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CYCLIC STRUCTURES IN ALGEBRAIC
(CO)HOMOLOGY THEORIES

NIELS KOWALZIG aNp ULRICH KRAHMER
(communicated by Jean-Louis Loday)

Abstract
This note discusses the cyclic cohomology of a left Hopf alge-
broid (x 4-Hopf algebra) with coefficients in a right module-left
comodule, defined using a straightforward generalisation of the
original operators given by Connes and Moscovici for Hopf alge-
bras. Lie-Rinehart homology is a special case of this theory. A
generalisation of cyclic duality that makes sense for arbitrary
para-cyclic objects yields a dual homology theory. The twisted
cyclic homology of an associative algebra provides an example
of this dual theory that uses coefficients that are not necessarily

stable anti Yetter-Drinfel’d modules.

1. Introduction

1.1. Topic

A left Hopf algebroid (x 4-Hopf algebra) U is, roughly speaking, a Hopf alge-
bra whose ground ring is not a field & but a possibly noncommutative k-algebra
A [B2, Sch2]. The concept provides, in particular, a natural framework for unify-
ing and extending classical constructions in homological algebra. Group, Lie algebra,
Hochschild, and Poisson homology are all special cases of Hopf algebroid homology

H,(U,M) :=TorY(M,A), M € U°-Mod,

since the rings U over which these theories can be expressed as derived functors are
all left Hopf algebroids. This allows one, for example, to study cup and cap products
as well as the phenomenon of Poincaré duality in a uniform way [KoKr].

Similarly, we describe here how the additional structure of a left U-comodule on
M induces a para-cyclic structure (cf. Section 2.7) on the canonical chain complex
C.(U, M) that computes H,(U, M) assuming U is flat over A. This defines, in partic-
ular, an analogue of the Connes-Rinehart-Tsygan differential

B: H,(U,M) — H, (U, M).

Assuming a suitable compatibility between the U-action and the U-coaction (namely
that M is a stable anti Yetter-Drinfel’d module), the para-cyclic k-module C, (U, M)
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is, in fact, cyclic and hence turned by B into a mixed complex. However, we will also
discuss concrete examples which demonstrate the necessity to go beyond this setting.

1.2. Background

The operator B has been defined by Rinehart on the Hochschild homology of a
commutative k-algebra A (with M = A and U = A° = A ®;, A°P) in order to define
the de Rham cohomology of an arbitrary affine scheme over k£ [Ri]. Connes and
Tsygan independently rediscovered it around 1980 as a central ingredient in their
definition of cyclic homology which extends Rinehart’s theory to noncommutative
algebras [C, FTs].

Connes and Moscovici, and Crainic initiated the study of the case of a Hopf algebra
U over A = k with one-dimensional coefficients M [CM2, Cr]. The class of admissi-
ble coefficient modules M was subsequently enlarged to stable anti Yetter-Drinfel’d
modules [HKhRS1, HKhRS2|, and Kaygun finally obtained the construction for
Hopf algebras with arbitrary modules-comodules as coefficients [Kal, Ka2].

Noncommutative base rings appeared for the first time in the particular example of
the “extended” Hopf algebra governing the transversal geometry of foliations [CM1].
The general theory has then been further developed in [BS1, BS2, HasR, KhR,
Ko, KoP, Ma].

1.3. Results

Our first aim here is to give explicit formulas for the most straightforward general-
isation of the original operators defined by Connes and Moscovici in [CM1] towards
Hopf algebroids and completely general coefficients. We copy the result here; see the
main text for the details and, in particular, for the notation used:

Theorem 1.1. Let U be a left Hopf algebroid over a k-algebra A and M be a right
U-module and left U-comodule with compatible induced left A-module structures. Then
C*(U, M) :=U®4* @4 M carries a canonical para-cocyclic k-module structure with
codegeneracies and cofaces

1®Aul®A...®A.un®Am ZfZ:O,
Si(z@am) = u' @,y @4 AW) @4 @u @am if 1 <<,
u1®A"'®Aun®Am(—l)®Am(O) ifi=n+1,
1®am if7=0
d:(m) = v ’
im) {m<1>®Am<o> ifj =1,

oi(z@am) =ut @, @ e(uT) @, @ u" @am 0<i<n—1,
where z =ut @, - @, u™, and with cocyclic operator
To(2z @am) = ul,(l)uz Qa4 Qa ulf(nfl)u" ®a ul(n)m(_l) Qa4 m(o)u}r.

The proof closely follows the literature cited above, which contains similar con-
structions of para-cyclic and para-cocyclic modules assigned to Hopf algebroids (com-
pare especially [BS2, Prop. 2.19]). However, there seems no reference for the exact
setting we consider here. In particular, Kaygun’s pivotal observation that Theorem 1.1
is true for arbitrary modules-comodules over k-bialgebras has to our knowledge not
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been extended to noncommutative base rings so far. Last but not least, the above
also answers the question of how the Hopf-cyclic (co)homologies in [Ko, KoP] can
be extended to general coefficients.

Also, it has been pointed out by several authors that the standard operation of
cyclic duality, which canonically identifies cyclic and cocyclic objects, does not lift
to para-(co)cyclic objects; see, e.g., [BS1]. However, in Section 4 we show that a
different choice of anti-autoequivalence of the cyclic category leads to a form of cyclic
duality that does lift. This allows us to construct in full generality a cyclic dual
(C,(U,M),d,, s.,t,) from the para-cocyclic module from Theorem 1.1. We provide an
isomorphism of this with the para-cyclic module M ® 400 (»Us )®4°?* whose structure
maps are given by

M @ 400 U @ 400 -+ @ 400 €(u™) »u" ! if i=0,

di(M @ 400 T) = M @ 00 +++ @ qop U™ U HL @ yop -+ if1<i<n -1,
mut ® gor U2 & 4op - -+ @ qop U if i=n,
M gop UL @ pop « -+ @ gop U™ & 4op 1 if i=0,

$i(M @400 T) = M @ gop +* @ pop U F @ pop 1 @ gop T @ 0p -+ if 1<i<n — 1,
M gop 1 @ 4o Ul @ pop « + - @ 4op U™ if i=n,

tr (M @ gop ) zm(o)ufr @ qop ui ®40p -+ @ o0 U} @ qop U - - ~u£m(,1),
where we abbreviate z := u! ® yop - - - ® 4op u".

It is precisely this variation of Hopf-cyclic theory that has the ordinary Hopf alge-
broid homology as the underlying simplicial homology, and, in particular, the one
which reduces to the original cyclic homology of an associative algebra when one
applies it to the Hopf algebroid U = A°. Now the freedom to consider arbitrary coef-
ficients becomes crucial since it allows one, for example, to incorporate the twisted
cyclic homology of Kustermans, Murphy and Tuset [KuMuTu]. This paper has been
the first one to generalise the Connes-Rinehart-Tsygan operator B on the Hochschild
homology of an associative algebra to coefficients in (A, A)-bimodules other than A
itself, namely those where one of the two actions of A on itself is twisted by an
algebra automorphism o. In the last section we will explain how this example fits
into the above Hopf-cyclic homology theory, and, in particular, we will observe that
these coefficients are not SaYD modules. As an important classical case of the Hopf-
cyclic cohomology theory from Theorem 1.1, we will also consider the example of
Lie-Rinehart homology.

