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Abstract: For a (co)monad 7; on a category M, an object X in M, and a functor
Il : M — C, there is a (co)simplex Z* := IIT;**!' X in C. The aim of this paper is to
find criteria for para-(co)cyclicity of Z*. Our construction is built on a distributive law
of Ty with a second (co)monad 7} on M, a natural transformation i : 17y — I 7,, and
amorphism w : T, X — T; X in M. The (symmetrical) relations i and w need to satisfy
are categorical versions of Kaygun’s axioms of a transposition map. Motivation comes
from the observation that a (co)ring 7 over an algebra R determines a distributive law of
two (co)monads 7y = T ®g (—) and T, = (—) ®g T on the category of R-bimodules.
The functor IT can be chosen such that Z" = T® R""* ® R T® r X is the cyclic R-module
tensor product. A natural transformation i : T®g(—) — (—)®gT is given by the flip
map and amorphismw : X®r7T — T ®pr X is constructed whenever T is a (co)module
algebra or coring of an R-bialgebroid. The notion of a stable anti- Yetter-Drinfel’d module
over certain bialgebroids, the so-called x g-Hopf algebras, is introduced. In the particular
example when T is a module coring of a x g-Hopf algebra 15 and X is a stable anti- Yetter-
Drinfel’d B-module, the para-cyclic object Z, is shown to project to a cyclic structure
on T®r**] ®p X. For a B-Galois extension S C T, a stable anti—Yetter—Drigfel’d
B-module Ty is constructed, such that the cyclic objects B2X**! ®p Tg and T®s*+!
are isomorphic. This extends a theorem by Jara and Stefan for Hopf Galois extensions.
As an application, we compute Hochschild and cyclic homologies of a groupoid with
coefficients in a stable anti-Yetter-Drinfel’d module, by tracing it back to the group
case. In particular, we obtain explicit expressions for (coinciding relative and ordinary)
Hochschild and cyclic homologies of a groupoid. The latter extends results of Burghelea
on cyclic homology of groups.
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Introduction

Cyclic cohomology of Hopf algebras originates from the work [CM98] of Connes and
Moscovici on the index theory of transversally elliptic operators. Their local index
formula in [CM95] gives a generalization of the Chern character to non-commutative
geometry. In order to give a geometrical interpretation of the non-commutative Chern
character in terms of non-commutative foliations, in [CM98] a cocyclic structure was
constructed on a cosimplex Z{,, = H ®* associated to the coalgebra underlying a Hopf
algebra H over a field K. The cocyclic operator was given in terms of a so-called modular
pair in involution.

In the subsequent years the Connes-Moscovici cocyclic module was placed in a
broader and broader context. In [KR03] (see also [HKRS2]) to any (co)module algebra
T of a Hopf algebra H, and any H-(co)module X, there was associated a para-cyclic
module with components 7®**! ® X. Dually, for any (co)module coalgebra T of a Hopf
algebra H, and any H-(co)module X, there is a para-cocyclic module with components
7% @ X. The Connes-Moscovici cosimplex Z(), turns out to be isomorphic to a
quotient of the para-cocyclic module associated to the regular module coalgebra T := H
and an H-comodule defined on K. For bialgebras, the Connes-Moscovici construction
was generalized in [Kay05].

In the papers [HKRS1] and [JS], a modular pair in involution was proven to be
equivalent to a stable anti-Yetter-Drinfel’d module structure on the ground field K. In
[HKRS2], the para-cocyclic module 7®**! ® X, associated to an H-module coalgebra
T and a stable anti-Yetter-Drinfel’d H-module X, was shown to project to a cocyclic
object whose components are the H-module tensor products 7®**! ® 5 X. The way
in which the para-cocyclic object H®**! projects to the Connes-Moscovici cosimplex
Z{ - 1s an example of this scenario. Dually, the para-cyclic module, associated to an
H-comodule algebra, was proven to have a cyclic submodule.

In the spirit of [JS], one can follow a dual approach. That is, para-cocyclic modules
can be constructed for (co)module algebras of Hopf algebras, and para-cyclic modules
for (co)module coalgebras, in both cases with coefficients in H-(co)modules. Taking
coefficients in a stable anti-Yetter-Drinfel’d module, it was shown in [JS] that in this
case the para-cyclic object associated to a module coalgebra possesses a cyclic quotient.
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In [KROS5] an isomorphism was proven between the cyclic quotient of the para-cyclic
object in [JS] of H as an H-module coalgebra on one hand, and the cyclic subobject of
the para-cyclic object in [HKRS2] of H as an H-comodule algebra on the other.

Constructions in Sect. 2 of the current paper follow the root in [JS]. Since this fra-
mework is dual to that suggested in [HKRS2] (cf. also [Kay06]), some might like to
call it a dual Hopf (co)cyclic theory. However, we do not use this somewhat involved
terminology in the paper, but remind the reader of the difference between the two possible
dual approaches.

In [Kay06] Kaygun proposed a unifying approach to the para-(co)cyclic objects
corresponding to a (co)module (co)algebra of a Hopf algebra. Starting with a (co)algebra
T and an object X in a symmetric monoidal category S, he introduced the notion of a
transposition map. It is a morphism w : X ® T — T ® X in S, satisfying conditions
reminiscent to half of the axioms of a distributive law in [Be]. Any transposition map w
was shown to determine a para-(co)cyclic structure on the (co)simplex T®**! ® X in S.
In particular, canonical transposition maps were constructed for (co)module (co)algebras
T and (co)modules X of a bialgebra.

Connes and Moscovici’s index theory of transversally elliptic operators lead beyond
cyclic homology of Hopf algebras. In dealing with the general, non-flat case, in [CMO1]
certain bialgebroids (in fact x g-Hopf algebras) arose naturally. Bialgebroids can be
thought of as a generalization of bialgebras to a non-commutative base algebra R, while
x r-Hopf algebras generalize Hopf algebras. There are a few papers in the literature,
e.g. [KRO4] and [Ra], attempting to extend Hopf cyclic theory to non-commutative base
algebras. However, an understanding of the subject, comparable to that in the classical
case of a commutative base ring (or field), is missing yet. The aim of the current paper
is to give a universal construction of para-(co)cyclic (co)simplices, including examples
coming from (co)module algebras and (co)module corings for bialgebroids.

When replacing bialgebras over a commutative ring K by bialgebroids over a non-
commutative K-algebra R, the monoidal category of K-modules becomes replaced by the
monoidal category of R-bimodules. Indeed, (co)module algebras of an R-bialgebroid
are in particular algebras, and (co)module corings are coalgebras, in the category of
R-bimodules. The main difference is that the category of K-modules is symmetric. In
contrast, the category of R-bimodules is not even braided in general. Hence Kaygun’s ele-
gant theory [Kay06], formulated in a symmetric monoidal category S, is not applicable.

Our key observation is that the role the symmetry plays in Kaygun’s work is that
it defines a compatible natural transformation i between the two (co)monads 7 ® (—)
and (—) ® T on the symmetric monoidal category &, induced by a (co)algebra 7" in S.
Note that these (co)monads on S are connected by a trivial distributive law. Guided by
this observation, in Sect. 1 we start with a distributive law of two (co)monads 7 and 7,
on any category M. In addition, we allow for the presence of a functor I1 : M — C
(it is the identity functor on S in [Kay06]). Then, for any object X in M, there is a
(co)simplex in C, given at degree n by ITT;"*! X In Sects. 1.C and 1.E we show that it is
para-(co)cyclic provided that there exist a natural transformationi : I17T; — II7, and a
morphism 7, X — T; X in M, satisfying symmetrical conditions generalizing Kaygun’s
axioms of a transposition map. Examples of this situation are collected in Sect. 1.D.
Among other (classical) examples, we show that Skoda’s functorial construction in [Sk]
of a para-cyclic object in the category of endofunctors, Majid and Akrami’s para-cyclic
modules associated to a ribbon algebra in [AM], and Rangipour’s cyclic module in
[Ra] determined by a coring, fit our framework. It is discussed in Sects. 2.A and 2.B
how the general results in Sects. 1.C and 1.E cover the particular cases when the two
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(coymonads T} = T ®g (—) and T = (—) ®r T are induced by a (co)module algebra or
(co)module coring 7" of an R-bialgebroid 3, the functor II is defined via the coequalizer
of the R-actions in abimodule, and X is a B-(co)module. The components of the resulting
para-(co)cyclic module are cyclic R-module tensor products 7' ®r - - QrT®rX.Inthis
way we obtain examples which extend both some para-(co)cyclic objects in [Kay06] and
[HKRS2] and their cyclic duals.

By the above procedure, we associate a para-cyclic object in particular to a module
coring C and a comodule X of an R-bialgebroid B. Following [J$], in Sect. 2.C we look
for situations in which it projects to the 5-module tensor product (C ®r---QrC ) pX.
Restricting at this point our study to x g-Hopf algebras B, we define stable anti-Yetter-
Drinfel’d modules for B. In parallel to the case of Hopf algebras [JS, Theorem 4.13],
[HKRS2, Theorem 2.1], we prove cyclicity of the simplex (C ®z -+ ®z C) ®p X,
whenever X is a stable anti- Yetter-Drinfel’d module.

The simplest example of a cyclic simplex is associated to an algebra extension § € T'.
Its components are given by the n + 1 fold cyclic tensor product 7®5"*!; face and
degeneracy maps are determined by the algebra structure of 7 and the cyclic map is
given by the cyclic permutation of the tensor factors. In Sect. 2.D, for a Galois extension
S C T by a xg-Hopf algebra B, we construct a stable anti-Yetter-Drinfel’d module
Ts:=T/{s-t—t-s|seS, teT}. Weprove that the cyclic simplices 7®s"*! and
B®r 1 @5 Tg are isomorphic. This extends [JS, Theorem 3.7].

A most fundamental class of examples of bialgebroids (in fact x g Hopf algebras)
is given by algebras (over fields), generated by a groupoid of finitely many objects.
As an application of our abstract theory, we compute explicitly the relative Hochschild
and cyclic homologies of such a groupoid, with coefficients in a stable anti-Yetter-
Drinfel’d module. By our results, any Galois extension by the groupoid provides us with
a stable anti-Yetter-Drinfel’d module. In particular, the groupoid algebra B is a Galois
extension of its base algebra R. Applying the isomorphism of the simplices B2 *! and
B®r™1 @5 Br, we obtain the R-relative cyclic homology of B. Since R is a separable
algebra, it is equal to ordinary cyclic homology of BB, hence our results extend those by
Burghelea on the cyclic homology of groups [Burg]. Similar formulae were obtained by
Crainic for cyclic homology of étale groupoids [Cra]. Observe that any groupoid (with
an arbitrary set of objects) can be obtained as a direct limit of groupoids with finite sets
of objects. Certainly, the algebra generated by a groupoid with infinitely many objects
is no longer unital. However, one can still consider its cyclic homology, as a homology
of Connes’ complex, associated to a presimplicial object. Since the homology functor
commutes with direct limits, we can extend our formula of cyclic homology to arbitrary
groupoids.

Throughout the paper K denotes a commutative and associative unital ring. The term
K-algebra means an associative and unital algebra over K.

1. The (Co)cyclic Object Associated to a Transposition Map

In this first section we establish a general categorical framework — in terms of admissible
septuples and their transposition maps —to produce para-cocyclic, and dually, para-cyclic
objects.

1.A. Notation and conventions. In the 2-category CAT we denote horizontal composi-
tion (of functors) by juxtaposition, while o is used for vertical composition (of natural
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Fig. 1. Diagrammatic representation of morphisms in a category

transformations). That is, for two functors F : C — C’, G : C' — C” and an object X in
C, instead of G(F (X)) we write GF X. For two natural transformations u : F — F'
andv: G — G'wewrite G'pXovFX : GFX — G'F'X insteadof G'(jtx) ov F(x).
In equalities of natural transformations we shall omit the object X in our formulae.

Inspired by the diagrammatic computation in a 2-category (in particular CAT),
we shall use a graphical representation of morphisms in a category. For functors
F,,....F,,Gy,...,Gy,, which can be composed to F{F,---F, : D; — C and
G,G,---Gy, : Dy — C, and objects X in Dy and Y in D;, a morphism f : F{F,---
F,X — Gi1G>---G,Y will be represented vertically, with the domain up, as in
Fig. 1(a). Furthermore, for a functor T : C — C’, the morphism T f will be drawn as in
(b). Keeping the notation from the first paragraph of this section, the picture representing
G X is shown in diagram (c). The composition g o f of the morphisms f : X — Y and
g : Y — Z will be represented as in diagram (d). For the multiplication m and the unit
ut of amonad T on C (see Definition 1.1), and an object X inC, todraw m7 X and up X
we shall use the diagrams (e) and (f), while for a distributive law ¢ : RT — TR (see
Definition 1.3) £X will be drawn as in the picture (g). If ¢ is invertible, the representa-
tion of £~ X is shown in diagram (h). For simplifying diagrams containing only natural
transformations, we shall always omit the last string that corresponds to an object in the
category. That is, we work with diagrams in CAT whenever it is possible.

We shall use the following method to perform computations with such diagrams. In
view of associativity of composition, any diagram, representing a well-defined compo-
sition of morphisms, can be thought of as a tower with several layers. Any part of the
diagram, corresponding to a layer, can be substituted with any other equivalent represen-
tation of it. Usually, equivalent representations are obtained from formulas that define
the notions that we deal with, or equations that have been previously proved.

1.B. Monads and distributive laws. Monads represent the main ingredient in our
approach to cyclic (co)homology. The definition of monads traces back to Godement’s
book [Go], where they are called “standard constructions”. In the literature they are also
called “triples”, see for example [EM].

Definition 1.1. A monad on a category C is a triple (T, mp, ut), where T : C — C is
a functor, my : T*> — T andut : Idc — T are natural transformations such that the
first two diagrams in Fig. 2, expressing associativity and unitality, are commutative. We
call mr and urt the multiplication and the unit of the monad T, respectively.

For two monads (T ,my, ut) and (T', my:, uyr) on C, we say that a natural trans-
formation ¢ : T — T’ is a morphism of monads if the last two diagrams in Fig. 2 are
commutative.
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Fig. 2. Monads and morphisms of monads

Example 1.2. Let (C, ®, a,l, r, 1) be a monoidal category with unit object 1, associa-
tivity constraint @ and unit constraints /, r. For details about monoidal categories the
reader is referred to [Kass, Chap. XI]. An algebra in C is a triple (T, mr, ur) such that
mr : T ® T — T defines an associative multiplication on 7 with unitur : 1 — 7. To
such an algebra one can associate two monads 7; :=T ® (—) and T} := (—)® T onC.
The multiplication my, and the unit ug, of T; are given by

mpX = (mT®X)oa;,1TX and upX := (uT®X)ol_l,

for every X in C. Analogously, for X in C, m7, X and u7, X are defined by

mr. X = (XQ®mr)oaxrr and ur, X =X®ur) or}l.

r

Ahomomorphism¢ : T — T’ of algebras in C induces monad morphisms ¢; : T; — Tl’
and ¢, : T, — T. For example, ¢; X := ¢ ® idy, for any object X in C.

A particular case of these constructions, which is very important for our work, is
obtained when we take C to be the category R-Mod-R of bimodules over an ordinary
K-algebra R (i.e. R is an algebra in the category of K-modules, where K is a commutative
ring). The category R-Mod-R is monoidal with respect to the R-module tensor product
®r. The unitobjectis R. Analgebrain R-Mod-R is called an R-ring. R-rings (T, mr, ¢)
are in bijective correspondence with K-algebra maps ¢ : R — T'. Indeed, for an algebra
(T, mr, ) in R-Mod-R, composition of the canonical epimorphism 7T ®g T — T®rT
withm7 : T Qg T — T defines a K-algebra structure on 7 such that ¢ is a K-algebra
homomorphism. Conversely, via a K-algebra homomorphism ¢ : R — T, T becomes
an R-bimodule. Multiplication of 7" induces a morphism mr from 7 ®g T to T, which
makes 7" an associative algebra in R-Mod-R. The unit of T is ¢. (With a slight abuse of
notation, we denote both multiplication maps T ® g T — T and T ®kx T — T by the
same symbol m7.) Consequently, a K-algebra homomorphism ¢ : R — T defines two
monads 7 ®z (—) and (—) ®g T on R-Mod-R.

Distributive laws were introduced by J. Beck [Be]. They give a way to compose two
monads in order to obtain a monad.

