ - : Tor! (N, A) — Tor,,_,,,(M & N, A).

More explicitly, if P € D~ (U) is a projective resolution of A, then ~ is induced by the morphism

B 3n®y (x®ay) — {p— (p(y) ®an) @y z} € B,

from the double complex
Bj; =N ®y (P; ®a ),

whose total homology is TorU(N , A), to the double complex
B}; := Homy(Homy (P;, M),(M ® N) @y P;),

whose homology has a natural map to Homy, (Exty (4, M), Tor’ (M @ N, A)).
In direct analogy with Theorem 7.2.1 we obtain:

7.2.11 Theorem If U is an A-biprojective left Hopf algebroid over A, then we have
pe(z@uy)=¢~(0uy), ¢eBxty(AA),z0uyeNapA

as elements of N @5 A ~ (A® N) ®% A.
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7.3 Duality and the Proof of Theorem 7.1.1
7.3.1 The Underived Case

In the special case that A is finitely generated projective itself, Theorem 7.1.1 reduces to standard linear
algebra. We go through this case first since it is both instructive and will be used in the proof of the general
case. For the reader’s convenience we include full proofs.

7.3.1 Lemma Let U be aring, A € U-Mod be finitely generated projective, and let A* be Homy (A, U)
with its canonical U°P-module structure.
1. A* is finitely generated projective, and if e, ..., e, are generators of A, then there exist generators

el,...,e" € A* with
Zei(a)ei =a, Zeioz(ei) =«
i

%

foralla € A and o € A*. The element
w::Zei@)ei cA"®y A

is independent of the choice of the generators e;, e’.
2. For all U°P-modules M, the assignment
o(m®a)(a) :=ma(a), meM,ac A ac A"
uniquely extends to an isomorphism of abelian groups

0: Moy A— HOIIonp(A*,M).

3. One has (A*)* ~ A and A* @y M ~ Homy (A, M) for M € U-Mod.
4. The map”: Homy (A, A) — Homyer (A*, A*), $(a) := « o ¢ is a ring anti-isomorphism (with
respect to the composition o).

PROOF: Since A is projective, there is a splitting ¢ : A — U™ of

m:U" — A, (ul,...,un)n—>§ Ui€;.
i

Hence U™ ~ A® A, for some A, € U-Mod. Dually, this gives A* & (A )* = (U")* ~ U™, whence A*
is finitely generated projective. The e’ can be defined as the composition of ¢ with the projection of U on
the i-th summand. This proves the first parts of 1. For 2. just note that

Homgyor (A*, M) 3 p +— Zg@(ei) ®Re; € M@y A

inverts 0. Since w = 6~ *(id 4+ ), it does indeed not depend on the choice of generators. 3. now follows from
1. and 2. For 4., we note that

pla) = aop = Z cla(p(er) = 6() ¢ ® p(en))(a),

K2

that is, we have ¢ = §(}_, ¢’ ® ¢(e;)). Thus is the composition of the isomorphism Hom (A, A) —

A* @y A from 3. with the isomorphism 4. Finally, we have (a,o/o\qp)(a) =aopot) = Ylaop) =
() = (Yo d)(a). o
As in the introduction, let us abbreviate in the situation of this theorem
H(M) := Homy (A, M), Hy(N):=N®y A
for M € U-Mod, N € U°-Mod, and call w € Hy(A*) the fundamental class of (U, A). Then, for

M = A, claim 3. says that we have an isomorphism

~ew: HY(A) — Hy(A"), @HZeincp(ei). (7.3.1)

(2

Using Lemma 7.2.8 we can upgrade this to the underived case of Theorem 7.1.1:
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7.3.2 Lemma Let U be a left Hopt algebroid over A and assume A is finitely generated projective as a
U-module. Then the cap product with the fundamental class w € Hy(A*) = A* @y A defines for all
M € U-Mod an isomorphism

c~w:HY (M) — Ho(M @ A*).