2. Preliminaries

2.1. Some conventions

Throughout this note, “ring” means “unital and associative ring”, and we fix a
commutative ring k. All other algebras, modules etc., will each have an underlying
structure of a k-module. We also fix a k-algebra A, i.e., a ring with a ring homo-
morphism 7,: k — Z(A) to its centre. We denote by A-Mod the category of left
A-modules, by A°P the opposite and by A°® := A ®; A°P the enveloping algebra of A.
An A-ring is a monoid in the monoidal category (A°-Mod, ® 4, A) of A°-modules (i.e.,
(A, A)-bimodules with symmetric action of k), fulfilling associativity and unitality.
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Likewise, an A-coring is a comonoid in (A*-Mod, ® 4, A), fulfilling coassociativity
and counitality.
Our main object is an A°-ring U (a monoid in (A°® ®; A°)-Mod). Explicitly, such
an A°-ring is given by a k-algebra homomorphism n = iy : A° — U whose restrictions
si=n(-®r1l): A=>U and t:=n(1®,—): AP =>U

will be called the source and target map, respectively. Left and right multiplication in
U give rise to an (A®, A®)-bimodule structure on U, that is, four commuting actions
of A that we denote by

ac-u<b:=s(a)t(b)u, aru<b:=us()t(a), a,be A, ueUl.

If not stated otherwise, we view U as an (A, A)-bimodule using the actions =, <.
In particular, we define the tensor product U ® 4 U with respect to this bimodule
structure. Using the actions », «, then permits one to define the Takeuchi product

UXAU:: {Ziui@)A’Ui GU@A U|Zia>ui ®AUi:Zl-U®A'UZ‘<a, VCLEA}. (1)

This is an A®-ring via factorwise multiplication. Similarly, Endg(A) is an A°-ring
with ring structure given by composition and (A, A)-bimodule structure (apb)(c) :=
o(bca), ¢ € Endg(A), a,b,c € A.

2.2. Bialgebroids [T]
Bialgebroids are a generalisation of bialgebras. An important subtlety is that the
algebra and coalgebra structure are defined in different monoidal categories.

Definition 2.1. Let A be a k-algebra. A left bialgebroid over A (or A-bialgebroid or
X 4-bialgebra) is an A®-ring U together with two homomorphisms of A®-rings

A:U—UxaU, & U-— Endy(A),

which turn U into an A-coring with coproduct A (viewed as a map U — U ®4 U)
and counit e: U — A, u > (é(u))(1).

Note that this means, for example, that e satisfies for all u,v € U
e(uv) = e(u<€(v)) = e(e(v) » u).
Analogously one defines right bialgebroids where the roles of =, < and », « are

exchanged. We shall not write out the details, but rather refer to [KSz, B2].

2.3. Left Hopf algebroids [Sch2]

Left Hopf algebroids have been introduced by Schauenburg under the name X 4-
Hopf algebras and generalise Hopf algebras towards left bialgebroids. For a left bial-
gebroid U over A, one defines the (Hopf-)Galois map

BZ >U®A0p U<1 — U<1 XA DU, U@AOP’U'—)U(D ®A U(Q)U, (2)
where
» U @0 Us =U @i, U/span{aru @i v —u®v<a|u,v € Uac A} (3)

Definition 2.2 ([Sch2]). A left A-bialgebroid U is called a left Hopf algebroid (or
x a-Hopf algebra) if B is a bijection.
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In a similar manner, one defines right Hopf algebroids (cf. [BSz, Prop. 4.2]). Fol-
lowing [Sch2], we adopt a Sweedler-type notation
Uy @00 U_ = B Hu®y 1)

for the so-called translation map B~ 1(—®a1): U — » U @400 U4. Useful for our
subsequent calculations, one has for all u,v € U, a € A [Sch2, Prop. 3.7):

[N

Uy (1) XA Uy (2)U— =u®alelUqg ®4 U,

(4)
U(1)4 Dacr U1)—U2) = U D 40p 1€ 2U®uop U, (5)
Uy @ q00 U— € U X gop U, (6)
U (1) A Up(2) Baoe U = U(1) DA U2+ Bacr U(2)—, (7)
Uy @00 U_(1) @A U_(2) = Uyt Dpor U_ ®DA Uy, (8)
(uv) 4 @ q00 (UV)— = Upv4 @ 400 V_U_, (9)
urt_ = s(e(u)), (10)
uit(e(u)) = u,
(s(a)t(b))+ Raor (s(a)t(b))— = s(a) ®@or s(b), (11)

where in (6) we mean the Takeuchi product
U Xpgop U ={D, Ui @aop 0, € » U ®aop U | D ;Ui <90 @ yop V3 = D, Ui @a0p a»V;},

which is an algebra by factorwise multiplication, but with opposite multiplication on
the second factor. Note that in (8) the tensor product over A°P links the first and
third tensor component. By (4) and (6) one can write

B (u®a ) = s @por v,
which is easily checked to be well-defined over A with (9) and (11).

Remark 2.3. Observe that there is no notion of antipode for a left Hopf algebroid.
B6hm and Szlachdnyi have introduced the concept of a (full or two-sided) Hopf alge-
broid [B2], which is, roughly speaking, an algebra equipped with a left and a right
bialgebroid structure over anti-isomorphic base algebras A and B, together with an
antipode mapping from the left bialgebroid to the right. However, it is proved in [BSz,
Prop. 4.2] that a full Hopf algebroid with invertible antipode can be equivalently
described as an algebra with both a left and a right Hopf algebroid structure sub-
ject to compatibility conditions, which motivates one to speak of left Hopf algebroids
rather than x 4-Hopf algebras.

2.4. U-modules

Let U be a left bialgebroid with structure maps as before. Left and right U-modules
are defined as modules over the ring U, with respective actions denoted by juxtaposi-
tion or, at times, by a dot for the sake of clarity. We denote the respective categories
by U-Mod and U°P-Mod; while U-Mod is a monoidal category, U°’-Mod is, in
general, not [Sch1]. One has a forgetful functor U-Mod — A°-Mod using which we
consider every left U-module N also as an (A4, A)-bimodule with actions

anb:=asn<b:=s(a)t(b)n, a,be A,ne N. (12)
Similarly, every right U-module M is also an (A, A)-bimodule via



302 NIELS KOWALZIG anp ULRICH KRAHMER

amb := a»m<b:=ms(b)t(a), a,b€ A,me M, (13)

and in both cases we usually prefer to express these actions just by juxtaposition if
no ambiguity is to be expected.

2.5. U-comodules

Similarly as for coalgebras, one may define comodules over bialgebroids, but the
underlying A-module structures need some extra attention. For the following defini-
tion see, e.g., [Schl, B1, BrzWi].

Definition 2.4. A left U-comodule for a left bialgebroid U over A is a left comodule
of the underlying A-coring (U, A, ¢), i.e., a left A-module M with action L,: (a,m) —
am and a left A-module map

Ay: M —Us ®@a M, m— m_y) ®am
satisfying the usual coassociativity and counitality axioms
(A®id)o Ay, =(1d®Ay)oA,, and L,o(e®id)o A, =id.
We denote the category of left U-comodules by U-Comod.

Analogously, one defines right U-comodules and comodules for right bialgebroids.
On any left U-comodule one can additionally define a right A-action

ma = e(m_1ys(a))m). (14)

This is the unique action that turns M into an A°-module in such a way that the
coaction is an A°-module morphism

v M —=Uxg M,
where U x 4 M is the Takeuchi product
UxaM:={>,u®am; eU®sM|Y, uit(a) @am; = >, u; ®4 m;a,Va € A}.
As a result, A,, satisfies the identities
Ay (amb) = s(a)m_1)s(b) ®a Mgy, (15)
m(—1y ®a moya = m(_yyt(a) ®a m). (16)

This is compatible with (14) since one has e(us(a)) = e(ut(a)) for all u € U,a € A.