Definition 1.3. A distributive law between two monads (R, mpg,ug) and (T, my, ur)
is a natural transformation t : RT — T R satisfying the four conditions in Fig. 3.

Remark 1.4. Since we are using for the first time the diagrammatic representation of

morphisms, let us write out explicitly the first and the third relations in Fig. 3. They read
as

tompT =TmpgotR o Rt, touprT =Tugpg.
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e

Fig. 3. The definition of distributive laws

Example 1.5. Let T be an algebra in a monoidal category as in Example 1.2. Keeping
the notation from Example 1.2, the natural transformation ¢ : 7,7 — T; T}, given by

tX :=arxr (1.1)

for any object X in C, is a distributive law. Note that the first equality in Fig. 3 fol-
lows by the Pentagon Axiom [Kass, p. 282, Diagram (2.6)], applied to the quadruple
(T, X, T, T). Similarly, by applying the Pentagon Axiom for (7, T, X, T') we deduce
the second equality in the definition of distributive laws. The fourth equality in Fig. 3
is a consequence of Ixgr o a1 x.7 = Ix ® T, see [Kass, Lemma XI.2.2]. The other
relation in the above cited lemma can be used to prove that the third equality in Fig. 3
holds too.

Example 1.6. LetC be abraided monoidal category withbraidingcx y : XQY — Y®X.
For the definition and properties of braided monoidal categories see [Kass, Chap. XIII].
If R and T are algebras in C then

tX =arpxo(cpr®X)o a;’lT’X
defines a distributive law ¢ : R;T; — T;R;, where R; and T; are constructed as in
Example 1.2. Obviously, t~! : TyR; — R;Tj is also a distributive law.

1.C. Admissible septuples and transposition maps. The main result. In this section we
introduce admissible septuples and transposition morphisms of them. We show that to
these data one associates functorially para-cocyclic objects. Our aim is twofold. On one
hand, in this way we obtain a very general but at the same time technically very simple
framework. In particular, it can be used to associate para-cocyclic objects to (co)module
algebras of bialgebroids, cf. Sect. 2.A. On the other hand, the resulting setting will be
easily dualized to describe in Sect. 2.B the situation dual to that in Sect. 2.A, i.e. the
(para-)cyclic objects associated to (co)module corings of bialgebroids.

Definition 1.7. An admissible septuple S := (M, C, T}, T, I1, t, i) is defined by the
following data:

Two categories M and C;

Two monads Ty and T, on M;

A functorI1 : M — C;

A distributive law t : T, Ty — T;T,;

A natural transformation i : 0Ty — T T;.
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These data are assumed to satisfy the relations
i olluy, =MNuy, and iolmy =Mmy, oiTy oMt oil]. (1.2)

Examples of admissible septuples will be given in Sect. 1.D, where also several
applications of the main result of this section, Theorem 1.10, will be indicated.

By [We, p. 281], to every monad T; : M — M and object X in M one can associate
a cosimplicial object of components 7;"*! X in M. Thus in particular an admissible
septuple S in Definition 1.7 determines a cosimplicial object in M. It can be transported
to C via the functor I : M — C in Definition 1.7. The resulting cosimplex in C
will be denoted by Z*(S, X). By construction, Z"(S, X) = IIT;"*' X and, for every
k € {0, ..., n}, the coface maps dj : IIT;" X — MT;"*' X and the codegeneracy maps
sg : T2 X — TT;™' X are given by

dy = 0T ug, 7" X, sk = 0Ty mg, T,"* X. (1.3)

Our aim is to construct a category Wg such that Z* (S, —) can be regarded as a functor
from Ws to the category of para-cocyclic objects in C. Observe that, for an admissible
septuple S in Definition 1.7, the distributive law ¢ is lifted to a natural transformation
t, : OT,17;" - O1,"T,,

ty =TT "t o T %tTj oo NTtTy" 2 o Mt T;" . (1.4)

Definition 1.8. Let S := (M, C, Ty, T;, I, t, i) be an admissible septuple. We say that
an arrow w : T, X — Ty X in M is a transposition morphism with respect to S if

wour,X=up,X and wompX=mpXoTiwotXoT,w. (1.5)

The category of pairs (X, w), with w : T, X — T;X a transposition morphism of S,
will be denoted by Ws. A morphism from (X, w) to (X', w') is an arrow f : X — X'
in M such that Ty f ow = w’ o Ty f.

Morphisms w : T, X — T; X satisfying (1.5), for a distributive law ¢ : T, Ty — T; Ty,
were termed ¢-algebras in [Burr]. Based on [Burr, Prop. I.1.1], transposition morphisms
can be characterized as in Proposition 1.9 below. Recall that a module of a monad
(T, mp, ut) onacategory M is a pair (¥, 0), consisting of an object ¥ and a morphism
0:TY — Yin M, suchthatpooTpo = gomrY and pourY = Idy (i.e. ¢ is associative
and unital). A morphism of T-modules (Y, o) — (Y’, ¢’) is a morphism f : Y — Y’
in M, such that fogp =0 o Tf.

Proposition 1.9. Consider an admissible septuple S .= (M, C, Ty, Ty, 1, t, i). There
is a bijective correspondence between objects (X, w) in the category Ws and
T,-modules of the form (T; X, o), satisfying

mpXoTjootTiX =poTrmyp X. (1.6)

Moreover, a morphism f : X — X' in M is a morphism in Wgs if and only if Ty f is a
T,.-module morphism.

Proof. Similarly to the proof of [Burr, Prop. I.1.1] one checks that, for an object (X, w)
in Wg, an associative and unital 7-action on T X satisfying (1.6) is given by g, 1=
mp,X oTywotX : T, T} X — T;X. Conversely, note that for a T,.-module (77X, 0),
(1.6) is equivalent to ¢ = mp, X o Tjo o T} Trur, X o tX. With this identity at hand,
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the pair (X, w, := @ o Truy; X) is checked to be an object in Ws. A straightforward
computation shows that the two constructions are mutual inverses. A morphism 7j f is
a morphism of Ty-modules (T; X, 0y) — (Ty X', 0y) if

mp, X' o Tyw o Ty f otX =mp, X' o TyTyf o Tyw o tX. (1.7)

If f is a morphism in Wg then (1.7) obviously holds. In order to prove the converse
implication, compose both sides of (1.7) with T, ur, X on the right. O

Theorem 1.10. Consider an admissible septuple S and a transpositionmap w : T X —
Ty X in Wgs. The cosimplicial object Z*(S, X) is para-cocyclic with respect to

wy, = OT"wot, X oiT;"X. (1.8)

We shall denote this para-cocyclic object by Z*(S, w). For a morphism f : (X, w) —
(X', w') in Ws, the morphisms ITy"' f = 7S, w) — Z"(S,w') determine a
morphism of para-cocyclic objects.

Proof. In Fig. 4 we show that the morphism (1.8) is compatible with the coface maps,
that is

w, ody = d and wyody =dr_10w,—1 (1.9)

for any k € {1, ..., n}. The proof of the first equation is given in three steps in the left
picture. To simplify the diagrams, we draw the n strings representing 73" as a black
stripe. For the first equality we used the compatibility between i and the unit of 77, that
is the first equation in (1.2). Next we applied n times the compatibility relation between
the distributive law ¢ and the unit of 7}, i.e. the third equality in Fig. 3. The first relation
in (1.5) implies the third equality. The second relation in (1.9) follows in a similar way,
as it is shown in the right picture in Fig. 4. Note that the leftmost black stripe represents
T;*~! and the other one represents T;" . Since u7, is a natural transformation, the box
representing it can be pushed down along the string until it meets the crossing ¢. By the
fourth identity in Fig. 3, one can push u, under the string in the crossing. To conclude
the proof of this equality, we use once again that u7; is a natural transformation to move
it to the bottom of the diagram.

H I;n X H I;ll X H,Il‘n X H ,Il‘n AIXV —1,Il,n—kX HI;,Ifﬂl;nfkl')(
| | 1
ol K [ I I : I
N N I | | I
(I 1 | | |
I 1 | | 1
N 1= b= [fun = | fu, (-
"o | "l i w!
2 w! w! !
I
| I
+1 I n+1 I I I n+1 n+i
NT'X OT'X n1"x NT7X nT"x nT"'xX

Fig. 4. The proof of the relations (1.9)
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HI,*T,X l'lTT’X HTTX HTTX l'lTT’X

nti n+1 nti

OT"x M7, X nL"x N1 X HT”*‘X

Fig. 5. The proof of the relations (1.10)

Next we prove that the morphism (1.8) and the codegeneracy maps are compatible
too, that is

W, 05) =S, O (wnﬂ)2 and W, oSk = Sk—] © Wyl (1.10)

for any k € {1, ..., n}. The proof of the first relation can be found in the left picture in
Fig. 5. As before, the black stripe represents 7;". The morphisms corresponding to the
first two diagrams are equal in view of the second equation in (1.2). By applying n times
the first identity in Fig. 3, it follows that the second and the third diagrams represent the
same morphism. Taking into account the second relation in (1.5) we got the penultimate
equality, while for the last one we used that i is a natural transformation.

The other relation in (1.10) immediately follows by the second identity in Fig. 3 and
the fact my; is natural (see the second picture in Fig. 5).

Since the coface and codegeneracy morphisms (1.3) are defined in terms of natural
transformations, the morphisms I 7;"* f : Z*(S, X) — Z"(S, X’) determine a mor-
phism Z*(S, f) : Z*(S, X) — Z*(S, X’) of cosimplicial objects, for any morphism
f X — X" in M. It follows immediately from the definition of a morphism in Wg
that if f : (X, w) — (X', w’) is a morphism in Wg then Z*(S, f) is a morphism of
para-cocyclic objects Z*(S, w) — Z*(S,w’). O

Corollary 1.11. Let S be an admissible septuple as in Definition 1.7 and let w : T, X —
T; X be a transposition morphism in Ws. Consider the corresponding para-cocyclic
morphism wy, in (1.8). If the coequalizer

n+l

Z"(S, w) — 7S, w) —= Z"(S, w)
Idzn(s w)

exists inC, for every non-negative integer n, then it defines a cocyclic cosimplex Z* (S, w).

Proof. Letk € {0, ..., n}.Itfollows by (1.9) that dy satisfies di o (w,,)"*! = (wy41)" %0
dy.. Similarly, by (1.10), the codegeneracy morphism s, satisfies s o (w, Yyl = (w,_1) %o
sx. Hence dy, and sy determine coface morphisms dkx and codegeneracy morphisms s on
7S, X). Together with the projection w, of w, onto 7"(S, X) they define a cocyclic
object (Z*(S,w),d*,s*, w*). O
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1.D. Examples of admissible septuples and transposition maps. Applications. In this
section we shall apply Theorem 1.10 to several examples of admissible septuples. In
this way we shall show that the most known (co)cyclic objects in the literature can be
obtained as direct applications of the result obtained in Sect. 1.C.

A functorial construction of a para-cyclic object in a category of endofunctors, of a
somewhat similar flavour to that in Theorem 1.10, was proposed in [Sk]. The following
example is its dual version.

Example 1.12. Let T = (T, m, u) be a monad on a category M and¢ : TT — TT be
a distributive law. Assume that ¢ satisfies the Yang-Baxter relation

tT oTtotT =TtotToTt (1.11)

of natural transformations TTT — TTT,and m ot ot = m. As a consequence of
(1.11), also T = (T, m o t,u) is a monad, and ¢ can be regarded as a distributive
law T°T — TT°. Furthermore, the datum S := (M, M, T, T?, Idpq, ¢, Id7) (Where
Id o denotes the identity functor M — M and Idr is the identity natural transformation
T — T)is an admissible septuple. For any object X in M, the identity morphism Id7 x
is a transposition morphism. The corresponding para-cocyclic morphism is ¢, in (1.4).

The simplest example of an admissible septuple can be obtained by starting with a
morphism ¢ : R — T of K-algebras. As in Example 1.2, we define two monads on the
category M := R-Mod-Rby T} :== T ®g (—) and T, := (—) ®g T. The category C is,
by definition, the category Mod-K of K-modules. The functor IT is constructed below.

Definition 1.13. On the objects X € R-Mod-R, the functor I1 : R-Mod-R — Mod-K
is defined as a coequalizer

XQr—=>x-r pX
X ——IX.

X @k R

XQr—=>r-x

For a morphism [ : X — Y of R-bimodules, Il f is the unique K-linear map such that
pY o f =I1f o pX. Hence p can be interpreted as a natural epimorphism from the
forgetful functor U : R-Mod-R — Mod-K to II.

Remark 1.14. An R-bimodule X can be considered as a left or right module for the
enveloping algebra R¢ := R @k R°P of R. In terms of the functor IT in Definition 1.13,
the cyclic tensor product X®pg Y of two R-bimodules X and Y is defined by X®p Y :=
IM(X®grY) = X ®ge Y. With this interpretation in mind, the K-module IIX = RQpe X
can be seen as the cyclic tensor product of R and X. For R-bimodules X1, ..., X,, the
n-fold cyclic module tensor product is defined as

X1®r - ®r Xy i=T(X] ®p - ®r X») = (X1 ®r - - Dr Xi)
®r Xis1 O -+ ®r Xp),

fork € {1,...,n — 1}. Itis generated by the cyclic tensor monomials X1®r - - Qr xp.
It is well known that the symmetry cxy : X Qg ¥ — Y ®k X induces a natu-
ral isomorphism iy y : X ® RY EY ® g X. In particular, there is a natural isomor-
phismiy, . x,: X1Qr - Qr X, —> Xo®p - Qr X, ®r X1, that maps a generator
XI®R - @R Xy 0 X20R -+ R Xy @R X1.
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As we have noticed in Example 1.5, the associativity constraint of the monoidal
category R-Mod-R defines a distributive law ¢ : T Ty — T;T,. Thus, in this particular
case that we are investigating, £ X is the canonical isomorphism (7 ®g X) Qg T =
T ®r (X ®r T), for any X in R-Mod-R. Let us define iX : IT; X — I7,X by
iX :=1ir x,as in Remark 1.14. In terms of these natural transformations we can give
one of the main examples of admissible septuples.

Proposition 1.15. Let ¢ : R — T be a morphism of K-algebras. The following data:

the categories M := R-Mod-R and C := Mod-K,

the monads Ty :=T Qr (=) and Ty == (—) Qr T,

the functor I1 : M — C, I1X := R Qge X,

the natural transformation tX : (T Qr X) QR T — T Qr (X ®r T) defined by the
canonical isomorphism;

e the natural transformation i X : T@R X — X@R T, t@R X x@R t,

define an admissible septuple St.

Proof. Let X be an R-bimodule. By definition,
N7)"X = R Qpe (TR @ X) X TOR"@r X and T, X = X@g TR,

Via these identifications, iTjX = ir 7 x and iT, X = it x r. So the conditions (1.2)
take the form

itTxo(p®rX) =X®r¢ and it xo(mr®rX)= (X®rmr) 0irg,T x,
identities which are obvious. 0O

Let St be the admissible septuple associated to an algebra morphism ¢ : R — T. A
morphism of R-bimodules w : X ® g T — T ®p X is a transposition map in Wg,. if,
and only if, it satisfies the conditions

wo(X®re)=¢®rX and wo (X Qrmy)
=(mr Qr X)o (T @rw)o(wgT), (1.12)

where m7 : T g T — T denotes the multiplication map r ® g t’ — t¢’. Note in passing
the similarity of conditions (1.12) to some of those defining an entwining structure over
R. (For the definition of entwining structures see [BMa, Def. 2.1], and for a reformulation
over an arbitrary base algebra R see [BB, Sect. 2.3].) By Proposition 1.9, there is a
bijective correspondence between transposition maps w : X g T — T ®g X on one
hand, and right T-actions on T ® g X, which are left 7-module maps with respect to the
left T-action t' - (t @ x) = t't @ x, on the other hand.