PROOF: Wehave ¢ ~w =Y,(¢(1) ®4 €') ®y e;, and Lemma 7.2.8 identifies
Hy(M@A) =M A )@y A~ A* ey (A® M) ~ A* @y M.

In this chain of identifications, ¢ ~ w is mapped to

p~w = Zei Ru (ei ®A (p(l)) — Zei Ru (eigo(l)) = Z e Ru go(ei)

l

which is identified with ¢ under the isomorphism Hom (A4, M) ~ A*®y M givenby p — >_. '@y ¢(e;),
as in (7.3.1). The claim follows. O

7.3.2 The Derived Case

It remains to throw in some homological algebra to obtain Theorem 7.1.1 in general. To shorten the presen-
tation, we define:

7.3.3 Definition A module A over a ring U is perfect if it admits a finite resolution by finitely generated
projectives. We call such a module a duality module if there exists d > 0 such that Ext;; (A, U) = 0 for all
n # d. In this case we abbreviate A* := Ext; (A, U) and call d the dimension of A.

The main remaining step is to prove a derived version of Lemma 7.3.1. One could use a result of Neeman
by which A € U-Mod is perfect if and only if Hom (A4, -) commutes with direct sums [Ke, N], or the
Ischebeck spectral sequence, which degenerates at 2 if A is a duality module [Isch, Kr, Sk]. However, we
include a more elementary and self-contained proof.

7.3.4 Theorem Let A € U-Mod be a duality module of dimension d.
1. The projective dimension of A € U-Mod is d.
2. A* is a duality module of the same dimension d.

3. If P, — A is a finitely generated projective resolution of length d, then P; , = Homy (Py—.,U) is a
finitely generated projective resolution of A* and for all U°P-modules M the canonical isomorphism

§: M ®y P; — Homy (P, M), m®yp— {a— ma(p)}
induces a canonical isomorphism
TorV (M, A) — Extdoi(A*, M).
4. There is a canonical isomorphism (A*)* ~ A.

PROOF: Let P, — A be a finitely generated projective resolution of finite length m > 0 (which exists since
A is perfect). Then the (co)homology of

0—-PF —...—> P, —0, P:=Homy(P,,U)

is Extg; (A, U), so by assumption we have m > d, and the above complex is exact except at P; where the
homology is A* = Exth (A,U). Furthermore, all the P are finitely generated projective since the P, are
(Lemma 7.3.1).

Let m; be the map P — P/, | and put K := ker mgq11. By construction,

0—-K—Pj4—...—PFP,—0 (7.3.2)
is exact. If one compares this exact sequence with the sequence

.—0—-0—-P;,— P, —0
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using Schanuel’s lemma (see [McCRob, 7.1.2]), one obtains that K is projective.

The exactness of Pj at Pj, | gives K = im 74, and by the projectivity of K, the map 7y : P; — K C
Py 1 Splits so that P;~K®K,, K, :=kermg. In particular, both K and K are finitely generated.

It follows from all this that the complex

0O—-PF —...> P, —-K —0 (7.3.3)

is a finitely generated projective resolution of A*: since immy_; C Pj is contained in kermg = K, it is
still exact at P ;, and the homology at K | is the homology of P, at P}, that is, A*.

Since (7.3.2) is a finitely generated projective resolution of 0 and as a complex P;_, is a direct sum of
(7.3.3) and (a shift of) (7.3.2), we also know that Extg;e, (A*, M) is the (co)homology of Homy (P)_,, M)
for any M € U°°-Mod. By Lemma 7.3.1, this is isomorphic to M @y P;_e as a chain complex via the
isomorphism given in 3., and the homology of this complex is Torgf,(M ,A). This proves 3. The special
case M = U implies the remaining claims. a

Finally, assume that in the situation of the above theorem, U is an A-biprojective left Hopf algebroid over
A. Since P is a projective resolution, we have M @y P ~ M ®% P and Homy (P*, M) ~ RHomy (P*, M),
and ¢ gives an isomorphism between the two. The fundamental class is defined to be

wi=0"1{ds) EA* @ A~ P @y A~ A* @y P,
and Theorem 7.3.4 immediately gives:

7.3.5 Corollary If ey,...,e, and é',...é" are generators of A and of A*, respectively, then there are
el,...,e" € P} andéy,...,é, € Py such that

w = E €Z®U€i: E éZ®Uéi,
7 [

and ¢ is given by the Yoneda product - e w.