One can then prove (see [B2, Thm. 3.18] and [Schl, Prop. 5.6]) that U-Comod
has a monoidal structure such that the forgetful functor U-Comod — A°-Mod is
monoidal: for any two comodules M, M’ € U-Comod, their tensor product M ® 4 M’
is a left U-comodule by means of the coaction

AM@)AJW': M®@a M — U®a (M ®a M/),
m®am m(,l)m'(fl) ®a M) ®a mzo).
The map A, , v is easily checked to be well-defined.
Remark 2.5. If 0 € U is a grouplike element in a (left) bialgebroid, then the formulas
JAla):=t(a)o and A,(a) := s(a)o, acA,

define right and left U-comodule structures on A, which we shall refer to as induced
by o. In particular, the base algebra A carries for any bialgebroid both canonical right
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and left coactions induced by o = 1, contrasting the fact that A carries in general
only a canonical left U-module structure induced by €, but no right one.

Remark 2.6. A special feature for bialgebroids U over commutative base algebras A
with s =t is that every left A-module M can be made, for example, into a left U-
comodule by means of the trivial coaction m — 1 ®4 m (it follows from (15) that this
is not possible in general).

2.6. Stable anti Yetter-Drinfel’d modules

The following definition is the left bialgebroid right module and left comodule
version of the corresponding notion in [BS2]. For Hopf algebras, the concept goes
back to [HKhRS1].

Definition 2.7. Let U be a left Hopf algebroid with structure maps as before, and
let M simultaneously be a left U-comodule with coaction denoted as above and a
right U-module with action denoted by (m,u) — mu for u € U, m € M. We call M
an anti Yetter-Drinfel’d (aYD) module provided the following holds:

1. The A°-module structure on M originating from its nature as U-comodule coin-
cides with the A°-module structure induced by the right U-action on M, i.e.,
for all a,b € A and m € M we have

amb = a»m b, (17)

where the right A-module structure on the left-hand side is given by (14).
2. For uw € U and m € M, one has

AM(mu) = U_M(—1)Uy(1) DA M) U4(2)- (18)
The anti Yetter-Drinfel’d module M is called stable (SaYD) if for all m € M one has
m(0)M(-1) = M.

Remark 2.8. Observe that it is not obvious that the expression on the right-hand side
of (18) makes sense, but this follows from (1), (6), and (16).

2.7. Cyclic (co)homology

We recall that para-(co)cyclic k-modules generalise (co)cyclic k-modules by drop-
ping the condition that the cyclic operator implements an action of Z/(n + 1)Z on
the degree n part. Thus a para-cyclic k-module is a simplicial k-module (C,,d,, s.),
and a para-cocyclic k-module is a cosimplicial k-module (C*,4,,0,) together with
k-linear maps t,,: C,, — C,, and 7,: C" — C™ satisfying, respectively

tn—l Odi—l if 1 < ) < n, 6i—1 O Th—-1 if 1 < ) S n,
dioty, = o Tno(si: o
dp if i =0, On if i =0,
(19)
{%Hoal if1<i<n, {mlomﬂ if1<i<n,
S$;o0ty, = Tn ©0; =

t,zﬂ_losn if i =0, UnOT3+1 if i = 0.

It follows from these relations that "1 respectively 7771, commutes with all the

(co)faces and (co)degeneracies. Hence any para-(co)cyclic k-module defines a (co)cye-

lic one formed by the cokernels of id¢, — 71!, respectively the kernels of idgn — 727+
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The cyclic (co)homology of a para-(co)cyclic k-module is defined as the cyclic (co)ho-
mology of this associated (co)cyclic k-module.

Just like (co)cyclic k-modules, para-(co)cyclic ones can be viewed more conceptu-
ally as functors A°? — k-Mod, respectively A — k-Mod, where A is the appropriate
covering of Connes’ cyclic category A;. Hence, as Connes’ category, A has objects
{[n]}nen, and the set of morphisms has generators obeying the same relations except
for 7ot = id[,,)- The localisation of this category at the set of all 7, has been stud-
ied already by Feigin and Tsygan in [FTs] where it is denoted by A,,. A general
framework for such extensions of the simplicial category is provided by the concept
of crossed simplicial groups due to Fiedorowicz and Loday [FiL]. However, we stress
that in the present article 7, is not assumed to be an isomorphism, so A does not
exactly arise from a crossed simplicial group but rather from a crossed simplicial
semigroup. We will call A the para-cyclic category.

3. Hopf-cyclic cohomology with coefficients

3.1. Para-cocyclic structures on corings

Following [Cr, BS2], in this section we first define an auxiliary para-cocyclic
k-module that is relatively easy to construct. For this, U just needs to be a left
bialgebroid and M needs to be a left U-comodule. Define then

B*(U, M) i= U4+ 0 M,

where U is considered with the usual (A, A)-bimodule structure given by =, <. So
B*(U,M) is ~Us ®4*T! @ M modulo the span of elements

{uO®A"'®Aun®Ae ambfb>u0®A @ ua®4uem|ab e A},
Now define the following operators, where we abbreviate w := v’ ®, --- ®, u™:

U0®A'.'®AA(ui)®A".®Aun®Acm if 0 <i<n,

/ —
(51(’(1} & 40 m) = {U?Q) R4 ul S YRERE N m(_l)u?l) X qe m(o) ifi=n+1,

, ) 20

ol(w@uem)=ul @, @ t(e(uWT™)u @4 @au" ®pem 0<i<n—1, (20)
/ _ 1 n 0

Tp(W ®pe M) =1 @4 -+ @4 U™ @4 M_1)U” R ae M),

which are shown to be well-defined using the Takeuchi condition for A,,. The following

is checked in a straightforward manner:

Lemma 3.1. The operators (6., 0., 7)) turn B*(U, M) into a para-cocyclic k-module.

3.2. The quotient B*(U,M) — C*(U, M)
The para-cocyclic k-module that defines Hopf-cyclic cohomology is the quotient

U2t @pop M

of B*(U,M) = U®4**+1 ® 4. M defined above. This quotient makes sense whenever M
also carries a right U-module structure that induces the same A°-module structure as
the left U-coaction; see (17). In the next section we will discuss that the para-cocyclic
structure of B*(U, M) descends to this quotient. However, for the applications in
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noncommutative geometry, one rewrites the resulting para-cocyclic k-module so that
the object (but not the cocyclic operator) takes an easier form, and in the present
section we construct the involved isomorphism.

Recall (e.g., from [KoKr, Lem. 3]) that if U is a left Hopf algebroid, then the
tensor product N ® 4 M of M € U°P-Mod, N € U-Mod (considered with the (A4, A)-
bimodule structures (12) and (13)) carries a right U-module structure with action

(n®am)u:=u_n®4s mu,
and hence using (12) and (13) becomes an (A, A)-bimodule by
ar(n®am)<b:=(n®@m)t(a)s(b) = s(a)n ®a ms(b) = a=n®4 mb,

where in the second equation (11) was used.
Now observe that on a right U-module of this form, the coinvariant functor

— @y A: U°P-Mod — k-Mod

takes a particularly simple form:

Lemma 3.2. If U is a left Hopf algebroid, then for oll M € U°?-Mod, N € U-Mod
there is a natural isomorphism (N @4 M) @y A ~ N Quo» M.