Theorem 1.16. Let St be the admissible septuple associated to an algebra morphism
9 :R—>T.Letw: XQ®rT — T ®r X be a transposition map in Ws,, that is, a
morphism of R-bimodules satisfying (1.12). Thenthere is a cocylic quotient VA (St, w)of
T®r *“A Q®r X such that its cocyclic structure is induced by the para-cocyclic morphisms
wy : TORMIQp X — TORMIQE X,

wy = (T®R"®R w) oiT.. T.X, (1.13)

where it . 1 .x is the K-linear map defined in Remark 1.14.
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Proof. Apply Theorem 1.10 for S = Sp. It yields a para-cocyclic object Z*(S7, w)
whose para-cocyclic operator is given in formula (1.8). For Sz, the map ¢, is the identity

morphism of T®& 1@k X, cf. (1.4). Hence w, satisfies (1.13). We conclude the proof
by applying Corollary 1.11. O

Corollary 1.17. Let St be the admissible septuple associated to a K-algebra homo-
morphism ¢ : R — T as in Proposition 1.15. Then the canonical isomorphism
wr : RQr T — T Qg R is a transposition map in Wes,. The corresponding cocy-

clic cosimplex Z*(St, wr) has in degree n the K-module Z" (St, wr) = T®R”+1. The
coface and codegeneracy maps are

A (VR IOR - QR ty—1) =10QR QPR QR h—1QR ITOR th®R -+ - QR tr—1,
Sk(to@R AR - QR tys1) = 10QR1IQOR - - OR th— 1 QR kli+1OR k2®R - - - R tn+1,

where k € {0, ..., n}. The cocyclic operator is given by
Wy (10®R 1R+ BR 1n) = 1®r LR+ R @R lo.

Remark 1.18. As ut : k — T, the unit of a K-algebra T is an algebra map, we can
apply Proposition 1.15 to get an admissible septuple S,,,.. Corresponding transposition
maps were also considered by Kaygun in [Kay06] to construct cocyclic K-modules.
His approach should be considered, however, dual to ours (see related remarks in the
Introduction).

It follows by an observation in [Burr, p. 11] that for the admissible septuple Sr,
associated to an algebra morphism ¢ : R — T in Proposition 1.15, any R-T bimodule
Y admits a transposition morphism wy : Y Qr T — T QrY,yQprt — lr Qg y-t.In
particular, for any R-bimodule X, the pair (X Qg T, (ur Qg X Qr T) o (X Qg m7))
is an object in Ws, . Corresponding para-cocyclic objects are given in the following

Example 1.19. Let St be the admissible septuple associated to a K-algebra homo-
morphism ¢ : R — T as in Proposition 1.15. For any R-T bimodule Y, there is a
para-cocyclic cosimplex Z* (S, wy), given in degree n by the K-module Z" (S7, wy) =
T@r"1&pY . The coface and codegeneracy maps are

di(t10@r 1@k R ln—1®R ¥) = 0®R I®R - B lk—1®r 17
QORURR - QR I—1OR Y,
Sk(fO@R QR+ QR n41®RY) = QR HIOR * - QR Ik~ 1 QR Tk lk+1
QR k+2QR - - QR n+1®R Y,
where k € {0, ..., n}. The para-cocyclic operator is given by
W (to®R 1®R -+ ORta®RY) = H®R - - R L, ®R1T®R Y - 1.
Note that w, is degenerate in the sense that the cocyclic quotient of Z*(S7, wy) (cf.

Corollary 1.11) is given by Z"*(St, wy) = R ®grY,in every degree n.

Next we are going to associate an admissible septuple to every ribbon algebra. Recall
that a ribbon algebra is an algebra (T, m7,ur) in a braided monoidal category M
together with an automorphism o : T — T in M such that

oouUr =ur and cromT=mTo(cr®a)oc%T. (1.14)
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Ribbon algebras appeared in [AM], where they are used to define cyclic homology of
quasialgebras (non-associative algebras that are obtained by a cochain twist). We shall
show that the ribbon automorphism o can be used to define a certain admissible septuple.
For, we start with an algebra (7', m7, u7) and an automorphismo : 7 — T in a braided
monoidal category. It is easy to see that T is also an associative and unital algebra with
respect to m/T = mr o cr,r and u/T := u7. To make a distinction between 7" and the
new algebra, the latter one will be denoted by 7".

Consider the monads Tl’ and 7y on M, defined as in Example 1.2. In the following,
Tl' will play the role of 7} in the definition of an admissible septuple. We have seen in

Example 1.6 that ¢7.7 : T ® T — T ® T induces a distributive law ¢ : T/T; — T; T},

R -1
tX =arrxo(crr®X)o arr xs

where X is an arbitrary object in M. Furthermore, we take C = M and I = Id p4. By
definition, the natural transformation i : T} — TI’ is

X :=(®X).

It is not difficult to prove that the relations in (1.2) hold if, and only if, the identities in
(1.14) are satisfied. Thus, we have the following

Proposition 1.20. The algebra (T, mr,ur) in a braided monoidal category M is a
ribbon algebra with ribbon automorphism o if and only if St = (M, M, T, Tl' ,
Id g, t, ©), the septuple constructed above, is admissible.

Let (T, mr, ur) be a ribbon algebra with ribbon automorphism o. In view of Pro-
position 1.20, we can speak about transposition morphisms with respect to St 5. A
morphismw : T ® X — T ® X in M is a transposition map in Ws,  if, and only if

wo (ur ® X) = ur ® X, (1.15)
wo(mr @ X) o (c7,7 ® X) = (mr @ X) o (T @ w) o (¢7,7 ® X) o (T @ w). (1.16)

Note that, in the second equation, we omitted the associativity constraints, to make
the formula as short as possible. In fact, in view of the Coherence Theorem, we can
omit bracketing in any equality involving morphisms in an arbitrary monoidal cate-
gory M. (For MacLane’s Coherence Theorem consult e.g. [MacL, Theorem 1, p. 162] or
[Mj, pp. 420-421]).

Relations (1.15) and (1.16) already appeared in the definition of braided twistors,
structures that are used to construct new associative and unitary multiplicationson T ® 7.
For details the reader is referred to [LPvO].

As an application of Theorem 1.10 we get Proposition 1.21 below. Note that, for
simplifying the formulae of coface, codegeneracy and para-cocyclic morphisms, we
omitted the associativity and unit constraints.

Proposition 1.21. Let (T, mr, ur, o) be a ribbon algebra in a braided monoidal cate-

gory M. For every object X in M, the sequence Z"(St.5, X) := T®"! ® X defines a
cosimplicial object, with respect to the coface and codegeneracy morphisms

d =T®*Qur@T®"*®X and s :=T*@mrT®"*@X,
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where k € {0, ...,n}. Moreover, if w : T ® X — T ® X is a transposition map in
Ws; ., then Z*(St o, X) admits a para-cocyclic structure with respect to the operator

wy = (T @w) o (T*" ' Qerr @ X) o0
x(err @T®" '@ X) o (0 @T®" ® X).

We shall denote this para-cocyclic object by Z*(St 4, w).

Remarks 1.22. (i) Every ribbon algebra (T, o) in abraided category (M, ®, a, I, r, c, 1)
can be seen as an algebra with ribbon element o ~! in the opposite braided category of
M. Recall that the opposite of the braided category M is (M, ®, a, I, r, ¢, 1), where

~ -1
cxy = CY,X'

(ii) To every (para)-cocyclic object with invertible para-cocyclic morphism, there
corresponds a (para)-cyclic object, namely its cyclic dual. Roughly speaking, the cyclic
dual is obtained by interchanging the coface and codegeneracy morphisms and inverting
the para-cocyclic operator. The interested reader can find the definition of the cyclic dual
in [KRO5]. The cyclic dual of Z*(ST’U—I ,Id7) is, modulo a sign in the formula of w,,,
the cyclic object in [AM, Theorem 4]. Note that, via the identification 7 ® 1 = T, the
identity morphism Idy can be regarded as a transposition map in WST 1 Thus, for

an arbitrary w in WST 1 the cyclic dual of Z*(S7 ,-1, w) may be interpreted as a
generalization of cyclic homology introduced in [AM].

Other examples of para-cocyclic objects, obtained as applications of Theorem 1.10,
will be discussed in Theorems 2.4 and Theorem 2.7.

1.E. The dual construction. In this section we turn to studying the situation dual to that
in Sect. 1.C, i.e. application of Theorem 1.10 to the opposite categories C°? and M°P.
By M°P we mean the category with the same classes of objects and morphisms in M,
with composition opposite to that in M. Note that any diagram expressing an identity
of morphisms in M, yields a diagram in M°P, by interchanging the top and the bottom.
In particular, a comonad on M is a monad on M. That is, a triple (17, Ay, €T;),
consisting of a functor 7; : M — M and natural transformations Az, : T} — T;% and
er, : Ty — Id pq. Their compatibility axioms are obtained by reversing the arrows in
the first two diagrams in Fig. 2. For two comonads (T;, Ay, e7;) and (Ty, A7,, €1,) on
a category M, a dual distributive law is a distributive law for the monads 77 and 7, on
MPOP That is, a natural transformation ¢ : T; T, — T, T; such that the relations encoded
in the up-down mirror images of the diagrams in Fig. 3 hold.

To dualize admissible septuples we need two comonads 7; and 7} on a category M,
a dual distributive law ¢ : T;T, — T, T;, a covariant functor IT : M — C and a natural
transformation i : I1 7, — II7; that satisfy the identities

Ileg,0i =Meg, and TIMAg o0i =iTjoIltoil, oIlAY,. 1.17)

Such a dual admissible septuple S° = (M, C, T, 1. Ty, I1, ¢, i) determines a simplicial
object Z,(S%, X) in C, which in degree n is given by Z,(S°, X) = IT;"*! X Its face
maps dy : IIT;"*' X — TIT;" X and degeneracy maps s; : IT;"*' X — MT;"*?X are

di = T e, T;" X, sk = MTFAL T X,
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forany k € {0, ...,n}. Anarrow w : T} X — T, X in M is a transposition morphism
with respect to the dual admissible septuple S if, and only if

er,Xow=erX and A Xow=TwotXoTiwoArX. (1.18)

Morphisms between transpositions maps can be easily defined by duality. The category
of transposition maps with respect to S° will be denoted by Wso.
Note that ¢ can be lifted to a natural transformation ¢,, : I 7;" T, — 0T, T;",

O =T o Tt Ty 2 o o T} 2t Ty o T} 't. (1.19)
Now we can state, for future reference, the dual of Theorem 1.10.

Theorem 1.23. Consider a dual admissible septuple S° as above and a transposition
morphism w : T} X — T, X in Wso. The simplex Z, (S, X) is para-cyclic with para-
cyclic morphism

wy = iT"X 0 t°X o I T}  w. (1.20)

We shall denote this cyclic object by Z,.(S°, w). For a morphism f : (X, w) — (X', w’)
in Wgo, the morphisms 7" f: 7,(S% w) — Z,(S°, w’) determine a morphism of
para-cyclic objects.

Dually to Example 1.12, we have the following

Example 1.24. LetT = (T, A, ¢) be acomonad on acategory M and¢ : TT — TT a
dual distributive law. Assume that # satisfies the Yang-Baxter relation 1.11 andfofo A =
A. Then T® = (T,t o A, ¢) is a comonad, and ¢ can be regarded as a distributive
law T°T — TTY. Furthermore, the datum S := (M, M, T, T, Idpg, t,Id7) is a
dual admissible septuple. For any object X in M, the identity morphism Idrx is a
transposition morphism. The corresponding para-cyclic morphism is t,‘: in (1.19). Note
that if in addition ¢ is an invertible morphism in M then its properties assumed above
are equivalent to the premises in [Sk, Theorem 1].

Let R be an algebra over a commutative ring K. It was recalled in Example 1.2
that R-Mod-R, the category of R-bimodules, is monoidal with respect to the tensor
product ® g and unit object R. By definition, an R-coring (C, A, €) is a coalgebra in
(R-Mod-R, ®r, R).

Proposition 1.25. Let (C, Ac, €c) be an R-coring. The following data:

e the category C := Mod-K of K-modules and the category M := R-Mod-R of
R-bimodules,

the comonads Ty := C Qg (—) and T; := (—) ®r C on R-Mod-R,

the functor II : R-Mod-R — Mod-K, M +— R ®pge M in Definition 1.13,

the trivial dual distributive law tX : C Qgr (X Qg C) — (C ®r X) ®r C,

thf natural morphism iX : X®rC — CQgrX, given by the flip map xQg ¢ >
C®R X,

define a dual admissible septuple Sc.
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Proof. We have to check the identities in (1.17). Recall that, for any R-bimodule X, the
cyclic tensor product IT(X) := R ®@ge X is isomorphic to the quotient of X modulo
the K-submodule [X, R] generated by all commutators [x, r], where x € X andr € R.
Hence 7x = X7, where 7 denotes the class of z in the quotient module, for any z € X.
To prove the first relation in (1.17), note that

(Meg, 0i) (x®r ©) = ec(c)x = xec(c) = Mer, x@k o).

For the coproduct in the coring C we use a Sweedler type notation, namely we write
Ac(c) = cq)y ®r ¢(2), with implicit summation understood. A straightforward compu-
tation yields

(HATI o i)(x@R c) = C(1)®RC(2)(§)RX = (iTl oMt oiT, o HATr)()C@R c),
for any x € X and ¢ € C. Thus the second relation in (1.17) is also proven. O

Let S¢ be the dual admissible septuple associated to an R-coring (C, Ac, €¢). In
this particular case, a map of R-bimodules w : C ®g X — X ®p C is a transposition
map in Wg,. if, and only if,

(X®reéec)ow=ec®rX and (X®rAc)ow
= (w®RgC)o(CQRrw)o(Ac ®r X). (1.21)
Theorem 1.26. Let S¢ be the dual admissible septuple associated to an R-coring, as
in Proposition 1.25. Let w : C Qg X — X ®g C be a transposition map in Ws,.,
that is, a morphism of R-bimodules satisfying (1.21). Then there is a cyclic subobject

2* (Sc, w) of C®% 1@ g X whose cyclic structure is a restriction of the para-cyclic
morphism wy, : COR™1Qp X — CORM™ @y X,

.1 Rens
W i=ig. cxO (C®R"®R w) ,

,,,,,

Proof. Proceed as in the proof of Theorem 1.16. 0O
Dually to Corollary 1.17, the following holds.

Corollary 1.27. Let Sc be the dual admissible septuple associated to an R-coring, as
in Proposition 1.25. Then the canonical isomorphism we : C @R R - RQr Cisa
transposition map in Ws,.. The corresponding cyclic object Z.(Sc, wc) has in degree

n the K-module Z,(Sc, we) = C B+l The face and degeneracy maps are

COBR - @R ec(ck)Ckr1®R -+ ®rCn,  for0 <k <n,
CO®R CI®OR -+ @R Cn2@R Cn_1€c(cn), fork =n,
sk(Co®RCI®R -+ ®RrCy) = CO®R - B ck—1®R Ac (k) B ckr1®r

- QR Cns for0 <k <n.

di(co®RrCI®R -+~ ®rcy) = ‘

The cyclic operator is defined by
Wn(co @R+ ®rCn) = rCO®R *+ ®R Ca1.

A symmetrical version of the construction in Corollary 1.27 is described in [Ra, Prop. 3.1].
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Example 1.28. Let ¢ : S — T be ahomomorphism of algebras over a commutative ring
K. It determines Sweedler’s T-coring T ®s T, where on T ® s T we take the obvious
T-bimodule structure. The coproduct A7g7 and the counit erggr are respectively
defined by

ArgsT : TQ®sT - (TQsT)QRr (T ®sT), Argr(t®st)=1t®slr®st’,
eresT - T ®sT — T, €Tesr (t ®st') =1t

where in the definition of A7 7 weidentified (T @sT) 7 (T ®sT)and T ®sT ®sT.

For S-bimodules 7 and X, letv : T ®s X — X ®g T be an S-bimodule map. For
t € T and x € X we shall use the notation v(t ®s x) = x, Qs t,, where in the right
hand side implicit summation is understood.

Corollary 1.29. Let ¢ : S — T be a homomorphism of algebras over a commutative
ring K, X be an S -bimodule and v : T ®s X — X ®s T be an S -bimodule map
satisfying

Vo(pR®s X)) =X®s¢ and vo(mr ®s X) = (X Qsmr)o(v®sT)o (T Qs v).

There is a cyclic object Z,.(T/S, v), with Z,(T/S, v) = T®s +1& ¢ X whose face and
degeneracy maps are

di(10®s 115 - - - s 1y @sx)
_ [l(@s 1®s- - Qs tilk1®s -+ Bs 1, Qsx, for0 <k <n,
| )t ®@s 11 ®s -+ Bs ti—1®s5(X)y Jork =n,
sk(t0®@s 1®s -+ D5ty Dsx)
= 1)@s11®s Vs h®s17®s -+ Vs t2®sx, for0 <k <n.