Theorem 7.1.1 follows now as in the underived case (Lemma 7.3.2), working with RHom (A, M) and
(M ®" A*) ®% A instead of H(M) = Homy (A, M) and Hy(M ® A*) = (M ® A*) ®y A: using
Theorem 7.2.11 and (7.2.4) one gets

R

(M @ A*) @F A A* QL (AQY M) ~ A* @F M
P* @F M ~ RHomy (P, M)

RHomy (A4, M),

12

12

where we hide the reindexing of the complexes for the sake of better readability (so P* stands for P; ,,
and both RHomy (P, M) and RHomy (A, M) are reindexed in the same way). This leads to a convergent
spectral sequence

Tor (Tor{ (M, A*), A) = Ext{, *~%(A, M),

and under the last assumption of Theorem 7.1.1 (i.e., Tor;;‘(M ,A*) = 0 for ¢ > 0) this spectral sequence
degenerates to the claimed isomorphism.






Appendix

This appendix contains a collection of well-known facts repeatedly used throughout the text.

A.1.1 Reminder on the Behaviour of the Functors Hom and ® on Bimodules The material in this para-
graph is standard (confer e.g. [CarE, M]) but still may be of some help to maintain a certain overview in
the abundance of module structures in the preceding chapters. Compare the conventions at the end of the
Introduction (page 9) for notation.

Let R, S, T be any three rings.

(i) If two left R-modules M, RN also happen to additionally carry S-actions and T-actions from left
or right, respectively, the space Hom (g, _y(M, N) carries the following explicit (bi)module structures.
For any f € Homg _y(M,N), m € M, s € S, t € T one has:

(rMs; pNp) == slHomg ) (M, N)|r, — (sft)(m) = [f(ms)]t
(rosMsp-qN) == alHomp (M, N)ls,  (tfs)(m) = t[f(sm)].

(ii) For the situation My, Ny of two right R-modules that are also equipped with additional left or
right S-actions and T-actions, respectively, the space Hom_ )(M, N) carries the following explicit
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(bi)module structures. For each g € Hom(_ zy(M,N), m € M, s € S,t € T one has:

(sMp, Ng) = alHom(_ g)(M,N)]s,  (tgs)(m) := tg(sm)]
Mp_ g, Ng_7) = sHom gy(M,N)lr,  (sgt)(m) = [f(ms)]t.

On tensor products of bimodules, one has the following bimodule structures:
(Mg, gNy) = lM ®r N]r, s(m®@n)t:=sm  nt, (A.1.4)
which may be generalised to n modules M, ..., M™ by
(Mp, ..., gMP) = JM' @R ...0r M7, s(m1@...@my)t:=sm; @ ... @ myut.

A.1.2 The Dual Basis Lemma Unlike a free module, a projective module may not have a basis, but it always
has a ‘projective coordinate system’ with similar properties. (see e.g. [AnFu]).

A.1.3 Definition Let R be any ring, P an R-module, and I an index set. A pair of indexed sets {e; };c; € P
and {e'},c; € Hompg(P, R) is called a dual basis for P in case for all x € P

(i) e'(z) = 0 for almost all i € I,
(i) =3 ;€ (x)e;.
A.l4Lemma (i) P is projective over R iff it has a dual basis.

(ii) P is finitely generated projective iff there exist ey, ...,e, € P (a generating set) and e',...,e" €
Hompg (P, R) such that for each x € P

n

x = Zei(x)ei.

i=1
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