Proof. First write A Qpor (N ® 4 M) rather than (N ® 4 M) ®y A, and then apply
the natural k-module isomorphism

P ®uor (N@a M)~ (P®aN)RQue M
from [KoKr, Lem. 3] with P = A. O
Note that [KoKr, Lem. 3] applied with P = A, M = A°P yields the coinvariants in
the form used in [KoP] where they were considered as a functor U-Mod — k-Mod.

Applying Lemma 3.2 with N = U®4**! will lead to the simpler form of the para-
cocyclic k-module we are going to consider. To get there, we first remark:

Lemma 3.3. Let M € U°®?-Mod and N, P € U-Mod. Then one has
(un ®4 p) Quor M = (N QA4 U_P) Quor MUL

forallme M, ne N, andp € P.

Proof. One has

(un ®4 p) @yor M
= (Uy(1)n ®4 Uy (2)u—p) ®yer m by (4),
=uy(n®4 u_p) Quor M by the monoidal structure in U-Mod,
=(n®a u_p) Quor M.

The well-definedness of the first operation follows from (11) using (12) and (13). O

Using this we now obtain:
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Proposition 3.4. For M € U°?-Mod and N € U-Mod, there is a canonical iso-
morphism of k-modules

¢: (U@aN)Quor M —+ N @4 M, (21)
given by
(u®4n) Quop M U_N 4 MUL. (22)

Proof. The map n®4 m — (1 ®4 n) @uer m is obviously a right inverse to (22), and
by the preceding lemma it is also a left inverse. O

In particular, this yields an isomorphism
¢: US4 T @uop M — U®4* @4 M =: C*(U, M), (23)
and the latter will be the ultimate object of study.

3.3. Cyclic cohomology with coefficients for left Hopf algebroids

Now we ask whether the para-cocyclic structure of B*(U, M) descends to C*(U, M).
This is answered by a left Hopf algebroid left comodule and right module version
of [BS2, Prop. 2.19], which generalises Proposition 5.2.1 in [Ko]:

Proposition 3.5. If M is an anti Yetter-Drinfel’d module as in Definition 2.7, then
the operators (8,,0.,7]) on B*(U, M) from (20) descend to well-defined operators on
U®astl @rop M.

Proof. One needs to prove that the operators (0., 0’,7!) are U°P-balanced, i.e., that
one has, for example,

T @4 @4 U Quor M) = T (V1)U @4+ @4 V(g 1y U" Dpror M)
for any v € U. This is shown by expressing the right-hand side as

v(g)ul ®a D4 Vg " @4 m(_l)v(l)uo ®uor M(0)
= v(g)ul ®a @a Vingp1)u" @4 se(v(n+2))m(_1)v(1)u0 ®uer M(0)
= v @4 D4 U )U" @4 Vint2)+V(n42)— -1y V(1)U @Uor (o)
= v+(2)u1 @4 Da Vp(ny) " @ v+(n+2)v,m(_1)v+(1)u0 Ruor M (0)
—ul @, ®@4u" O, v_m(,l)vﬂl)uo ®uor M(0)V4(2)
=u' @, @4 u" @4 (M) (- 1yu’ Qe (M) ),

which is the left-hand side. Here we used the counital identities of the left coproduct in
the second line, (10) in the third line, (7) combined with (higher) coassociativity in the
fourth line, and finally the anti Yetter-Drinfel’d condition (18). Similar calculations
can be made for the cofaces and codegeneracies. O

We denote the resulting para-cocyclic structure on C*(U, M) by
Sii=¢odlop,
o= goaiog
Tii=¢oT op

where ¢ is as in (23), and &/, o}, 7, are the para-cocyclic operators on U®4* ! @grop M
that descend from B*(U, M).
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A short computation yields the explicit expressions given in Theorem 1.1:

1@, ul @4 @ u" @am if i = 0,
Si(z@am) = ut @, @4 A(U) @y @uu ®4m if 1 <i<n,
U1®A"-®Au"®Am(,1)®Am(0) ifi=n+1,
1®am if j=0
oj(m) = A 24
5(m) {m<—1>®Am(o> if j =1, (24)
oi(z@am) =ul @, @, ()@, @4 u" Rym 0<i<n—1,

Tn(z @, m) = ul_(l)UQ R Qa ul_(n_l)u” ®a ul_(n)m(_U ®a m(o)ui,

where we abbreviate z ;= u! ®, --- ®, u".

In this form, the well-definedness and the well-definedness over the Sweedler pre-
sentations of these operators can be seen directly (using (11) as well as the Takeuchi
properties of A and A,,). Observe, however, that the condition ma = ms(a) from
(17) is not needed to make the operators (24) well-defined and well-defined over the
Sweedler presentation, but only to give a sense to the above quotienting process.

It is less obvious that the stability condition on M implies cyclicity. This is, how-
ever, immediate from the presentation of C*(U, M) as a quotient of B*(U, M):

Theorem 3.6. If U is a left Hopf algebroid and M is a stable anti Yetter-Drinfel’d
module, then (C*(U,M),0,,0.,7.) s a cocyclic k-module.

Proof. By its construction, (C*(U, M), é,,0,,7,) is a para-cocyclic object and as such
is isomorphic to (U®4*T @y M, 5., 5., 7!) obtained in Proposition 3.5. It remains
to show that this quotient of B*(U, M) is cocyclic if M is stable:
(f»,ll)n+1(uo Q- Q4 u” Ryop m) = m(,n,l)uo Qa4 m(,l)u" Ko m(o)
=m-) - (1’ @4 @ u") @uor M)
=ul @, @, u" Ruror M(0)M(-1)5
where - denotes the diagonal left U-action via the left coproduct. O
By the last line in the proof of the preceding theorem, one may be tempted to think
that an aYD module defines a para-cocyclic module which is cocyclic if M is stable.

The observation we add here is that for defining a para-cocyclic module the aYD
property (18), i.e., compatibility between U-action and U-coaction, is not required:

Theorem 3.7. Let U be a left Hopf algebroid and M a right U-module and left
U-comodule, and let the respective left A-actions be compatible in the following sense:

am = a»m, me M, ac A (25)
Then (C*(U,M),d,,0.,7.) is a para-cocyclic k-module.

Proof. We need to check the relations in the right column in (19). Since we do not
assume that M is aYD here, i.e., compatibility between action and coaction, the only
relations that need to be checked are those that have the U-action on M followed by
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an operation involving the U-coaction on M. Here, this is only 7, 0 09 = 0, 0 724,
which is proven as follows: first compute
On(Tr1(u! @4 @4 u" T @4m))
— 0 (ul,(l)u2 Qa4 ui(n)u"+1 Q4 ul,(n+1)m(—1) ®a m(O)ui)
= ui(l)u2 R4 ®Qa t(e(ul(n+1)m(—1)))ulf(n)um_l ®a m(o)ui
_ ul,(l)u2 Q4D ul(n)u"‘”'l @4 moyt(e(m_n)))ul

= ulqyu’ ®u - @ ul utt @, muy,

where we used the Takeuchi property (6) in the fourth line and (25) together with
the comodule properties in the fifth, so that terms involving the coaction disappear.
Hence

U,LT3+1(U1 R4 R4 utl R4 m)
= OnT (Ul @)U @ - O ulyu™™ @4 ul iy m(1) O meoyul)
= (Ulf(l)’U/Q),(l)’Uzli(z)UB Rp - Ra ('U/l,(l)'ug)7(n)u£(n+1)m(71) &®a m(O)u}r(ui(l)UQLk
©4 1 () (D) )= (W) 2)) (y m=1) @4 Moy ul (ul) )}
= U2_(1)u3 R R4 u%n_l)un—&-l R4 uQ_(n)m(,l) Ra m(O)S(G(ul))U3_7
where in the fifth line (5) was used and (10) in the sixth. By (11) this is now easily
seen to be equal to 1,00(ut ®4 -+ @4 u" Tt @, m). O

Definition 3.8. For a right U-module left U-comodule M with compatible induced
left A-actions over a left Hopf algebroid U, we denote by H*(U, M) and HC*(U, M)
the simplicial and cyclic cohomology groups of C*(U, M). We refer to HC*(U, M) as
to the Hopf-cyclic cohomology of U with coefficients in M.