The para-cyclic map is given by
Un(lo ®s +++ B 127 ®5X) = (1n)y Bs 10 Bs ++* B ln—1B5(X)o.
Proof. In terms of the map v, we can equip X ®g T with a T-bimodule structure by
1(x ®s i = v Qs x)tn.
Moreover,

VRsT : TRsXQsT =T QRsT)RQ7 (X®sT) > X®sT)®7 (T ®sT)
=EXQRsT®sT

is a transposition map for Sweedler’s T-coring T ®s T and the T-bimodule X ®¢ 7T, in
the sense of (1.18). Consequently, we can apply Corollary 1.27 to Sweedler’s coring in
Example 1.28. One proves that the corresponding para-cyclic object has Z.(T/S, v) as
an underlying simplicial structure and v, as a para-cyclic map. O

Remarks 1.30. (i) Letus take X = S. The canonical isomorphismv : T ®sS — SQsT
satisfies the hypothesis of Corollary 1.29. The corresponding para-cyclic (in fact cyclic)
object was used in [JS] to define relative cyclic homology. Moreover, this cyclic object
and the cocyclic object Z*(S7, wr) in Corollary 1.17 are (cyclic) dual to each other. In
the particular case when R = k and ¢ = ur, we rediscover the cyclic object introduced
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by A. Connes in order to define the cyclic homology of an algebra, cf. [We, p. 330].
Thus Z*(Sr, wr) is the cyclic dual of Connes’ cyclic object.

(ii) Note that the construction of Z.(7/S, v) can be performed for any algebra T
in a symmetric monoidal category M, by replacing everywhere ®g with ®, the tensor
product in M. Therefore, para-cyclic objects in [Kay06] and [HKRS2] are examples of
this type.

) fw: X®sT — T ®s X is an invertible S -bimodule map satisfying (1.12),
then v = w™! satisfies the relations in Corollary 1.29. Conversely, in the case when the
morphism v in the above construction is invertible, then its inverse is a transposition
map in the sense of (1.12). As a matter of fact, the corresponding para-cocyclic object in
Theorem 1.16 is a cyclic dual of the para-cyclic object in Corollary 1.29. This suggests
a categorical approach to cyclic duality, details of which will be studied elsewhere.

Other examples of para-cyclic objects, obtained as applications of Theorem 1.23,
will be discussed in Theorems 2.9 and Theorem 2.11.

2. Cyclic (Co)homology of Bialgebroids

In this section we apply the categorical framework, obtained in Sect. 1, to examples
provided by (co)module algebras and (co)module corings of bialgebroids, and analyze
the structure of the resulting para-(co)cyclic objects.

2.A. (Co)module algebras of bialgebroids. In this section we consider admissible sep-
tuples St, coming from a K-algebra homomorphism ¢ : R — T as in Proposition 1.15.
As we have seen in Proposition 1.15, St determines a cosimplex

ZM(Sr. X) = TOR™G, X, 2.1)

for any R-bimodule X. Coface and codegeneracy maps are given by

-~

d =T®*®p 9 ®r TO*"* @ X and 5 = T Ry
xmy &g TER" k&g X, 2.2)

where k = 0, ...,n and mr denotes the multiplication map 7" ®g T — T. Further-
more, by Theorem 1.16, the cosimplex Z*(Sr, X) is para-cocyclic provided that there
is a transposition map w : X Qg T — T ®pg X. Conditions (1.12) characterizing
a transposition map are reminiscent of some of the axioms of an entwining structure
(over an algebra R), cf. [BB, Sect. 2.3]. Main examples of entwining structures over
non-commutative algebras arise from Doi-Koppinen data of bialgebroids (in the sense
of [BCM]). In a similar manner, the aim of this section is to construct canonical trans-
position maps in the case when T is a (co)module algebra of an R-bialgebroid B and X
is a B-(co)module.

Bialgebroids can be thought of as a generalization of bialgebras to arbitrary, non-
commutative base algebras. The first form of the structure that is known today as a left
bialgebroid was introduced by Takeuchi in [Ta] under the name x g-bialgebra. Another
definition and the name ‘bialgebroid’ was proposed by Lu in [Lu]. The two definitions
were proven to be equivalent in [BMi]. ‘Left” and ‘right’ versions of bialgebroids were
defined in [KSz].
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Definition 2.1. Consider an algebra R over a commutative ring K. A left bialgebroid
B over R consists of the data (B, &, ¢, A, €). Here B is a K-algebra and & and ¢ are
K-algebra homomorphisms R — B and R°P — B, respectively, such that their ranges
are commuting subalgebras in B. In terms of the maps & and ¢, B can be equipped with
an R-bimodule structure as

r1-b-rp:=&(r)¢(r)b, forri,rp € R andb € B.

By definition, the coproduct A : B — B ®p B and the counit € : B — R equip this
bimodule with an R-coring structure. Between the algebra and coring structures of B the
following compatibility axioms are required. For the coproduct we introduce the index
notation A(b) = b(1) @R b(z), where implicit summation is understood:

(i) buy¢(r) ®r by = by ®r b2)é(r), forr € Rand b € B.
(i) A(lp) = 1p ®g g and A(bD') = b(1)b;, ®r b)bly,, for b, b’ € B.
(iii) e(1p) = 1g and €(bb) = €(bE(e(¥'))), for b, b’ € B.

Axiom (i) in Definition 2.1 needs to be imposed in order for the second condition
in axiom (ii) to make sense. Axiom (iii) implies that also €(bb’) = €(b¢(e(?'))), for
b, b’ € B. It follows by the R-module map properties, unitality and multiplicativity of
the coproduct A that

A(E(rDE (r)bE(r3)¢(ra)) = ErDb1yE(r3) @R £(r2)b2)¢ (ra), (2.3)

for r1,r2,r3,r4 € R and b € B. Since the coproduct is coassociative, the Sweedler-
Heynemann index notation can be used. That is, for the iterated power of the coproduct
we write (AQr B®r---®@rB)o---0(AQrB)oA(b) = b1y @R - - @Rb(H—1) ORb(n)»
for any positive integer n and b € B.

Note that the axioms in Definition 2.1 are not invariant under changing the multipli-
cation in B to the opposite multiplication. Definition 2.1 has a symmetrical counterpart,
known as a right bialgebroid. For the details we refer to [KSz].

Definition 2.1 is motivated by the following result of Schauenburg. Consider two
algebras R and B over a commutative ring K and two K-algebra homomorphisms & :
R — B and ¢ : R’ — B, whose ranges are commuting subalgebras of B. Clearly, in
this setting any (left or right) B module can be equipped with an R bimodule structure
using the maps & and ¢ . For example, for aleft B-module V withaction> : BV — V,
one can define an R-bimodule structure as

r QK v g r2 = §(r1)¢(r2) > v.

With respect to the resulting R-actions, B-module maps are R-bimodule maps. That
is, there exists a forgetful functor from the category of (left or right) B-modules to the
category of R-bimodules.

Theorem 2.2. [Sch98, Theorem 5.1] Consider two algebras R and B over a commutative
ring K and two K-algebra homomorphisms &€ : R — B and ¢ : R°? — B, whose
ranges are commuting subalgebras of B. There exists a right (resp. left) bialgebroid
(B, &,¢, A, €) if and only if the forgetful functor from the category of right (resp. left)
B-modules to the category of R-bimodules is strict monoidal. That is, R is a right (resp.
left) B-module and the R-module tensor product of two right (resp. left) B-modules is a
right (resp. left) B-module.
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Similarly to the case of a bialgebra, in Theorem 2.2 for a left R-bialgebroid (B, &, ¢,
A, €) the following B-actions are used on R, and on the R-module tensor product of
two left B-modules V and W, respectively.

bor = e(bé(r)) and b (V®pw) :=Db1)>v Qg bo)>w, 2.4)

forr €e R, v®rw € V ®r W and b € B. It was proven in [Sch98, Theorem 5.1]
that the diagonal action in the second equation in (2.4) is meaningful by axiom (i) in
Definition 2.1.

In light of Theorem 2.2, one can speak about right (resp. left) module algebras of
a right (resp. left) bialgebroid 15, i.e. about algebras in the monoidal category of right
(resp. left) B-modules.

Definition 2.3. Consider an algebra R over a commutative ring K and a left
R-bialgebroid B. A left 3-module algebra is a K-algebra and left B-module T, with
B-action> : BQg T — T, such that the multiplication in T is R-balanced and

bolr =&(e®) > 17 and b () = (bay > 1)(bay = 1), 2.5)
forbe Bandt,t' €T.

Note that for a left module algebra T of a left R-bialgebroid B = (B, §,¢, A, €),
there is a canonical K-algebra homomorphism R — T, r +— &(r) > 17. Hence there is
a corresponding admissible septuple as in Proposition 1.15.

A left comodule of a left R-bialgebroid B = (B, £&,¢, A, €) is defined as a left
comodule of the underlying R-coring (53, A, €). That is, a left R-module X, together
with a left R-module map X — B ®g X, x = x[_1] ®r X[0] (Where implicit summa-
tion is understood), satisfying coassociativity and counitality axioms. Note that a left
B-comodule X can be equipped with an R-bimodule structure by introducing a right
R-action

x-r:=e(x—n&@)) -xp0), forreR and x€X. (2.6)

With respect to the resulting bimodule structure, B-comodule maps are R-bimodule
maps. In particular, the left B-coaction on X is an R-bimodule map in the sense that, for
r,r' € Rand x € X,

(r-x-r—1 ®r (r-x-ro = &r)x—n§(r") ®r x(0]. (2.7)
Furthermore, for any x € X and r € R,

X[—1] ®R X[0] - T = X[-11£(r) ®R X[0]- (2.8)

Theorem 2.4. Let R be an algebra over a commutative ring K and let B be a left
bialgebroid over R. Consider a left B-module algebra T with B-action > and a left
B-comodule X with coaction x +— x[—1] ®g x[0] (Where implicit summation is unders-
tood). Then a transposition map for the admissible septuple St, associated via Propo-
sition 1.15 to the K-algebramap R — T, r — &(r) > 11, is given by
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w:XQ T —>TRr X, X @Rt xX[—11>1t QR X[0]- (2.9)
Hence the cosimplex (2.1) admits a para-cocyclic structure
Wit @R+ @R ®RX) =11 @R+ @Rty ®r X[—1) > lo @r Xj0].  (2.10)

Proof. The map (2.9) is a well defined left R-module homomorphism by (2.7). Its right
R-module map property follows by (2.8). Conditions (1.12) follow by definition (2.5) of
amodule algebra as it is shown below. Denote by ¢ the algebra homomorphism R — T,
r = E(r)> 17 = ¢(r)> 17. Omitting canonical isomorphisms RQr X = X = X®r R,
we have

(wo (X ®r¢)x) =x—11> 17 @r xj0) = ¢ (€(x[—1)) & 17 @R Xj0 = 17
Qre(xi—17) - x[0) = 17 Qr x = ((¢ Qr X)) (x),
(mr @ X) o (T @r w) o (w R T))(x @r 1 A 1)
= (x(—11 & D (x[o1—11 > 1) ®r X[0)[0] =
G111y > D=1 > 1) @R X[0)
= X[—1] > tt' Qg X[ = (w o (X ®g mr))(x rt®rt). O

Analogously to (2.6), also a right comodule V of aright R-bialgebroid B = (B, §, ¢,
A, €) can be equipped with an R-bimodule structure by introducing a left R-action,

rovi=v% e(g@!!), forreR and veV, (2.11)

where v > 10 ® R v denotes the right B-coaction on V, with implicit summation
understood. Hence there exists a forgetful functor from the category of right B-comodules
to the category of R-bimodules. With this observation in mind, the next theorem follows
by a symmetrical form of [Sch98, Prop. 5.6].

Theorem 2.5. Consider an algebra R over a commutative ring K and a right
R-bialgebroid B. Then the forgetful functor from the category of right B-comodules
to the category of R-bimodules is strict monoidal. That is, R is a right B-comodule and
the R-module tensor product of two right B-comodules is a right B-comodule.

Similarly to a bialgebra, in Theorem 2.5 for aright R-bialgebroid B = (B, &, ¢, A, €)
the following B-coactions on R, and on the R-module tensor product V @z W of two
right B-comodules V and W, are used.

R—> RRrB=B, r>&r) and VRrW — VRr WQRgB,

VR W > 1ol ®r w0l ®r o
The coaction on V @ W is well defined by the right bialgebroid versions of properties
(2.7) and (2.8), i.e. the identities

r-v-r@r v Y =00 @p £(0E()  and

ool @g o =0 @ ¢ (rol!, (2.12)
for r,r’ € R and v € V. Symmetrically, the forgetful functors from the category of left
comodules of a right R-bialgebroid, and from the categories of right or left comodules
of a left R-bialgebroid, to the category of R-bimodules are strict (anti-)monoidal.

In light of Theorem 2.5, one can speak about right comodule algebras of a right
bialgebroid B, i.e. about algebras in the monoidal category of right B-comodules.
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Definition 2.6. Consider an algebra R over a commutative ring K and a right
R-bialgebroid B. A right B-comodule algebra is a K-algebra and right B-comodule
T, with coaction t — 119 ® & 1Y) such that the multiplication in T is R-balanced and,
fort,t' €T,

Wer =17 @r 17 and @) @k )" = 1010 @ MM (2.13)

For example, the constituent algebra in a right bialgebroid B is itself a (so-called
right regular) right B-comodule algebra via the coaction given by the coproduct in 5.

Note that the second condition in (2.13) is meaningful since the multiplication in 7’
is R-balanced and the second condition in (2.12) holds. For a right comodule algebra
T of a right R-bialgebroid 15, there is a canonical K-algebra homomorphism R — T,
re—>r-lp =17 -r,interms of whichr -t = (r-1p)tand ¢t -r = t(r - 17). Hence there
is a corresponding admissible septuple as in Proposition 1.15.

Theorem 2.7. Let R be an algebra over a commutative ring K and let B be a right
bialgebroid over R. Consider a right B-comodule algebra T, with coaction t — 1) ®p
1M (where implicit summation is understood) and a right B-module X with action <.
Then a transposition map for the admissible septuple St, associated via Proposition 1.15
to the K-algebramap R — T, r +— r - 1y = 17 - r, is given by

w:XQT —>TRr X, X®Rtl—>t[0]®Rx<1[[l].
Hence the cosimplex (2.1) admits a para-cocyclic structure
W10 @R -+ ®r 1y ®rX) =11 Rr -+ Brln R t(go] ®r x <1t(gl]~

Proof. The map w is a well defined R-bimodule homomorphism by (2.12). Conditions
(1.12) follow by definition (2.13) of a comodule algebra. 0O

2.B. (Co)module corings of bialgebroids. In this section we consider comonads T; :=
C ®r (—) on the category of R-bimodules as in Proposition 1.25, determined by a coring
(C, A, €)overanalgebra R. Let IT be the functor in Definition 1.13. By Proposition 1.25,
for any R-bimodule X, there is an associated simplicial module Z,.(S¢, X), which in
degree n is given by

Zu(Sc, X) = CORMIge X, (2.14)
Face and degeneracy maps in degree n are

d = CPrk g ec ®r "k Sp X and

5= C®r kR AcBr COR" By X, (2.15)
fork € {0, ..., n}. Aswehave seenin Proposition 1.25, we can choose a second comonad
T, := (—) ®g C on the category of R-bimodules, and a natural transformation i :

(—)®gr C — C ®g(—), given by the flip map. Taking the trivial natural transformation
t:COr(—)®rC — C®pr(—)®g C, the conditions in (1.17) hold. By Theorem 1.26,
the simplex Z.(Sc, X) is para-cyclic provided that there exists a morphism w : C ®g
X — X ®r C, satisfying (1.21). Note the similarity of conditions (1.21) to some of
the axioms of an entwining structure over R. Similarly to the way Doi-Koppinen data
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determine entwining structures, in this section we construct dual transposition maps in
the case when C is a (co)module coring of a bialgebroid B and X is a B-(co)module.

In light of (a symmetrical version of) Theorem 2.5, one can speak about left comodule
corings of a left bialgebroid B, i.e. about coalgebras in the monoidal category of left
B-comodules.

Definition 2.8. Consider an algebra R over a commutative ring K and a left
R-bialgebroid B = (B, &, ¢, A, €). A left B-comodule coring is an R-coring and left
B-comodule C, with one and the same underlying R-bimodule structure, such that for
ceC,

&(ec(©) = ¢(ec(aop)er-1) and -1 @cpoin)  croje)
= cyl-11€@-11 ® cyio] ® o), (2.16)

where ec is the counit and Ac : ¢ + cqy ®g c@) is the coproduct of C and
¢ > c[—1] ®r c[o] is the B-coaction on C.