Note that the simplicial cohomology is the ordinary Cotor over U:
Proposition 3.9 ([Ko, KoP]). If U4 is flat as a right A-module, then one has
H*(U,M) ~ Cotory; (A, M).

Remark 3.10. It U is a (full) Hopf algebroid over base algebras A and B ~ A°P it is
easy to check that B fulfills the properties of an anti Yetter-Drinfel’d module with
respect to the right U-action given by the right counit of the underlying right bial-
gebroid. This module is stable if the antipode of the Hopf algebroid is an involution.
The operators (24) reduce here to the well-known Hopf-cyclic operators for Hopf
algebroids, cf. [CM1, KhR, Ko, KoP)]. For example, the cyclic operator reduces in
such a case to

Ta(h' @4+ @4 h") = (S(W")1)h® @4 -+ @4 (S(B')) (n=1y)h" @4 (S(h")) (n)-

4. Hopf-cyclic homology with coefficients

4.1. Cyclic homology with coefficients for left Hopf algebroids
Let U be a left Hopf algebroid over A with structure maps as before, and let M be a
left U-comodule with left coaction denoted A, : m — m_1) ® 4 m(g) with underlying
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left A-action (a,m) +— am, and simultaneously a right U-module with right action
denoted (m,u) — mu, subject to the compatibility condition (17) with respect the
two induced A°-module structures.

Now define

C.(U7M) = M®Aop (>U<1 )®A0p.,

where the tensor product is formed as in (3). On C,(U, M), define the following
operators, abbreviating x := u' ® 4o - - ® 4op U™:

M Q 4o UL @ pop « -+ @ 4op e(u™) syl if i=0,

di(M @ 400 T) = M @ 00 *++ @ qop U™ UL @ yop + - if 1<i<n -1,
mul @ yor % @ 4op - -+ @ 4op U if i=n,
M Q 4o UL @ pop « -+ @ 4op U @ 4op 1 if i=0,

5i(M @400 ) = M @ pop * D p0p U F @ pop 1 @ yop U FL @ 0p -+ if1Ki<n — 1,
M ® 00 1 @ 400 UL @ g0 -+ - @ 4op U™ if i=n,

b (M @ gop ) =M (0)UYL @ 400 u? @ yop @ qop UT @ gop U -+ 'ul_m(_l).

(26)
Elements of degree zero (i.e., of M) are mapped to zero by the face maps, do(m)
= 0 for all m € M. Well-definedness and well-definedness over the various Sweedler
presentations follow from (6), (11), (15) and (16). Similarly, as in the cohomology
case, these operators still make sense if one drops the condition ma = ms(a) from the
axiom (17) as well as the aYD condition (18).
As one might expect, we will obtain dually to Theorems 3.6 and 3.7:

Theorem 4.1. Let U be a left Hopf algebroid.
1. If M is a right U-module and left U-comodule with respective left A-actions
compatible as in (25), then (C,(U, M),d,, s.,t.) is a para-cyclic k-module.
2. If M is even a stable anti Yetter-Drinfel’d module, then (C,(U, M),d,, S.,t.) is
a cyclic k-module.

We will prove this below by presenting C, (U, M) as a cyclic dual of C*(U, M).

Definition 4.2. For a right U-module left U-comodule M with compatible induced
left A-actions over a left Hopf algebroid U, we denote by H,(U, M) and HC,(U, M)
the simplicial and cyclic homology groups of C, (U, M). We refer to HC,(U, M) as to
the Hopf-cyclic homology of U with coefficients in M.

Dually to Proposition 3.9, one has:
Proposition 4.3 ([Ko, KoP]). If , U is projective as a left A-module, then one has
H,(U,M) ~ Tor¥ (M, A).

Remark 4.4. As in Remark 3.10, in a full Hopf algebroid H the base algebra B of the
underlying right bialgebroid is an anti Yetter-Drinfel’d module which is stable if the
antipode is an involution. The cyclic operator assumes the form

b (U @ op -+ - @ 4op Up) = ugl) ® 40p ++ + @ 4op ugll) & 4op S(u1u§2) .. .u512))’

where the Sweedler superscripts refer to the right coproduct. This is the same expres-
sion as the inverse of the cyclic operator from [Ko, KoP]; see our explanations below.
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4.2. Cyclic duality [C, E, FTs, L]

Recall that the cyclic category is self-dual, that is, we have A1 ~ AP, and therefore
cocyclic k-modules and cyclic k-modules can be canonically identified. However, there
are even infinitely many such canonical identifications since the cyclic category has
many autoequivalences (see e.g., [L, 6.1.14 and E.6.1.5], but note that the very last
line of [L, 6.1.14] should read 7, + 7,; 1).

Feigin and Tsygan have generalised the duality to their category A, that is, to
para-(co)cyclic k-modules whose cyclic operators are isomorphisms (see [FTs, §AT7]).
Unfortunately, they use the most common choice of equivalence Ao, >~ A% which does
not extend to general para-(co)cyclic objects.

However, a different equivalence Ao, ~ A% does lift to a functor A°® — A, so
that one can assign a para-cyclic module to any para-cocyclic module even with
not necessarily invertible 7,; one only has to bear in mind that this process is in
general not invertible. Still, it can be applied in full generality to the para-cocyclic
object C*(U, M), even when M is not SaYD, and hence Theorem 4.1 follows from
the results of the previous section.

Explicitly, we use the following convention for this functor. We decided to stick to
the term “cyclic dual” although it is no longer a true duality in general:

Definition 4.5. The cyclic dual of a para-cocyclic k-module C* = (C*,4,,0,,7,) is
the cyclic k-module C, := (C,,d,, s,,t,), where C,, := C", and

di = =0p_(iy1) : Cn  — Cp1, 0<17<n,
dp =0p_107:Cp, —Cp_q,

S; = 5n—(i+1) :Cho1 — Cy, 0<i<n,
tn == Tn :Cp = C,.

For the convenience of the reader we verify at least some of the relations:
Lemma 4.6. The cyclic dual of any para-cocyclic k-module is a para-cyclic k-module.