The second condition in (2.16) is meaningful by (2.7) and (2.8).

Theorem 2.9. Let R be an algebra over a commutative ring K and let B be a left
bialgebroid over R. Consider a left B-comodule coring C with coaction ¢ — c[—1] @R
cio}, and a left B-module X with action . Then a transposition map w : C Qg X —
X ®g C for the dual admissible septuple Sc, associated via Proposition 1.25 to the
R-coring C, is given by w(c Qg x) 1= c[—11>Xx QR c[o]. Hence the simplex (2.14) admits
a para-cyclic structure

Wy (co®R -+ ®R Cn ®RX) = Cu[0] OR CoO DR -+ @R Cn—1 @R Cn[—1] > X

Proof. The map w is a well defined R-bimodule homomorphism by (2.7) and (2.8).
Conditions (1.21) follow by definition (2.16) of a comodule coring. 0O

In light of Theorem 2.2, one can speak about right (resp. left) module corings of a
right (resp. left) bialgebroid B, i.e. about coalgebras in the monoidal category of right
(resp. left) B-modules.

Definition 2.10. Consider an algebra R over a commutative ring K and a right
R-bialgebroid B = (B, &, ¢, A, €). A right B-module coring is an R-coring and right
B-module C, with one and the same underlying R-bimodule structure, such that for
ceCandb € B,

ec(c<b) = E(E(ec (c))b) and
(cab)V @g (c<b)® =D apD @p c? «p?, (2.17)

where ec is the counit and Ac : ¢ > ¢V @p ¢@ is the coproduct in C, the symbol
< denotes the B-action on C and for the coproduct in B the index notation A : b +—
bV @g b? is used, with implicit summation understood.

For example, the constituent R-coring in a right R-bialgebroid B is itself a (so called
right regular) right B-module coring via the action given by the product in 5.
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Theorem 2.11. Let R be an algebra over a commutative ring K and let B be a right
bialgebroid over R. Consider a right B-module coring C with action <, and a right
B-comodule X with coaction x + x\9@rx. Then a transpositionmap w : CQrX —
X ®g C, for the dual admissible septuple Sc, associated via Proposition 1.25 to the
R-coring C, is given by w(c ®g x) := x1Y ®r c <x!!1. Hence the simplex (2.14) admits
a para-cyclic structure,

Wa(co®r -+ Orcn Orx) =cp <xM@rco®r -+ Bren1 rxY. (2.18)

Proof. The map w is a well defined R-bimodule homomorphism by (2.12). Conditions
(1.21) follow by definition (2.17) of a module coring. O

2.C. Stable anti-Yetter-Drinfel’d modules of x g-Hopf algebras. For a right module
coring C and right comodule X of a right bialgebroid B = (B, &,¢, A, €) over a
K-algebra R, there is a K-module isomorphism

COMHIGpX = COR @p. X,

Assume that X has an additional left B-module structure. In this case, corresponding to
the K-algebra homomorphism R® — B, r @ r’ +> &(r)¢(r') = {(r")&(r), there is a
canonical epimorphism C®* "1 @p X — C®r™1 @ X, where C®#"*! is understood
to be a right B-module via the diagonal action (¢] ®g - - ®g cnr1) <b 1= c; <bD ®p
-+~ @p cns1 bV given by the iterated coproduct in B. It is a well defined action by
(a symmetrical version of) [Sch98, Theorem 5.1].

Lemma 2.12. Let R be an algebra over a commutative ring K and let B be a right
bialgebroid over R. Consider a right B-module coring C and a left B-module right
B-comodule X. Then the simplex in Theorem 2.11 projects to a simplex C®R"*! @, X.

Proof. Since the coproduct Ac and the counit ¢ of C are right B-module maps by
definition, face and degeneracy maps of the simplex in Example 1.27 are right B-module
maps with respect to the diagonal action. Hence we can take their tensor product with
the identity map on X over the algebra B, yielding a simplex as stated. O

The task of this section is to find criteria for the cyclicity of the quotient simplex in
Lemma 2.12. In order to do so, some restriction on the involved bialgebroid is needed.

Definition 2.13. [Sch00, Theorem and Definition 3.5]. Let R be an algebra over a
commutative ring K. A right R-bialgebroid B = (B, &, ¢, A, €) is said to be a right
X g-Hopf algebra provided that the map

O :BQrow B—> BRrB, bQgow b > bb'V @ b'? (2.19)

is bijective. In the domain of the map in (2.19), R°?-module structures are given by
right and left multiplication by ¢ (r), for r € R. In the codomain of the map in (2.19),
R-module structures are given by right multiplication by &(r) and ¢ (r), forr € R.

The notion of a x g-Hopf algebra extends that of a Hopf algebra. Indeed, if B is a
bialgebra over a commutative ring R, with coproduct b — bV @ b®, then the map
(2.19) is bijective if and only if 3 is a Hopf algebra. In this case the inverse is given in
terms of the antipode S as 97! (b @ b') := bS(H'V) @ b'?),
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For an algebra R, consider a right x g-Hopf algebra B. Since the map @ in (2.19)
is a left B-module map, its inverse is determined by the restriction 9~ (15 @& b) =:
b_ @ gor by, where implicit summation is understood. Lemma 2.14, which is essentially
a symmetrical version of [Sch00, Prop. 3.7], collects properties of the map
b b_ [ Rop b+.

Lemma 2.14. Foran algebra R, consider a right x g-Hopfalgebra B = (B, &, ¢, A, €).
Write A(b) =: bV @g b for the coproduct and in terms of the map (2.19) put
b_ ®gor by := 0" (15 ®g b). The following identities hold, for b, b’ € Bandr € R.

(i) b_b:V @r b,P = 15®r b,

(i) bVbP _ @por bPy = 15 Qpar b,

(iii) (bb')_ @pgor (bb')y = b _b_ Qgor byb),,

(iv) 13- ®pger 154 = 13 Qgor 15,

V) b— @gor b2V @g b:@ = bV _ @gop bV, @5 b,
Vi) bV Qrb_? Qpop by =by_ Qg b_ Qgor by,
(vii) b = £ (€(b-))bs,

(viii) b_b, = £(e(b)),
(X) ¢(r)b— @por by = b_ Qgor by L (r).

Next Definition 2.15 extends [JS, Definition 4.1] or [HKRS1, Definition 2.1].

Definition 2.15. For an algebra R, consider a right x g-Hopf algebra B = (B, &, ¢,
A, €). Let X be a right B-comodule and left B-module. Denote the right B-coaction on
X by x = x!% @z x1 for x € X (where implicit summation is understood) and denote
the left B-action by b>x, forb € Band x € X. We say that X is an anti-Yetter-Drinfel’d
module provided that the following conditions hold.

(i) The R-bimodule structures of X, underlying its module and comodule structures,
coincide. That is, for x € X andr € R,

x-r=¢r)ex and r-x=&Er)>x, (2.20)

where x -r denotes the right R-action on the right B-comodule X and r - x is the canonical
left R-action (2.11) coming from the right B-coaction.
(ii) Forb € Band x € X,

b)) @p (b )M =pV, 5 x0T g p@ xHpMD_ (2.21)

where for the coproduct A and the inverse of the map (2.19) the respective index notations
(with implicit summation), A(b) = b'Y Qg b®, and 9~ (13 ®r b) = b_ Qger by are
used, for b € B.

The anti-Yetter-Drinfel’d module X is said to be stable if in addition, for any x € X,

e x10F = , (2.22)

We need to show that condition (ii) in Definition 2.15 is meaningful, i.e. the expression
on the right hand side of (2.21) is well defined. This follows by the following

Lemma 2.16. For an algebra R, consider a right x g-HopfalgebraB = (B, &, ¢, A, €).
Let X be a right B-comodule and left 3-module. Keeping the notations in Definition 2.15,
assume that axiom (i) in Definition 2.15 holds. Then the following hold:
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(1) Considering B as a left R-module via ¢, the R-module tensor product X Qg B is a
left B-module via the action

b'w» (x g b) :=b.>x Qg bb’_.
(2) XQ®gBisaB-B°P bimodule, via the left B-action in part (1) and the right B°P -action
(x Qr b) 4 b :==x Qr b'b.
(3) For any elements x € X andr € R,
£y » (A @p xM) = (xT @g xM) €2 ().
Proof. By the first condition in (2.20) and Lemma 2.14 (ix), there is a well defined map
Bk (X®rB) > X®rB, b Qg (x®rb)—>b,>xQrbb".

Itis an associative left B-action by part (iii) of Lemma 2.14 and it is unital by part (iv). This
proves claim (1). Claim (2) is obvious. Claim (3) follows by the following computation,
forr € Rand x € X:

£ p (2 @ x1) = £(r) o 610 @ g 1 = X000 (g (1) xIO11T) g L1
— X0 g 21O (¢ (ND)) = X0 @ ()l
= (7 ®g x") @ ().

In the first equality we used that, by unitality and the right R-module map property of the
coproduct, the map (2.19) satisfies ¥ (13 @ror £(r)) =15 ®r &£(r). Hence £(r)_ Q@pgor
E(r)y = 1 @pgor £(r). The second equality follows by the second condition in (2.20).
The third equality follows by coassociativity of the B-coaction on X. The fourth equality
follows by counitality of A and the right bialgebroid version of (2.3), i.e. the identity

AEEDEr)bEr3)E () = ¢ )bV ¢ (rs) ® R E(r)bPE(r3), (2.23)
forry,ry,r3,r4 € Randbe B. O

Using the notations in Lemma 2.16, the right-hand side of (2.21) is equal to the well
defined expression b1 » (x[o] Qr x[l]) <b?,

Remark 2.17. Note that a Hopf algebra H over a commutative ring K is a xg-Hopf
algebra. The bialgebroid structure is given by the equal source and target maps K — H,
k + k1, and the coproduct and counit in H. The canonical map (2.19) has an inverse
OV W @rh) = ' S(hV)Qrh®, where h > h'D @ h® is the usual Sweedler index
notation for the coproduct, with implicit summation understood. That is, h_ Qg hy =
S(hV) @k h®. Clearly, in this case (2.20) becomes the trivial condition

xk = (klg)>x =«kx,

for k € K and any element x of a left H-module right H-comodule X. This condition
simply expresses the requirement that the left and right K-actions on X are equal, and
are induced by the H-module structure. The second condition (2.21) in Definition 2.15
reduces to

(b l>x)[0] (b l>x)[1] — p@ 0] ® b(3)x[1]S(b(1)),

forb € H andx € X, which s the defining property of a (left-right) anti- Yetter-Drinfel’d
module X of a Hopf algebra H in [JS, Def. 4.1] or [HKRSI1, Def. 2.1]. So we conclude
that Def. 2.15 generalizes these definitions.
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Example 2.18. For an algebra R, consider a right x g-Hopf algebra B = (B, &, ¢, A, €).
Note that left B-actions > on R, satisfying ¢ (r")>r = rr’, are in bijective correspondence
with maps x : B — R, obeying the following properties, forr € R, b, b’ € B:

xX@mb) = xyr  x®b) = x(bs(x®),  x(p) = Iz

Indeed, in terms of such a map x, one can put b >r := x(b¢(r)). Furthermore, right
B-coactions on R, with underlying right regular R-module structure, are in bijective
correspondence with grouplike elements in B, i.e. g € B such that A(g) = g ®r g and
€(g) = 1. Indeed, in terms of a grouplike element g, a right B-coaction on R is given
by r — 1r Qg g&(r). One checks that the left B-module determined by x and the right
B-comodule determined by g combine into an anti- Yetter-Drinfel’d module on R if and
only if, forr € Rand b € B,

e(Emg) = x(5), and  g&(x(®) =bPgbV_¢(x,)).

The anti-Yetter-Drinfel’d module R is stable if in addition X(g$ (r)) = r, for all
r € R. The pair (x, g) with these properties generalizes the notion of a modular pair in
involution for a Hopf algebra in [CMO1] or a weak Hopf algebra in [V].

Proposition 2.19. Let B be a right x g-Hopf algebra over an algebra R. Consider a
right B-module coring C with B-action <:

(1) For an anti-Yetter-Drinfel’d module X of B, the para-cyclic object in Theorem 2.11
projects to a para-cyclic structure on C¥R"™! @, X.

(2) For a stable anti-Yetter-Drinfel’d module X of B, the para-cyclic object C2* "1 ®@p
X in part (1) is cyclic, in which case it will be denoted by Z.(C, M).

Proof. We need to show that the composite map

C®rn+l ®r X W C®rn+l ®r X —> COrHlgu X
is B-balanced, i.e. that
(cn ab™Dx @y bV @ - ®eyog ab™) @
=(nar M ®® - ®cu1) @ b0,

forbeB,x € Xandcpy®pg -+ Qrcy € CORML, By counitality of the coproduct in
B, the left hand side is equal to

cn ab™D XM @k ¢g < b(z)g(e(b(l))) ®rc1<b® Qg - @ cpo1 b @ x0]
=cp < b("+2)x[l]§(e(b(l))) ®r co<ab® @r c; <b®
®r - ®r cn1 <6 @ x!0
=cp < b(n+2)x[l]b(1)7b(l)+ ®r Co < @ ®r C1 ap® QR - - -
®r ca—1 bV @ x1"
=y aby " xMp b,V @p o b @ - @k ¢yt ab "D @5 110
= (eaab:Px"b_@g co®g - ®r cn1) < bV @p A"
= (caabsPxMb_®@p co@r - @ cuo1) ® by D > x10)
= (Cn < (b [>x)[1] QR coRR - QR Cn—l) ®p (b DX)[O]-
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The second equality follows by part (viii) in Lemma 2.14 and the third one follows by
part (v). The last equality is a consequence of Lemma 2.14 (v) and (2.21). This proves
that the para-cyclic map w,, in Theorem 2.11 factors to a map W, : C®*"*! @z X —
C®r"*1 @5 X, hence it defines a para-cyclic structure on the simplex in Lemma 2.12.
This completes the proof of part (1). Furthermore, (W,)"*! takes an element (co QR

@R cn) ®Bx € COR™ @R X to

(co Ve . @, <1x[”("+1)) ®x0 = (co® -+ ®cp) ax@ x[0
R R B R R B

_ .. [1] [0]
—(co(% %cn)gx > X,
Hence if X is a stable anti-Yetter-Drinfel’d module, i.e. condition (2.22) holds, then
(Wn)"*! is the identity map. Thus we have claim (2) proven. O

Remark 2.20. Let B = (B, &, ¢, A, €) be aright bialgebroid over an algebra R. Consider
B as an R°P-bimodule via right multiplications by & and ¢. This bimodule has an R°P-
coring structure with counit € and coproduct Acyp : b+ b @ger bV, co-opposite
to A. Together with the opposite algebra B°7, they constitute a left R°P-bialgebroid
Bgf,’p = (B,&,¢, Acop, €). Aright B-module algebra T determines a left ngp -module
algebra 7°P, canonically. Furthermore, a right 3-comodule X can be looked at as a
left Bepy,-comodule. Application of Theorem 2.4 to the left R°P-bialgebroid Bey),, the
left Beh,-module algebra T° and the left Bey,-comodule X, yields a para-cocyclic
cosimplex that has in degree n,

(T()p) @Ropn+] @RUP X X T®Rn+1 @R X,
where the isomorphism is given by reversing the order of the factors, i.e.
to Qror 1QRor -+ QRrov ty Qror X > 1y Qply—1 Qp -+ Qrto DR X.

The resulting coface and codegeneracy maps on T®pg - -- @rT®x X are the maps in
(2.2) and the para-cocyclic map comes out as

1o @R ®R th @Rx = I <1x[1]®1e 1o @R @R th—1 @Rx[ol. (2.24)

By the right B-module map property of the maps ¢ : R — T, r +— 17 <&(r), and the
multiplicationmapmy : T g T — T, the coface and codegeneracy maps (2.2) project
to T®r "1 ®, X. Note moreover that the para-cocyclic map (2.24) and the para-cyclic
map (2.18) are of the same form. Hence it follows by the computation in the proof
of Proposition 2.19 that also the para-cocyclic map (2.24) projects to T®r"*! @5 X,
whenever X is an anti- Yetter-Drinfel’d module of 5. That is, in this case T®& *+! @ BXis
a para-cocyclic object, which is cocyclic if the anti- Yetter-Drinfel’d module X is stable.

2.D. Galois extensions of x g-Hopf algebras. For a right x g-Hopf algebra B over an
algebra R, consider a right comodule algebra T with coaction ¢ > %1 @ [l (where
implicit summation is understood). The subalgebra S of coinvariants in T consists of
those elements s € T for which s[% @z s!!! = s ® 1. To the inclusion map § < T
one can associate a cyclic simplex

Z.(T/S) = T®s**! (2.25)
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as in Corollary 1.29. On the other hand, it follows by Proposition 2.19 that, regarding 5
as a right B-module coring, for any stable anti-Yetter-Drinfel’d module X of B there is
a cyclic simplex

Z.(B,X) = B2l @i X, (2.26)

where B®&"*! is understood to be a right B-module via the diagonal action. In this
section, under the additional assumption that 7' is a B-Galois extension of S, we construct
a stable anti-Yetter-Drinfel’d module X := T/{st —ts|se€ S, t €T} = S Qs T
of B, such that the cyclic simplices (2.25) and (2.26) are isomorphic. This extends [JS,
Theorem 3.7].

In a right comodule algebra 7" of a right bialgebroid B over an algebra R, we denote
the coaction by o : 1 > 1% ®p ¢!!, where implicit summation is understood. For the
iterated power of the coaction we write (0 ®r BRrr=1y 6 ... 6 (0 Qr B) 0 0(1) =:
t[o] ®R e ®R t[n_l] ®R t[n]

Definition 2.21. Let B be a right bialgebroid over an algebra R. A right B-comodule
algebra T is said to be a B-Galois extension of its coinvariant subalgebra S if the
canonical map

can:TQ@sT —>TQRrB, 1 ®str> 't @ (2.27)
is bijective.

For example, if B = (B, &, ¢, A, €) is aright x g-Hopf algebra, then the right regular
B-comodule algebra is a 3-Galois extension of the coinvariant subalgebra ¢ (R) = RP.

Let 3 be a right R-bialgebroid and T a right B-comodule algebra. It follows by the
right R-module map property of a right B-coaction and (2.13) that, for a coinvariant
seSandr € R,

(17 - @r (A7 - 1) =s@r () = U7 -r) @& (s(17 - r).

Hence, applying the counit of B to the second factor on both sides, we conclude that the
elements s € S commute with 17 - r, forall € R. Hence T @ B is a right S-module,
with action

(t ®rDb)-s:=1ts Qg b.

Consider a right x g-Hopf algebra B over an algebra R, and a B-Galois extension
S C T. As in Lemma 2.14, in terms of the maps (2.19) and (2.27), introduce the index
notations

can (17 @z b) = b @s b and O (1g Qr b) =: b_ Qgor b4,(2.28)

for b € B, where in both cases implicit summation is understood. The following lemma
is a right bialgebroid version of [H, Lemma 4.1.21]. It extends Lemma 2.14 (vi).

Lemma 2.22. Consider a right X g-Hopf algebra B = (B, &, ¢, A, €) over an algebra
R, and a B-Galois extension S C T. Using the notations in (2.28), for any b € B the
following pentagonal equation holds in (T Qg B) ®s T

P @ bW @e b = p, T @r b @55,
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Proof. The second condition in (2.12) implies that there is a well defined bijection

caniz3 : (TQrB) Qs T — T Qp (BQgror B),
(' ®rb) @s1+> "1 @ (b @por 111,

where in the R°?-module tensor product B® gor B the R°P-actions R Qg By RP —
B,r1 ®x b Qg ry +> £ (r2)b (1) are used, and B ® grop B is meant to be a left R-module
viathe action r- (b Qpger b') = bQ gor b’ (r). A straightforward computation using (2.13)
shows that the S-bimodule map and right R-module map (2.27), and the left R-module
map (2.19) satisfy

(can @ B) o (T ®s can) = (T ®p ) ocanjz o (can ®g T).
Hence, by bijectivity of all involved maps,
(can @5 T) o (T ®gcan” ') = canl_31 o (T ®g ¥~ o (can ® B).
Application of this identity to 17 ®s 17 ®g b yields the claim. O

For an algebra extension S C T, T has a canonical S-bimodule structure. Hence
application of the functor I1 : S-Mod-S — Mod-K in Definition 1.13 to T yields a
K-module IIT = S®s T.

Proposition 2.23. Consider a right x g-Hopf algebra B over an algebra R, and a
B-Galois extension S C T. Then the quotient

T := SQs T (2.29)
is a stable anti-Yetter-Drinfel’d module.

Proof. Since the S-, and R-actions on T commute (cf. second paragraph following
Definition 2.21), there is a unique R-bimodule structure on Ts such that the epimorphism
pr : T — Tgsis an R-bimodule map. Furthermore, by the S-bimodule map property of
the coaction g : ¢ > 1Y@zt in T, the map (pr ®rB)oo : T — Ts®g B coequalizes
the left and right S-actions on 7. Hence there exists a unique right B-comodule structure
on Ts such that py : T — Ty is a right B-comodule map.

The algebra map S — T equips 7 with an S-bimodule structure. The center
(T ®s T)3 of the S-bimodule T ®g T is an algebra, with multiplication (3, u; ®s
u;)(zj vj ®s v}) = Zi’j vju; s u;v; Recall from [JS, Sect. 2.2] that for any any
T-bimodule M, the quotient S®s M = M/{s-m —m-s|s € S, m € M }is a left
(T ®s T)S-module via the action

(T ®s T)S ®x Ms — Ms, (O ui ®s u)) @ pu(m) = > pu(ujmu;),
i i

where pyy : M — S ®s M denotes the canonical epimorphism. In particular, Ty is a left
(T ®s T)S-module.

On the other hand, for a Galois extension S C T by a right R-bialgebroid B, using
the notation in (2.28), the map

B—> (T®sT)5, b b @b (2.30)
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is an algebra homomorphism. Indeed, by the S-bimodule map property of the coaction
on T it follows that

can(sb! ™ @5 b1y = 5 @ b = can(b'T @5 bMs).

Hence, by bijectivity of can, -t @y bt e (T ®@¢ T)S, forall b € B. The map (2.30)
is unital and multiplicative since by (2.13) for all b, b’ € B,

can(ly ®s 17) =17 ®s 1 and  can(® 07 @4 b0 = 17 @r bV,

and can is bijective. This proves that T is a left B-module, with a so-called Miyashita-
Ulbrich type action

b pr(t) = pr®H . 2.31)

It remains to check the compatibility conditions in Definition 2.15 between the B-module
and B-comodule structures on T's. It follows by the R-bimodule map property of (2.27)
that

tH T escrM =r 1y @iy
and &M @sEMM =17 @517 -7 (2.32)

Hence

t(r)e pr@) = pr(t(r-17)) = pr(t-r) = pr() -r and
§(r)e pr) = pr(Ur -rt) = pr(r-1) =r- pr@).

Furthermore, forb € Bandt € T,
b> pr@) @ b preNt = pr (b“}[O]t[‘”b{_}[O]) @ b=
= pr (b<1){+},[01b(1>{7}[01) ®g b M=
=pr (b(1)+{+}t[0]b(1)+{_}) @r b@spM
= b(1)+ > pT(l‘)[O] ®r ba)pT(l‘)[l]b(l), .

The first equality follows by (2.31), the second condition in (2.13) and the comodule
map property of pr. The second equality is a consequence of the right B-comodule
map property of (2.27), hence of the map (2.30). The third equality results from the
application of Lemma 2.22. The last equality follows by (2.31) and the comodule map
property of pr again. Thus we proved that T is an anti- Yetter-Drinfel’d module. Finally,
by the comodule map property of pr and the identity

01 0=} g ¢ L) — can_l(can(lr Rs t)) =17 ®st, forteT, (2.33)
it follows that
pr®We pr® = Mo pr @) = pr (M) = 7).

That is, the anti- Yetter-Drinfel’d module Ty is stable. 0O
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Lemma 2.24. For an algebra R over a commutative ring K, consider a right
R-bialgebroid B and a B-Galois extension S C T. Using the notation in (2.28), for any
non-negative integer n there exist S-bimodule isomorphisms T®S" = T @ Bk™,

[0] 0] 0 (1] 1] 1 [2]_[2] 2
an(to® - ®ty) =101 1y - @ @RI T @
[n—1] [n—1
@tnn—l trlln J(%trllnj’
Otn_l(l (% b (% % by) =t b~} @Sgb]{ﬂbz{—} §b2{+}b3{_} (?
Q?bn—l{ﬂbn{_} ng)bn{ﬂ_

Projections of the above isomorphisms yield K-module isomorphisms @, : TOsn+l
Ts @ BOR" where Ts is the R-bimodule (2.29).

Proof. It follows by the S-bimodule map property of the right B-coaction on T that o,
is a well defined S-bimodule map. The to-be-inverse «;,; !'is well defined by (2.32) and
Lemma 2.14 (iii). We prove by induction that the maps «;, and o, ! are mutual inverses.
For n = 0, both o and oy Vare equal to the identity map on 7', hence they are mutual
inverses. It follows by the second condition in (2.13) that, for all values of ,

tns1 = (@ ®r B) o (T¥S" @gcan) and @)} = (T%" @gcan™") o (o, ' ®& B).

Hence if o, 1 is the inverse of «, then o, is also an S-bimodule isomorphism with
inverse « +11 . Applying the functor in Definition 1.13, from the category of S-bimodules
to the category of K-modules, it takes «, to the required K-module isomorphism oy

T®sn+l 5 To@p BRM, 0

Lemma 2.25. Let B be a right x g-Hopf algebra over an algebra R. For the inverse of
the canonical map (2.19) use the index notation in (2.28). Then, for any non-negative
integer n, there exist right B-module isomorphisms B2k " @ pop B = BEk "*1,

Bu(b1 ®R -+ @R by Qg b') = bib"V ®@g -+ @ by ™ @ 'Y,
B (b1 ®r - ®r by Or b)) = b1V @ - @ by " @por b,

Proof. For any right B-module N, the B-bimodule isomorphism (2.19) induces a right
B-module isomorphism NQg? : NQpBRprorB= NQpropB — NQBRIrB = N®g
B. Consider B®R" as a right B-module via the diagonal action. Then 8, = BER" @3 ¢
is a right B-module isomorphism as stated. O

Theorem 2.26. Let B be a right X g-Hopf algebra over an algebra R and let S C T be
a B-Galois extension. Consider the right regular B-module coring and the stable anti-
Yetter-Drinfel’d module Ts in Prop. 2.23. Then the associated cyclic simplex Z.(B, Ts)
in Proposition 2.19 is isomorphic to the cyclic simplex Z,(T/S) in Corollary 1.29.

Proof. Interms of the maps in Lemmas 2.24 and 2.25, for any non-negative integer n, one
constructs a K-module isomorphism w, as the composition of the following morphisms

T®5n+li)Ts(%)B@’R"*>B®R"[§)Tsi>B®R"I§;B§T5m*BT>SB®R"“§)TS,
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Explicitly,
on(lo®0® - Vty) = t[”t[”---t“]®t[2]---t[2]® et e
n\f0 S Sn)—(lz no% RnRB)
® prion 1y - 1), (2.34)

where pr : T — Ts = S®g T denotes the canonical epimorphism. We show that (2.34)
is a homomorphism of cyclic simplices.

Denote the counit in B by €. By multiplicativity of the coproduct in 13, for any integer
0<k<n,

((B®Rk %6 (%B@Jkn—k)% TS) o wﬂ(f{)@ R ®tn) =
=@ftale @il ®zk"+” @
(%t" ]]®13)®p7(t0t1 - 1100
= 0n 1t ® - B 111 Ot lis1 B2 ® - - Bty).
S S S S N S

Furthermore, using the form of the (diagonal) right B-action on B®&" (in the second
equality) and the form of the left B-action (2.31) on Ts (in the third equality), one
computes

(B @)@ Ts) 0 wn(to ® -+ & 1)
= (gt en 1 @) @ prion” -4

(L ®t[2]~-~t,'f_'1<% @ 15) 4t @ pr (o 0
:(zl[l] ) [1] ®t ...;£2j1<§...(§);n7]1](§)13)(§

e 01 [01,’[111{7})

- (tl[l] . [1] ®t2 ) r[12]1® (%)t” 11]®13)®pT(t,,lotl [O] D

= wp—1(tnlo ?ll‘? (?tn—l), (2.35)

where the penultimate equality follows by (2.33). This proves that the map w,, is com-
patible with the face maps.

Denote the coproduct in 3 by A. It follows by its multiplicativity that, for any integer
0<k<n,

(B @ AQBE ") @ Ts) 0w (t,® - B 1n)
[1] 1 [k+1 k+1 [k+2] k+2
=@l et el e
®t["+1 ®IB)®pT(t0t[0] )
= Wp41(tp ® D - @%‘?H@tku‘?m@tn).
Furthermore, by unitality of A and of the B-coaction on T,
= R ...
((B %A)%TS) Own(to? (?tn)
="y e e @l @150 1) ®pT(l‘0t1 101,100y

= wn+1(t0§ ce @tn@;]T)
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This proves that the map w, is compatible with the degeneracy maps.
Finally, by similar steps as in (2.35), the cyclic map w,, in Proposition 2.19 is checked
to satisfy

Wy, Own(to® @tn)
= (A %’ﬁm P ‘%’y[,n_]lfr[:"] %t,g”“])
®p (lt[O]t1 ]t[O] . tIEO])

A A 9 0l @ 1)
0 0
®pT(tnt([) ]t1 ]t£ . [ ] D
= wyu(ty ?IO (? ce ?tn—l)-

Hence w, is compatible with the cyclic maps as well, which proves the claim. O

3. Cyclic Homology of Groupoids

Consider a groupoid G (i.e. a small category in which all morphisms are invertible) with
a finite set GO of objects and an arbitrary set G' of morphisms. Via the map associating
to x € GY the identity morphism x — x, we consider G as a subset of G!. Composition
in G is denoted by o while the source and target maps G! — G are denoted by s and ¢,
respectively. For any field K, the K-vector space B := KG', spanned by the elements of
G', has aright x g-Hopf algebra structure over the commutative base algebra R := KG°.
Structure maps are the following. Multiplication in the K-algebra B is given on basis
elements g, g’ € G! by g o g/, if g and g’ are composable, i.e. s(g) = t(g’), and zero
otherwise. We denote by juxtaposition this product, linearly extended to all elements of
B. The unit element is 15 = >, cgo x. Similarly, R is a commutative K-algebra with
minimal orthogonal idempotents { x € G° }. Both algebra maps £ and ¢ : R — B are
induced by the inclusion map G < G'. That is, B is an R-module (or R-bimodule,
with coinciding left and right actions) via multiplication on the right. The coproduct
is diagonal on the basis elements g € G!, i.e. A(g) := g ®g g. The counit € maps
g € G tos(g) € G°. The canonical map (2.19) has the explicit form on the generating
set {g®r &' |g.g €G'},

®:BRrB—> B®rB, gQrg +— g8 Qrg.

(Note that R-module structures in the domain and codomain are different, cf. Defini-
tion 2.13.) It obviously has an inverse ¥ ! (¢ Qr ') = g’ Qr g'.

In this final section we apply the theory developed in the earlier sections to the
groupoid bialgebroid B and its stable anti-Yetter-Drinfel’d modules. In this way, we
obtain expressions for Hochschild and cyclic homologies of a groupoid with finitely
many objects. Describing then any groupoid as a direct limit of groupoids with finitely
many objects, we extend the computation of cyclic homology to arbitrary groupoids.
Similar arguments don’t seem to apply in the case of Hochschild homology.

3.A. Anti-Yetter-Drinfel’d modules for groupoids. The subject of this section is a
complete characterization of (stable) anti-Yetter-Drinfel’d modules of a groupoid bial-
gebroid. As a first step, we study comodules.
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Proposition 3.1. Let G be a small groupoid with a finite set of objects. Let B be the
groupoid R-bialgebroid associated to G. Then any right B-comodule M has a direct
sum decomposition M = D,eq1 M, (as an R-module) such that the R-action - and the
B-coaction o satisfy the conditions

(i) m-x =08 5gm and
(i) o(m)=m Qg g,

forx € go, g€ Glandm € M. Conversely, on an R-module M = @geglMg’ which
is subject to condition (i), there is a unique right B-coaction satisfying (1i).

Proof. Recall that by definition R acts on B by right multiplication. For any g € G!
there is an R-module map x; : B — R, h — &, ;5(g). Introduce the map

wg:=(MQ®Rg xg)oo: M — M.