Proof. We need to check the para-cyclic relations by using the para-cocyclic ones,
which is straightforward. For example, let ¢ < j and j < n; then n — (i +2) > n —
(j+1), and

di 0 dj = O(n—1)—(i+1) © Tn—(j+1) = O(n—1)—j © On—(i+1) = dj—1 © d;.
For j = n (in which case i < n — 2),
diodp = 0(n—1)—(i+1) ©On-1°Tn

=0n-200(n—-1)—(i+1) ©Tn

=0p-20Tn_100n_(i+1) = dpn_10d;.
Likewise,
d;i 08; = 0p_(i41) ©0p_(ix1) =1d =0p_j 2001 =dj410 5.
Also,
di oty = 0p_(i41)OTn = On—i—10Tn = Tp-1°0p—; =1lp_10d;_1
for 1 <i<n—1, and for ¢ = n the identity dg o t,, = d,, is trivially fulfilled. Finally,

2
So oty = 5n—1 OTp = Tp+1© 511 = Tn+10° Tn+150 = tn+1 O Sp.
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The rest of the simplicial and cyclic identities are left to the reader. O

Remark 4.7. Note that the last coface map d,: C"~1 — C™ is not used in the con-
struction of the cyclic dual: there is one less degeneracy s;: C,,_1 — C), than there
are cofaces §;: C"~1 — C™. Conversely, there are not enough codegeneracies to derive
all the face maps: the last face map d,, uses the extra codegeneracy o,_1 o 7, that
arises from the (para-)cocyclic operator.

Remark 4.8. Observe that the cyclic homology of the cyclic dual of a given cocyclic
k-module is independent of the choice of the self-duality of the cyclic category A;. This
follows from the description of cyclic homology as Tor{\(ljp(k7 C) (cf. [L, Thm. 6.2.8])
in combination with the fact that all autoequivalences of A; leave the trivial cyclic
k-module k invariant.

Remark 4.9. Two relatively straightforward cases in which the cyclic operator is not
invertible are that of a Hopf algebra U (over A = k) whose antipode is not bijective,
taking the coefficients to be M = k with trivial action 1 - v = ¢(u) and trivial coaction
Ay(1)=1®1, or that of U = A°, M = A,, discussed in Section 5.2 below, when o
is not bijective.

However, it seems worthwhile to remark that 7 is invertible if U is a full Hopf
algebroid with invertible antipode S and M has yet some additional structure: recall
first [B1] that the two constituting bialgebroids (i.e., left and right) in a full Hopf
algebroid have different underlying corings (over anti-isomorphic base algebras) that
have a priori different categories of comodules. A Hopf algebroid (say, left) comodule
is then, roughly speaking, both a left and a right bialgebroid (left) comodule, the
two structures being compatible with each other. If M is a left comodule over the
full Hopf algebroid U and aYD, in the sense of Definition 2.7 with respect to the
underlying left bialgebroid, one verifies by a tedious but straightforward induction on
n that

7o (w @, m)
= (S22 )ym Y ) - (1@ u! @4 @, u" ) @, m 05 (mTY 5)) S 2 (u)

yields an inverse for the cocyclic operator 7, from (24), where we abbreviated
wi=u'®, - ®, u”. Here - denotes the diagonal action via the left coproduct and
Sweedler superscripts the left coaction with respect to the underlying right bialgebroid
in U. In case M = B ~ A°P| this reduces to the well-known expression

u @, @au" = (STHW) (1@au' @4 @4 u" )

from [Ko, KoP]. If M is an SaYD so that C*(U, M) is cocyclic, then the inverse of
Tp, is simply given for any left Hopf algebroid U by

7_7:1(“1 Rp Rau” Ry m) = U’r_lTIL(_l) . (1 R a ut Rp - Ra unil) Ra m(o)uf_
4.3. The Hopf-Galois map and cyclic duality

The explicit map implementing the isomorphism C, (U, M) ~ C*(U, M) is given
by generalising the Hopf-Galois map (2):
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Lemma 4.10. For each n > 0, the k-modules C,(U, M) and C™(U, M) are isomor-
phic by means of the Hopf-Galois map vy, : C, (U, M) — C™(U, M) in degree n, defined
by o :=1idy, 01 M R 00 U — U R, M, and for n > 2

(M @ 400 U' @ pop -+ @ 4op u™)
A A A (27)

%nfl) - u'&;lun ® ., m,

1 1.2 1
U Oa Ug)Un) Da e Da Uiy U
with inverse
%(ul R4 Qau” Q4 m)
o 1 1,2 2.3 n—1,n
=M X 4op Uy & p0p uU_uy & 4op uZuy R pop s Quop U_ U .

Proof. Well-definedness and well-definedness over the respective Sweedler presenta-
tions follow from the Takeuchi conditions (1) and (6). The fact that ¢ and ¢ are
mutually inverse is verified by induction on n using the properties (4) and (5). O

Lemma 4.11. If U is a left Hopf algebroid, then the Hopf-Galois map identifies
C.(U, M) with the cyclic dual of the cocyclic module C*(U, M) of Theorem 3.6.

Proof. We need to show, e.g., for the cyclic operators (24) and (26)
Tn © Pn = Pn otn
with respect to the map (27). This is a straightforward verification: one has
Tn®n (M @ qop U' @ gop -+ + @ 400 1)
= Tty @ gy Uty @a - O Uy Unor) Uy W ©am)
= )= (1) U{2)U1) @a " O Ua)— (o) Uy U1 " Uy U
D U{1)— () M(-1) O MOU(1)
= u{1)— (1)U Un) B ©a U1y (n_1)U{n)Uin_1) " U U
D U(1) 4 M=1) @a MU0) U1y 1 4
= U1y @4 Uy Uy @i @aUlp_yy U?zjlun @4 ulm(-1) @ Moyl
using (5) and (8), whereas
Ot (M @ 400 U @ 4op -+ @ 400 u™)
= cpn(m(o)ui ® 0w UT. @ qop +++ @ g0 UL @ gop U - -ul_m(_l))
= ul) ®a Wi @) @ Oa Wy - W)Ul - ulmoy ®a moyuy
n—1,n

= Uty ®a Uy Uty ©a - @4 Ulyy - Ufy) 0" ®a ulm) @4 moyul

by (4) and (7), and the claim follows. The corresponding identities relating (co)faces
to (co)degeneracies are left to the reader. O

Proof of Theorem 4.1. This now follows from Theorem 3.6 and Theorem 3.7. O

5. Examples

5.1. Lie-Rinehart homology with coefficients
Let (A, L) be a Lie-Rinehart algebra over a commutative k-algebra A and V'L be
its universal enveloping algebra (see [Ri]).
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The left Hopf algebroid structure of V'L has been described in [KoKr]; as therein,
we denote by the same symbols elements a € A and X € L and the corresponding
generators in V' L. The maps s = t are equal to the canonical injection A — V L. The
coproduct and the counit are given by

AX)=X®a1+1®4 X, e(X):=0,
Afa) = a®a4 1, e(a) = a,

whereas the inverse of the Hopf-Galois map is
X+®AOPX, Z:AXV(X)AOP1—1@@‘,401))(7 a+®Aopa, Z:a®A1.

By universality, these maps can be extended to V' L.

Recall from [Hue] that a right (A, L)-module M is simultaneously a left A-module
with action (a,m) +— am and a right L-module with action (m, X) — mX, subject
to the compatibility conditions

(am)X = a(mX) — X (a)m,

m(aX) = a(mX) — X(a)m, meM, ae A, X € L.

Right (A, L)-module structures correspond to right V L-module structures and vice
versa. For a right (A, L)-module M, we define Lie-Rinehart homology with coefficients
i M as

H,(L, M) := Tor!*(M, A). (28)

Interestingly enough, every right (A, L)-module is an SaYD module with respect
to the trivial coaction (cf. Remark 2.6):

Lemma 5.1. Let M be a right (A, L)-module and define on M the left V L-coaction
Ay: M —->VLRs M,m— 14 m. Then M is a stable anti Yetter-Drinfel’d module.

Proof. Equipped with this coaction, M is obviously stable, and also (17) is immediate
(observe that left and right A-action on M coincide). Hence it remains to show (18).
With the left Hopf algebroid structure maps mentioned above, it is easy to see that
on generators

AM(mX) =1®a4mX = XfX-i—(l) XA mX+(2) = Xfm(—l)X+(1) ®A m(O)X+(2)

holds for X € L and trivially on generators a € A. For an element u = aX; --- X,
where a € A, X; € L, one immediately obtains

A(mu) =1®4 mu' X,
= (Xp) - (Xp) (1) ®a mu/ (X)) 4 (2)
= (Xp) - (mu) (1) (Xp)+1) ®a (mu') o) (Xp)4(2)

for v’ = aX; --- X,_1. Using induction on p and (9) one concludes that as desired we
have A(mu) = u_m_1)u4(1) ®a M(o)Ui(2)- O

Recall that there is a canonical complex that computes H,(L, M) whenever L is
A-projective. This is given by the exterior algebra A’ L tensored over A with M,
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with differential = 9,: M @, N} L = M ®, /\271 L defined by
Om e, X1 A ANXy)

=Y ()X @u Xy A AXG A A X,
=1
Y ()M, X, XIAX A AX A AXG A A X,

i<j
The following theorem generalises [KoP, Thm. 3.13] to more general coefficients.

Theorem 5.2. Let (A, L) be a Lie-Rinehart algebra, where L is A-projective and M a
right (A, L)-module which is A-flat, seen also as a left V L-comodule as in Lemma 5.1.
The map

— 1 g
Zem @y X1 A AXn o — D (1) Xo(1) @a o @ Xon) @
o€eSy

defines a morphism of mized complezres
(M ®a A\, L,0,0)— (C*(VL,M),b, B)
which induces natural isomorphisms
H*(VL,M)~M &, \" L,
HC*(VL,M)~kerd, ®H,_o(L,M)® H,_4(L,M) & --- .

Proof. The first part of the theorem and the first isomorphism follow immediately
by the form of the cosimplicial operators in (24) for a trivial coaction, combined with
the analogous result for M = A from [KoP] and the flatness assumption on M.

To prove the second isomorphism, we need to show that = intertwines the hori-
zontal differential B with d. This will be done by explicitly applying the coinvari-
ants functor and the results in Section 3. Let B: B*(V L, M) — B*~Y(V L, M) denote
the horizontal differentials of the mixed complex associated to the cocyclic module
from Lemma 3.1. Hence B = No_;(1 — \), where A := (—1)"7,, N := SI' /A%, and
0_1 1= 0p_1Ty. Explicitly, we obtain

B(UO ®A ®A Up, ®A m)

I
NE

((_l)me(UO)ui-‘rl Ra  QaUp @aUp ®p - Qalj—1 @amMm

-
I

— o

—1)n(i71)6(un)ui+1 @a QaUn—1 s U @a  QaUi-1 @4 m)

Note that B*(VL,M) = C"*1(VL, M) as (A, A)-bimodules in this example. From
our general considerations in Section 3, we have Bogpom =¢omo B, where 7 is
the canonical projection B*(U, M) — U®4*Tt @pop M and ¢: U®4*H @pop M —
C™(VL, M) is the isomorphism (21). Using its right inverse mentioned in the proof
of Proposition 3.4, it is seen that

=(m @0 X3 A+ A Xn) = (7 Toes, ()71 04 Xor) @ B4 Koty @4 7m)).
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Hence, because L C ker e we can compute
B(E(m®4 X1 A+ AN Xy))
= (b(w(B(% Yoves, (F1)T1 @4 Xoq) ®a - @4 Xo(n) ®a m)))
= O(m (Gt Lves, (“1)7Xo(1) @4 @4 Xo(n) ®am))
= i Loes, (1D Xo()_ + (Xo(2) @a - @4 Xo(n)) @4 mXo),
= ﬁ Yves, (F1)7Xo@) @4 @ Xo(n) @4 mXoq)
— Ty it 2oves, (T1)7Xo(2) ®a @4 Xo)Xo() ®a @4 Xo(n) ®am
=E(X (D) mX; @, Xi A AXG A A X,
i (DM@, (X X A X A AKX A AXG A AX)
=Z2(0(m @4 X1 A AN Xy)),
where - denotes the diagonal action via the coproduct. This completes the proof. [
Remark 5.3. Note that combining the preceding theorem with Proposition 4.3 as well

as (28) relates the Hopf-cyclic cohomology of V'L with the Hopf algebroid homology,
that is, the simplicial theory of the dual Hopf-cyclic homology:

HO*(VL, M) ~kerd, @ H,_o(L, M) @& H,_4(L, M) & - -
~ ker 8, @ TorY %y (M, A) @ TorY (L, M) @ - --
~ kera. D H,_Q(VL,M) D H._4(VL,M) D

5.2. Twisted cyclic homology

Recall from [Sch2] that U = A°® is for any k-algebra A a left Hopf algebroid over
A with structure maps

s(a) =a®i 1, t(b) :=1®rb, Ala®ib):=(a®r1) R4 (1R%D), e(a®b) :=ab.
The inverse of the Hopf-Galois map is given by
(a @k b)+ ®aop (a Rk b)— := (a Q) 1) @400 (b QR 1).

Any algebra endomorphism o: A — A defines a right A°-module A, which is A as
a k-module with the right action

z(a ® b) = bxo(a), a,r € A be A°P.
Furthermore, define a left A°-comodule structure on A, by
AU—>AC®AAU, a:b—)(x@kl)@Al,

which reduces to the map A, — A, z — x ®; 1. With this A®-action and A°-coaction
on A,, we have bx = b» x, but za is different from z <a unless 0 =id4. So if ¢ is
not the identity, the condition (17) is not fulfilled and A, is therefore not an anti
Yetter-Drinfel’d module.
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Under the isomorphism C,(A°, A,) = Ay @400 ASE4P™" ~ A, @) A" given by
T & pop (al (293 bl) Q) g0p **+ Q) gop (an (22 bn) by b1 Qa1 R -+ - R, An,,

the para-cyclic operators (26) become

anT Rk a1 Qf ++* Qk Ap—1 le:O,
di(TRpY) =T D+ Ok Qp—iOp_iy1 Ok - if1<i<n -1,
zo(ar) Q@ ag @ -+ Dk ap if i=mn,
TR a1 Q-+ D an R 1 if =0,
5T QK Y) = Q-+ D Up—i Ok 1 Qp Ap—jp1 @ -+ if 1<i<n — 1,
TRk 1Rk a Q-+ Rk ap, ifz’:n,

th(z @k y)=0(a1) ®k as A - -+ Ok apn, Qp T,
where we abbreviate y := a1 ® - - - ® a,. In particular, one has
tz+1 :g®k...®k0—,

so C,(A°, A,) is cyclic if and only if 0 = id (in which case A4, is an SaYD module).
However, there are situations in which the canonical projection from C, (A, A,)

onto its associated cyclic k-module C,(A°, A,)/im(id — t:71) is a quasi-isomorphism

of the underlying simplicial k-modules; see, e.g., [HaKr, Prop. 2.1], which implies:

Theorem 5.4. If k is a field and o is a diagonalisable automorphism of A, then
H,(A® A,) ~ H,(A, Ay).