We claim that M is isomorphic to a direct sum of the R-modules M, := Im(w,). Since

B is a free K-module, there exist (non-unique) elements {mg | g € G Y in M, in terms
of which o(m) = degl mg ®g g, hence m,(m) = mg - s(g). By construction, for a

given element m € M there are only finitely many elements g € G! such that m ¢ #0,
hence 7, (m) # 0. By coassociativity of g,

Zg hegl(mh)g ®Rr&®RIh = deg1 mg @R g R &

Hence applying M ®g xg ®r X for some g', i’ € G', we conclude that (mp)g -
s(g)s(h') = 8y ymg - 5(g"), ie. my o My = 84 py. By counitality of o, for all
meM,

degl g (m) = degl mg - s(g) =m.

This proves the direct sum decomposition of M as an R-module. Condition (i) follows
by the computation, form € M, g € G' and x € G°,

ng(m) X =mg - s(gx = av(g),xmg s(g) = 8s(g),xng(m)-
Moreover, form € M,
om)y =3 img®rg=D, o My ®r®=D, . my 5(8) Bk
=D g M ®k g,

Hence, by orthogonality of the projections g,
oGTn(m) = 3" o\ Te(Ta(m) ®r g = mi(m) S h,

which proves condition (ii). Conversely, assume that for an R-module M = & geg! M,
condition (i) holds. Put ¢, : My — M, ®g B, m — m ®pg g. One can check that it
makes M, to aright B-comodule. By universality of a direct sum, this defines a unique
right B-coaction ¢ on M, such that condition (ii) holds. O



(Co)cyclic (Co)homology of Bialgebroids: An Approach via (Co)monads 275

Note that property (ii) in Proposition 3.1 characterizes uniquely the elements m of
a component M,. Indeed, if form € M, o(m) = m ®p g, then by counitality of the
coaction ¢ we obtain g (m) = m - s(g) = m.

We are ready to characterize (stable) anti-Yetter-Drinfel’d modules of groupoids.

Theorem 3.2. Let G be a small groupoid with a finite set of objects. Let B be the groupoid
bialgebroid associated to G. A left B-module M = & cgt Mg, with action >, is an anti-
Yetter-Drinfel’d B-module if and only if the following conditions hold.

(i) ForxeG® geGlandm e My, 8y s(gym = X > m = 8y y(g)M.
(i) Forg,h € Glandm € Mg, the element h > m is zero lfhgh_l = 0in B and it
belongs to Mj4j,-1 ifhgh™" # 0in B.
The anti-Yetter-Drinfel’d B-module M is stable if and only if in addition g >m = m, for
all g € Glandm € M,.

Proof. By Proposition 3.1 there is a unique B-coaction on M corresponding to the given
direct sum decomposition. For g € G!, it takes m € M ¢ tom ®g g. The R-bimodule
structure corresponding to this coaction comes out, for x, y € GO, g€ Glandme M o
as

X-m-y=m-e(xgy) = as(g),y St(g),x m-s(g) = as(g),y 8t(g),x m.

Hence axiom (2.20) of an anti-Yetter-Drinfel’d module translates to condition (i) in the
theorem. A straightforward computation shows that for a groupoid bialgebroid, axiom
(2.21) of an anti-Yetter-Drinfel’d module takes the form

oth>m)=hem®ghgh™, (3.1

forh, g € Glandm € M,.Ifhgh~! = Oin B, then the right-hand side of (3.1) vanishes.
Since ¢ is a monomorphism of R-modules (split by M ®p €), this is equivalent to
hem = 0.If hgh~' # 0in B, then (3.1) is equivalent to h >m € Mjg,-1 (cf.
Proposition 3.1, and discussions following it). This completes the proof. O

As a consequence of Theorem 3.2 (condition (i)), in the direct sum decomposition of
an anti-Yetter-Drinfel’d module M of a groupoid bialgebroid, M, is non-zero for only
those elements g € G ! for which s(g) = t(g),i.e. which are loops. That is, introducing
the notation £(G) :={ g € G | s(g) = t(g) }, one can write M = BiecyM;.

Our next aim is to decompose an anti-Yetter-Drinfel’d module M of a groupoid
bialgebroid B as a direct sum of anti-Yetter-Drinfel’d modules. For a loop | € L(G),
denote by [/] the orbit of / in £(G) for the adjoint action, that is, the set of different
non-zero elements of the form glg~!, as g runs through G'. This gives a (G-invariant)
partition 7 (G) of £(G). Using Theorem 3.2 one concludes that M := @y My is an
anti-Yetter-Drinfel’d 3-module, and

M = @ My, (3.2)
[NeT ()

as anti- Yetter-Drinfel’d modules. Let us give an alternative description of the anti- Yetter-
Drinfel’d module M. Introduce the following subalgebras of the groupoid algebra
B. For | € L(G), let B; be the group algebra of the centralizer g,‘ of [ in the group
{I' e L(G) | s(I') = s(]) }. That s,

B :=KG =K{I'e L@ |l =1}. (3.3)
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The algebra B; possesses a unit (the element s (/) = #(/)), different from the unit element
of B.For x € G0, let B(x) denote the vector space spanned by the elements g € G', such
that s(g) = x. Consider the group bialgebra structure of B;. Clearly, for any [ € L£(G),
the component M; in the direct sum decomposition of an anti-Yetter-Drinfel’d 5-module
M is an anti- Yetter-Drinfel’d module of the group bialgebra B, (in the sense of [JS], cf.
Theorem 3.2). Moreover, B(s(l)) is a B-B; bimodule and a right B;-module coalgebra
(with coproduct induced by the map g — g ® g, for g € G' such that s(g) = s(1).)

Lemma 3.3. Let G be a small groupoid with a finite set of objects. Let I3 be the groupoid
bialgebroid over a field K, associated to G. Keeping the notation introduced above,
B(s(l)) is free as a right Bj-module, for any | € L(G).

Proof. Since any morphism in a groupoid is invertible, the right action of the group g}
ontheset{ g e g! | s(g) = s(I) } is faithful in the sense that g/’ = g implies I’ = s(I).
Hence the claim follows by the fact that KX is a free module for a group algebra KG
whenever G acts faithfully on the set X. Indeed, fix a K-basis { e, | x € X } of KX,
such that e, - g = ey.¢. Fix a section f of the canonical epimorphism from X to the
set of G-orbits X/G. By construction, { er@) | O € X/G } is a generating set of the
KG-module KX. It is also linearly independent over KG, by the following reasoning.

Assume that, for some coefficients ap = deG ao,e 8 € KG,
0= Z €fo a0 = Z Z“O,g €fO)g-
OeX/G 0eX/G geG

Since G acts on X faithfully, in the above sum each element e () appears exactly once.
Hence o , = 0, forall O € X/G and g € G. Thus we have the claim proven. O

Proposition 3.4. Let G be a small groupoid with a finite set of objects. Let B be the
groupoid bialgebroid associated to G. Let M be an anti-Yetter-Drinfel’d B-module.
Keeping the notation introduced above, there is an isomorphism of anti-Yetter-Drinfel’d
B-modules

My = B(s()) ®p, My, foralll € L(G).
Proof. First we construct a left B-module isomorphism
@1 : B(s(l)) ®p, M; — M, g Qp mi—> grm. (3.4)
For any g € G! such that s(g) = s(I), consider the map

Vgt Myjo-1 — B(s(l)) ®p, My, g+ g ®p, g 'om.

In order to see that the map v, does not depend on g, only on g/ g~ !, choose ano-

ther element & € G', such that glg~! = hlh~!. Note that this implies in particular

t(g) = t(h). Then, form € Mglg—l,

Yr(m)=h ®p, hlom=nh ® B hilt(h) >m=hQ®p, hill(g) >m
=hQ®p h_lgg_1 >m
=hh_1g QB g_l >m =1t(h)g ®p, g_1 >m=1(8)g Qp, g_l >m

=g®p g ' >m=Yy(m),
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where in the fifth equality we used that #~!g is an element of B;. Thus we conclude
by universality of a direct sum on the existence of a map ¢ : My = @peiMy —
B(s(l)) ®, M;, mapping m € Mglg—' to Yo (m) = g R, g_1 >m. A straightforward
computation shows that v is the inverse of ¢; in (3.4).

Next we show that B(s(/)) ® g, M, is an anti-Yetter-Drinfel’d module with respect
to the direct sum decomposition B(s(/)) ®p, M; = ®rep¥y (My), hence (3.4) is an
isomorphism of anti- Yetter-Drinfel’d modules, as stated. Form € M;,l" € L(G),h, h' €
G'and y € G°, such that hlh—! = I’ and s(h') = t(h),

Yy (h®p m) = yh®p m=3;pn),yh @p m=3;q,yh p m,
W o (h @5 m) = h'h @ m ey Myp).

In view of Theorem 3.2 this implies that B(s(/)) ®p, M; is an anti-Yetter-Drinfel’d
module with respect to the given decomposition, hence it completes the proof. O

3.B. Hochschild and cyclic homology with coefficients. In view of Proposition 2.19,
there is a cyclic simplex associated to a groupoid bialgebroid B, the right regular
B-module coring and any stable anti-Yetter-Drinfel’d 5-module M. At degree n, it
is given by Z,,(B, M) = B®r"*1 @p M (where B acts on B®&"*! via the diagonal right
action). In this section we compute its Hochschild and cyclic homologies.

With an eye on the decomposition of M in Sect. 3.A, computations start with the
following

Lemma 3.5. Let G be a small groupoid with a finite set of objects. Let B be the groupoid
bialgebroid over a field K, associated to G. Let M be an anti-Yetter-Drinfel’d B-module.
Using notations introduced in Sect. 3.A, there is an isomorphism of right Bj-modules,

B @p B(x) = B(x)®<",

foralll € L£(G) and x := s(I). Here B®*"*! @p B(x) is understood to be a right
Bj-module via the last factor and the group algebra B acts on B(x)®%"*! via the
diagonal action.

Proof. Since R = KGY is a separable K-algebra, B®%"*! is isomorphic to the subspace
B* "+ of B®k 1 spanned by those elements go® - - - @K g, for whichs(g;) = s(gi+1),
for all i = 0---n. Thus it suffices to prove BX"*! @p B(x) = B(x)®&"*! We claim
that the right B;-module map

B(x)®<" — B @p B(x), g0 @k ®k g > (80 ®k -+ Ok gn) ®p ¥ (3.5)
is an isomorphism. Since the map
B*"™!' @ B(x) - B(x)®"*!, (g0 ®k - ®K gn) ®k h > goh Ok -+ ®K guh

factorizes through B*"*! @ g B(x), it defines a unique map

B*"™! ®@p B(x)— B(X)®"™! | (g0 @k ®OK gn) @5 h > goh @k - - ®K gnh-
(3.6)

Obviously, (3.5) and (3.6) are mutual inverses. O
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Proposition 3.6. Let G be a small groupoid with a finite set of objects. Let B be the
groupoid bialgebroid over a field K, associated to G. Let M be a stable anti-Yetter-
Drinfel’d B-module, with decomposition (3.2). For all | € L(G), the cyclic simplex
Z.(B, M) = B®r “lep My is isomorphic to Z.(B(s(1)), M;) = B(s(l))®% ot ® 5
Mj, corresponding (as in [JS, Remark4.16]) to the module coalgebra B(s(l)), and stable
anti-Yetter-Drinfel’d module M, of the group bialgebra B;.

Proof. Combining the isomorphisms in Proposition 3.4 and Lemma 3.5, we obtain an
isomorphism of vector spaces

B(s(1)®<"! @p M; = BOr"L @5 B(s(1)) ®p, M; = BE*"*1 @5 My
(80 ®K - ®K &n) ®p m — (80 Qr - QR gn) @p m,

withinverse BE* "1 @5 M;;-1 5 (§0®r -+ @rgn)@pm > (80h QK - - Ok gnh) R,
h~!'> m. It is left to the reader to check that it is an isomorphism of cyclic objects. O

Hochschild and cyclic homologies of a group, with coefficients in a stable anti-
Yetter-Drinfel’d module, were computed in [JS, Corollary 5.13]. Hence in what follows
we relate Hochschild and cyclic homologies of the cyclic object Z.(B(s(l)), M;) =
Z.(B, My;)) in Proposition 3.6 to the known respective homology of Z,(B;, M;).

Lemma 3.7. Let (C, A, €) be a coalgebra over a field K. Consider the corresponding
simplex C®&**! (with face maps 0; induced by € and degeneracy maps |i; induced by
A). Then the associated complex C..(C) is acyclic, i.e. H,(C«(C)) = 6,,0K, for any
non-negative integer n. Moreover, if (C, A, €) is a right module coalgebra of a K-Hopf
algebra H and free as a right H-module, then C,(C) is a free resolution of K in the
category of right H-modules.

Proof. We need to show that the chain complex

81 So=€

S C®rn+l L C®xn .. C K 0

is exact, where §, = z;;o(—l)fai. Indeed, the map C ®x € is surjective, having a
section A. Since C is a faithfully flat module of the field KK, this implies surjectivity of
€. Take an element g € C such that €(g) = 1. One easily checks that, for z € C®& n+l
such that 6,(z) =0, §,+1(g ®x 2) =7 — (g QK 6,(2)) = z.

Assume now that (C, A, €) is a right module coalgebra of a K-Hopf algebra H.
Then C,(C) is an acyclic complex in the category of right H-modules. It remains to
show that C®&"*! ig a free H-module whenever C is. Indeed, in this case C®x "+l
is free as a right module of H®%"*! via factorwise action. By [JS, Lemma 2.10] (cf.
Lemma 2.25), H®«"*1 is free as a right H-module via the diagonal action. Hence
COxmtl = cOxntl @ o n HPX ™ g a free right H-module. O

Lemma 3.8. Let H be a Hopf algebra over a field K and leti : C — C' be a morphism
of right H-module coalgebras. Let M be a stable anti-Yetter-Drinfel’d H-module. If both
C and C' are free as right H-modules, then the induced morphism i, : Z.(C, M) —
Z.(C', M) of cyclic objects gives rise to isomorphisms both of Hochschild and cyclic
homologies. That is,

HH,(C, M) = HH,.(C',M) and HC.(C,M)=HC.(C', M).
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Proof. By Lemma 3.7, both 5*(C) and 5*(C’) are free resolutions of K over H. Thus
iLX’K =L CLl(0) — C4(C') is a quasi-isomorphism. Then so is (Ol @ Mo
Ci(C)®yg M — C,(C") ®y M, yielding an isomorphism

HH, (C, M) = H,(C(C) ®u M) = H,(C(C") @ M) = HH,(C', M),

for all non-negative integers n. The isomorphism of Hochschild homologies implies the
isomorphism of cyclic homologies, see e.g. (a dual form of) [Lo, 2.2.3]. O

Theorem 3.9. Let G be a small groupoid with a finite set of objects. Let B be the groupoid
bialgebroid over a field K, associated to G. Let M be a stable anti-Yetter-Drinfel’d
B-module, with decomposition (3.2). For alll € L(G),

HH, (B, M) = HH,(B;, M;) and HC,(B, Myj) = HC,(B;, M)).

Proof. By Proposition 3.6, the cyclic objects Z,.(B, My;)) and Z.(B(s(l)), M;) are iso-
morphic. Hence HH.(B, M) = HH.(B(s(l)), M;). Furthermore, the right
Bj-module coalgebra B(s(l)) is a free right B;-module by Lemma 3.3. Hence we
conclude by Lemma 3.8 that the inclusion map B; < B(s(l)) induces an isomor-
phism HH,.(B(s(/)), M;) = HH,(B;, M;). Combination of these isomorphisms proves
the theorem. O

Let us assume now that K is a field of characteristic zero. In view of Theorem 3.9,
one can compute also

HH,.(B, M) = @ HH, (B;, M;) and HC.(B, M) = @ HC,. (B;, M)).
1T (G) €T (G)

Since By is a group algebra of Qll (cf. (3.3)), HH.(B;, M;) = H, (g,‘, M) is the group
homology of g} with coefficients in M;. Applying [JS, Corollary 5.13], for the cyclic
homology we get

Pi-oHi—2i (G} /(). My), if I has finite order

HC.(B1, Mi) = [ H. (G} /(0), M), if 7 has infinite order.

3.C. Cyclic homology of groupoids. The results in Sect. 3.B can be specialized fur-
ther to stable anti- Yetter-Drinfel’d modules provided by groupoid Galois extensions, cf.
Proposition 2.23. This enables us, in particular, to compute ordinary (i.e. non-relative)
Hochschild and cyclic homologies of a groupoid.