Here the right-hand side denotes the Hochschild homology of A with coefficients in
the (A4, A)-bimodule A,. The resulting cyclic homology HC?(A) := HC,(A®, A,) has
been first considered in [KuMuTu] under the name o-twisted cyclic homology and
has served as yet another guiding example of generalised cyclic homology theories. It
can be also expressed as the Hopf-cyclic homology of the kZ-module algebra A (where
kZ acts via o), but the above presentation seems more natural and stresses the way it
originates as a deformation of HC,(A). We therefore consider it an important exam-
ple that motivates both the generalisation of Hopf-cyclic (co)homology from Hopf
algebras to Hopf algebroids and the necessity to consider coefficients beyond SaYD
modules. The above shows how to extend the construction of [KuMuTu] to arbitrary
(A, A)-bimodules assuming the existence of an A®-coaction on the coeflicients.

Acknowledgements

It is a pleasure to thank Tomasz Brzezinski, Atabey Kaygun, and Jean-Louis Loday
for helpful comments. Niels Kowalzig is supported by an LH.E.S. visiting grant. Ulrich
Krahmer is supported by the EPSRC fellowship EP/E/043267/1 and partially by the
Marie Curie PIRSES-GA-2008-230836 network and the Polish Government Grant
N201 1770 33.



CYCLIC STRUCTURES IN ALGEBRAIC (CO)HOMOLOGY THEORIES 317

References

[B1] G. Bohm, Galois theory for Hopf algebroids, Ann. Univ. Ferrara Sez.
VII (N.S.) 51 (2005), no. 1, 233-262.

[B2] G. Bohm, Hopf algebroids, Handbook of algebra, Vol. 6, North-Holland,
Amsterdam, 2009, pp. 173-235.

[BS1] G. Bohm and D. Stefan, A categorical approach to cyclic duality,
preprint (2009), arXiv:0910.4622, to appear in J. Noncommut. Geom.

[BS2] G. Bohm and D. Stefan, (Co)cyclic (co)homology of bialgebroids: an
approach via (co)monads, Comm. Math. Phys. 282 (2008), no. 1, 239-
286.

[BSz] G. Bohm and K. Szlachanyi, Hopf algebroids with bijective antipodes:

axioms, integrals, and duals, J. Algebra 274 (2004), no. 2, 708-750.

[BrzWi] T. Brzeziriski and R. Wisbauer, Corings and comodules, London Math.
Soc. Lect. Note Series 309, Cambridge Univ. Press, Cambridge, 2003.

[C] A. Connes, Cohomologie cyclique et foncteurs Ext™, C. R. Acad. Sci.
Paris Sér. I Math. 296 (1983), no. 23, 953-958.
[CM1] A. Connes and H. Moscovici, Differentiable cyclic cohomology and Hopf

algebraic structures in transverse geometry, Fssays on geometry and
related topics, Vol. 1, 2, Monogr. Enseign. Math. 38, Enseignement
Math., Geneva, 2001, pp. 217-255.

[CM2] A. Connes and H. Moscovici, Hopf algebras, cyclic cohomology and
the transverse index theorem, Comm. Math. Phys. 198 (1998), no. 1,
199-246.

[Cr] M. Crainic, Cyclic cohomology of Hopf algebras, J. Pure Appl. Algebra
166 (2002), no. 1-2, 29-66.

[E] A. Elmendorf, A simple formula for cyclic duality, Proc. Amer. Math.
Soc. 118 (1993), no. 3, 709-711.

[FTs] B. Feigin and B. Tsygan, Additive K-theory, K-theory, arithmetic

and geometry (Moscow, 1984-1986), Lecture Notes in Math. 1289,
Springer-Verlag, New York, 1987, pp. 67-209.

[FiL)] Z. Fiedorowicz and J.-L. Loday, Crossed simplicial groups and their
associated homology, Trans. Amer. Math. Soc. 326 (1991), no. 1, 57—
87.

[HKhRS1] P. Hajac, M. Khalkhali, B. Rangipour and Y. Sommerhéuser, Stable
anti-Yetter-Drinfeld modules, C. R. Math. Acad. Sci. Paris 338 (2004),
no. 8, 587-590.

[HKhRS2] P. Hajac, M. Khalkhali, B. Rangipour and Y. Sommerh&user, Hopf-
cyclic homology and cohomology with coefficients, C. R. Math. Acad.
Sci. Paris 338 (2004), no. 9, 667-672.

[HaKr] T. Hadfield and U. Krdhmer, Twisted homology of quantum SL(2),
K-Theory 34 (2005), no. 4, 327-360.
[HasR] M. Hassanzadeh and B. Rangipour, Equivariant Hopf Galois extensions

and Hopf cyclic cohomology, preprint (2010), arXiv:1010.5818.



318
[Hue]
[KSz]
[Kal]
[Ka2]
[KhR]
[Ko]
[KoKr]

[KoP]

[KuMuTu]

[L]
[Ma]
[Ri]

[Schl]

[Sch2]

[T]

NIELS KOWALZIG anp ULRICH KRAHMER

J. Huebschmann, Duality for Lie-Rinehart algebras and the modular
class, J. Reine Angew. Math. 510 (1999), 103-159.

L. Kadison and K. Szlachanyi, Bialgebroid actions on depth two exten-
sions and duality, Adv. Math. 179 (2003), no. 1, 75-121.

A. Kaygun, Bialgebra cyclic homology with coefficients, K-Theory 34
(2005), no. 2, 151-194.

A. Kaygun, The universal Hopf-cyclic theory, J. Noncommut. Geom. 2
(2008), no. 3, 333-351.

M. Khalkhali and B. Rangipour, Para-Hopf algebroids and their cyclic
cohomology, Lett. Math. Phys. 70 (2004), no. 3, 259-272.

N. Kowalzig, Hopf algebroids and their cyclic theory, Ph.D. thesis, Uni-
versiteit Utrecht, 2009.

N. Kowalzig and U. Krahmer, Duality and products in algebraic
(co)homology theories, J. Algebra 323 (2010), no. 7, 2063-2081.

N. Kowalzig and H. Posthuma, The cyclic theory of Hopf algebroids,
preprint (2009), arXiv:0904.4736, to appear in J. Noncommutat.
Geom.

J. Kustermans, G. Murphy and L. Tuset, Differential calculi over quan-
tum groups and twisted cyclic cocycles, J. Geom. Phys. 44 (2003),
no. 4, 570-594.

J.-L. Loday, Cyclic homology, second ed., Grundlehren der Mathema-
tischen Wissenschaften 301, Springer-Verlag, New York, 1998.

T. Maszczyk, Noncommutative geometry through monoidal categories,
preprint (2006), arXiv:math/0611806.

G. Rinehart, Differential forms on general commutative algebras,
Trans. Amer. Math. Soc. 108 (1963), 195-222.

P. Schauenburg, Bialgebras over noncommutative rings and a structure
theorem for Hopf bimodules, Appl. Categ. Structures 6 (1998), no. 2,
193-222.

P. Schauenburg, Duals and doubles of quantum groupoids (x g-Hopf
algebras), in New trends in Hopf algebra theory (La Falda, 1999), Con-
temp. Math. 267, Amer. Math. Soc., Providence, RI, 2000, pp. 273-299.
M. Takeuchi, Groups of algebras over A ® A, J. Math. Soc. Japan 29
(1977), no. 3, 459-492.

Niels Kowalzig kowalzig@ihes.fr

Institut des Hautes Etudes Scientifiques, Le Bois-Marie, 35, route de Chartres, 91440
Bures-sur-Yvette, France

Ulrich Krdhmer ulrich.kraehmer@glasgow.ac.uk

University of Glasgow, School of Mathematics and Statistics, University Gardens,
Glasgow G12 8QW, Scotland