Let G be a small groupoid with a finite set of objects. Let B be the groupoid bialgebroid
over a field K, associated to G. Recall from [CaDGr, Sect. 3] that a Galois extension
S C T by Bhas an equivalent description as follows. T is a strongly G-graded K-algebra,
thatis, 7 = D,cq! T, (as a vector space),

: _ /
Tg Tg/ — Tgog’ lfS(g) - t(g/)
0 if s(g) #1(g),
It = > cgolr,, and S is equal to the subalgebra @, go7,. Note that each direct
summand T is an R = KG’-module via v - x := vly, = 84« v, for v € T, and
0
x €g. R
By Proposition 2.23, Ts := S®gT is a stable anti-Yetter-Drinfel’d module. In the
following lemma its structure is investigated.
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Lemma 3.10. Let G be a small groupoid with a finite set of objects. Let B be the groupoid
bialgebroid over a field K, associated to G. Let S € T be a Galois extension by B. Using
the notations introduced in Sect. 3.A, there is an isomorphism of anti-Yetter-Drinfel’d
modules

Ty = EB S®sT;.
1eL(G)

The (Miyashita-Ulbrich) action is given, for g € G', 1 € L(G) and v € T}, by
n
ge pr(v) = D pr(bivay),
i=1

where p1; 1 T} — S ®sTj denotes the canonical epimorphism and the elements {ay, . ..,
an} C Ty-1 and (by, - - , by} C Ty satisfy 37y aibi = 17,

Proof. Since T = @41 T is G-graded, each direct summand 7y is an S-bimodule.
Hence

S®sT = P S&sT,.
geg!

We claim that only those elements g € G! give a non-zero contribution to this direct
sum, for which s(g) = 7(g). Recall that S@STg is isomorphic to the quotient of T,
with respect to the commutator subspace [S, T,] = {gv —vg | g € S, v € T, }.
Take an element ¢ € G' such that s(g) # #(g) and an element v € T,. By strong
grading of T, there exist elements {aj, --- ,a,} C Tg—] and {b1,---,b,} € Tg such

that D7, a;b; = 17,,,. Then

s(g)”

n n
E [va;, b;] = E va;b; — bjva; = UlTs(g) =,
i=1 i=1

where the penultimate equality follows by the fact that, for all values of i, b;va; €
ToToTy- is zero by the assumption that s(g) # 7(g). Since for all values of i, va; €
Tg,ng = Ty S S, we conclude that T, C [S, T,]. Since the converse inclusion is
obvious, we have S@STg =T,/1S, Tg] = 0 proven.

In order to write down the Miyashita-Ulbrich action, consider again g € G' and
elements {ay, - - , an} C Ty-1and {by, ..., by} C T, such that > aibi =11, The
canonical mapcan : 7 ®gs T — T ®pr B satisfies

(9N

n n
can(D a; ®s b)) = D aibi ®g g = l1,, ®r g =17 -5(g) ®r g = I7 ®r g.
i=1 i=1
Hence the stated form of the Miyashita-Ulbrich action follows by (2.31). O
Corollary 3.11. Let G be a small groupoid with a finite set of objects. Let BB be the
groupoid bialgebroid over a field K, associated to G. Let S C T be a Galois extension

by B. Using the notations introduced in Sect. 3.A, the S-relative Hochschild and cyclic
homologies of T are given, respectively, by

HH.(T/S)= (P HH.(B. S®sT) and HC.(T/S)= (P HC.(By SsT).
€T (G) €T (G)
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Proof. By Theorem 2.26, HH,.(T/S) = HH, (B, Ts) and HC,.(T/S) = HC.(B, Ts).
Hence the claim follows by Theorem 3.9 and considerations following it, together with
Lemma 3.10. O

A particular example R € B of a Galois extension by a groupoid G is provided
by the inclusion of the base algebra R = KG° in the groupoid algebra B = KG'.
Applying Corollary 3.11 to it, we obtain formulae for the R-relative Hochschild and
cyclic homologies of the groupoid G. Since the base algebra R = KG is separable over
K, relative homologies coincide with ordinary ones, cf. [Kad]. Therefore we obtain the
following corollary, extending results in [Burg] on cyclic homology of groups. Similar
expressions were derived also by Crainic in [Cra] for éfale groupoids.

Corollary 3.12. Let B be the groupoid algebra of a small groupoid G with a finite set of
objects over a field K of characteristic zero. Using the notations introduced in Sect. 3.A
we have

HH.(B) = @ H.(G.K),
€T ()

HC,.(B)=| @ PH.u@G/0).K)|P| P H.Gl/1).K
€T (G) i=0 [M1eT(9)
ord(/)<oo ord(/)=00
Recall that a groupoid G is connected if, for any x, y € GO, there exists at least one
g € G! such that s(g) = x and 7(g) = y. For a connected groupoid G we fix an object
x € G° and we denote by G the group of loops I € £(G) such that s(I) = t(I) = x.
(Since G is connected by assumption, different choices of x lead to isomorphic subgroups
G of G.) Let 7 (G) denote the set of conjugacy classes in G and let {g, | 0 € 7(G)} be
a transversal of 7 (G).

Lemma 3.13. Let G be a connected groupoid. Keeping the above notation, there is an
one-to-one correspondence between T (G) and T (G).

Proof. We have to show that any orbit in £(G) for the adjoint action contains precisely
one element of the set {g, | 0 € 7 (G)}. Thatis, any loop / in G is equivalent to a certain
g and that two elements g, and g, are equivalent if, and only if ¢ = 7. First, let us
take [ € L£(G). Since G is connected, there is a morphism g such that s(g) = x and
t(g) = s(). Let !’ := g~' ol o g. By construction, I’ € G, so there are 1 € G and
o € T(G)suchthathol oh™" = g,.Sincel = (goh™ ") og, o (goh~ 1)1 it follows
that / and g, are conjugated in £(G).

Let us take o and 7 in 7 (G) and assume that g, and g, define the same element
in 7(G). Then there is g € G! such that g, = g o g; o g~'. Since both loops g, and
g have the same source, we deduce that the source and the target of g must be x. Hence
g € G and the conjugacy classes of g, and g, in 7 (G) are equal. In conclusion, o = 7.
O

Remark 3.14. Lemma 3.13 tells us, in particular, that {g, | 0 € 7 (G)} is also a trans-
versal of 7 (G). Explicitly, a given element g, represents the following orbit g € 7 (G).
Recall that we defined the group G in terms of a fixed object x in G°. Forevery y € G° we
pick up a fixed g, € Homg(x, y). It defines a group isomorphism G — Homg(y, y),
h— gy ohog;l. It maps o € 7 (G) to the conjugacy class o, = {g, ohog;l | h € o}
in the group Homg (y, y). The orbit of g, for the adjoint G-action is ¢ = Uyeg0 oy.
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Corollary 3.15. Let G be a connected groupoid with finitely many objects. Let M be a
stable anti-Yetter-Drinfel’d module over B, where B is the groupoid algebra of G over
a field of characteristic zero.

(1) Mg = @geG Mg is a stable anti-Yetter-Drinfel’d module over KG and the

inclusions KG C B and Mg € M induce isomorphisms
HH.(B, M) = HH.(KG, Mg) and HC.(B, M) =HC.(KG, Mg).
(i) The inclusion KG C B induces isomorphisms
HH,.(B) £ HH,(KG) and HC.(B)= HC,(KG).

Proof. (i) Obviously Mg is a stable anti-Yetter-Drinfel’d module over KG. Consider
the following diagram.

Z,(KG, Mg) — Dser(6) Z+(KG, Mg) —— Dyer(6) Z+(KBy, , My, )

| i

Z«(B, M) ——— Bye1(6) Z+(B. M5) —— Dcr () Z+(B(x), Mg,)

The leftmost morphism in the bottom row comes from the decomposition (3.2), while the
other one is the direct sum of the arrows that were constructed in Proposition 3.6. Note
that both maps are induced by appropriate inclusions and they are isomorphisms. The
morphisms in the top row have the same properties, as any group can be regarded as a
groupoid with one object. By definition, the vertical arrows are the canonical morphisms
induced by inclusions, so they make the squares commutative. In view of the proof of
Theorem 3.9, the rightmost vertical arrow gives isomorphisms both of Hochschild and
cyclic homologies. Then also the leftmost vertical morphism does so.

(ii) The subalgebra R := KX of B is a separable K-algebra. Hence HH,(B) =
HH. (B, R). By Lemma 3.10 we know that M := R®g B is a stable anti- Yetter-Drinfel’d
module over B. Since forany g € G, either [R, Kg] = Kgor[R, Kg] = 0, depending on
the fact that g is aloop or not, we get M := @geﬁ(g) Kg.Hence Mg := KG. Obviously
the action of B on KG induced from the Ulbrich-Miyashita action is the adjoint action of
KG onitself. We conclude by applying the first part of the corollary and the isomorphisms
HH..(KG) = HH.(KG, (KG)44) and HC(KG) = HC,.(KG, (KG)4q), cf. [JS]. O

Our final aim is to compute HC,.(B), the ordinary cyclic homology of the groupoid
algebra B of a groupoid G that may have an infinite number of objects. For such a
groupoid, its groupoid algebra B is not unital anymore. Nevertheless, to define cyclic
homology of B one can proceed as for unital algebras, cf. [Lo, Chap. 2, §2.1]. The
point is that Connes’ complex C*(B) still exists, although it is now associated to a
precyclic object, that is to a presimplicial structure endowed with cyclic operators. Here,
by presimplicial object we mean a sequence of objects together only with face maps. The
defining properties of face maps and cyclic operators are the same as in the definition
of cyclic objects, neglecting of course the relations that involve the degeneracy maps.
The key ingredient of our computation is a description of any groupoid as a direct limit
of groupoids with finitely many objects. Since cyclic homology is defined as homology
of Connes’ complex and the homology functor commutes with direct limits, we obtain
cyclic homology of an arbitrary groupoid as a direct limit. Note however that, for non-
unital algebras, Hochschild homology is constructed in a different way. For the definition,
see for example [Lo, Chap. 1, §1.2]. Therefore, we can not apply the same arguments to
compute Hochschild homology of an arbitrary groupoid.
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Theorem 3.16. Let G be a connected groupoid. If B is the groupoid algebra over a field
K of characteristic zero, then

HC,(B) = HC,(KG).

Proof. Let x be a given object in G*. Let G denote the group of loops € £(G) such
that s (/) = x. We order the set

X:={X cG’|x e X and X is finite}

with respect to inclusion. Trivially X is a direct system. For X € X we define Gx to
be the full subgroupoid of G such that Qg)( = X and we denote its groupoid algebra by
Bx. Note that B = |Jy.y Bx, so C}(B) = Uxex C}(Byx). As the direct limit in the
category of vector spaces is exact, it follows that the homology functor and direct limit
commute. Thus

HC.(B) = H.(C(B)) = H,( lim C}(By)) = lim H,(C(By)) = lim HC,(By),
XeX XeX XeX

where the latter direct system is defined by the canonical maps HC,(Bx) — HC.(By),
with X, Y in X such that X C Y. We claim that these maps are isomorphisms. Indeed,
let us consider the following commutative diagram

Z+(KG)

N

Z.(Bx) Z4«(By)

By the second part of Corollary 3.15, the oblique arrows induce isomorphisms in cyclic
homology. Then, passing to cyclic homology, also the horizontal map yields an iso-
morphism. We can now conclude the proof of the theorem by remarking that, for any
X e X,

HC.(By) = lim HC,(Bx).
XeX

Thus, taking X = {x} we get the required isomorphism. 0O

The computation performed in Theorem 3.16 can be extended to an arbitrary (discrete)
groupoid G. Let (G;); <y be the connected components of G. Foreach i we pickup x; € g?
and we denote the set of loops / with s(I) = x; by G;. We have the following result.

Corollary 3.17. Let G be a discrete groupoid. If B denotes the groupoid algebra of G
over a field of characteristic zero, then

HC,(B) = @HC*(KGi). (3.7)

iel

In addition, if QIQ is a finite set for every i € I, then a similar isomorphism holds in
Hochschild homology.
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Proof. Fori € I, let B; be the groupoid algebra of G;. As a vector space, B is isomorphic
to P ;<7 Bi. Viathis identification, the multiplication of B can be extended to the direct
sum. It is easy to see that, for two families (b});c; and (b]);e; in €;.; B;, we have

(b)ier - (b)ier = bjb))ier.

The corollary now follows by the isomorphism HC..(€D;.; Bi) = @;.; HC.(B)). If I
is a finite set, then this isomorphism can be found in [Lo, Exercise 2.2.1]. Since cyclic
homology and direct limits commute, the isomorphism can be extended for an arbitrary
set 1.

Since for non-unital algebras Hochschild homology is constructed in a different
way (cf. [Lo, Chap. 1, §1.2]), the above arguments can not be applied to deduce an
isomorphism for Hochschild homology, analogous to (3.7). Nevertheless, in the case
when GY is finite, B is an unital algebra. Thus HH,. (B) can be computed as the Hochschild
homology of Connes’ cyclic object. The required isomorphism now follows by [We,
Theorem 9.1.8], proceeding as for cyclic homology. O

As an application of Corollary 3.17 we shall compute HH,.(B) and HC,(B), where
B is the groupoid algebra of the groupoid associated to a G-set X.

Throughout the remaining part of the paper we fix an arbitrary (discrete) group G
that acts to the left on an arbitrary set X. The action of G on X maps a pair (x, g) €
X x Gtoéx € X. For a G-set X as above, one constructs a groupoid G as follows. By
definition, the set of objects in G is G0 := X while, for x, y € X, we set

Homg(x,y) = {(x,g) € X x G | fx = y}.

Note that the source of (x, g) is x and its target is € x. Thus the composition (x, g)o(x’, g’)
is defined if, and only if x = &¢'x’ and, in this case

(x,8) 0 (x', g = (", gg".

The set of morphisms in G is G! = X x G. Therefore, the groupoid algebra B of G has
X x G as a basis. To describe the multiplication on this basis let us recall some well-
known facts about twisted semigroup algebras by a 2-cocycle. Let S be a semigroup. A
function w : § x § — Kis called a 2-cocycle if, for any p1, p2, p3in S,

w(p1, p2)w(p1p2, p3) = w(p2, p3)o(p1, p2p3)-

The semigroup algebra of § is defined as in the group case: as a vector space it has § as
a basis and the multiplication on this basis is given by the multiplication in S. We shall
denote this algebra by KS. The cocycle w can be used to deform the multiplication of
KS such that we get another associative algebra structure on the vector space KS. Its
multiplication is defined by

p1 - p2 = @(p1, p2)p1p2-

The resulting algebra will be denoted by K, S. Certainly, it is not unital in general. Still,
even if S has no neutral element, the algebra K, S may have a unite := > vex X, Where
X is an appropriate finite subset of S. In fact, it is easy to see that e is a unit element in
the algebra K, if, and only if w is X-normalized, i.e. for any p, g € S,

Z (X, p) =8, = Z w(p, x).

{xeX|xp=q} {xeX|px=q}
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Let us turn back to the groupoid algebra of G, where X is a G-set. We define the
semigroup S := X x G with the multiplication

(x,2)(y,h) = (v, gh).

It is not difficult to see that wy : § x § — K, given by

e h
ox((r.g) o) =1 7 G.3)
is a 2-cocycle, which is X-normalized if, and only if X is finite. Obviously, B = K,,S as
non-unital algebras, in general. For a finite G-set X, this is an equality of unital algebras.

We denote the set of G-orbits in X by X. Let us remark that there is an one-to-one
correspondence between X and the set of connected components of G. This bijection
maps an orbit o € X to the full subgroupoid G, defined uniquely such that Qg =o0.We
choose a transversal {x, € X | 0 € X} for X. Thus, any x € X is in the orbit of a certain
Xo and x and x,~ are in the same orbit if, and only if o’ = o”. Moreover, the set G, of
loops [ such that s(I) = x, is the stabilizer of x,,

Go = {g eG | g.xO Z.XU}.
Hence, a direct application of Corollary 3.17 yields the following.

Theorem 3.18. Let X be a G-set. If wx denotes the 2-cocycle in (3.8) and K is a field
of characteristic zero, then

HC.(Koy G) = HHC.(KG,).
0eX
If in addition X is finite, then

HH, (Ko, G)= ) HH. (KG ).
0eX
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