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Hopf-cyclic coefficients in the braided setting
Ilya Shapiro

Abstract. Considering the monoidal category € obtained as modules over a Hopf algebra H in a
rigid braided category 8B, we prove decomposition results for the Hochschild and cyclic homology
categories HH(€) and HC(€) of €. This is accomplished by defining a notion of a (stable) anti-
Yetter—Drinfeld module with coefficients in a (stable) braided module over . When the stable
braided module is HH (B), we recover HH(€) and HC(€). The decomposition of HC(€) now
follows from that of HH(B).

1. Introduction

Cyclic (co)homology for associative algebras was introduced independently by B. Tsygan
and A. Connes in the 1980s. The original ideas have since been significantly extended
and branched out into many fields. Our investigations in this paper focus on the equiv-
ariant flavor that began with Connes—Moscovici [6] and was generalized into Hopf-cyclic
cohomology by Hajac—Khalkhali-Rangipour—Sommerhéuser [9, 10] and Jara—Stefan [11].
Roughly speaking, the original theory defines cohomology groups for an associative alge-
bra which play the role of the de Rham cohomology in the noncommutative setting. The
equivariant version considers an algebra with a compatible action of a Hopf algebra. It
turns out that analogous to D-modules in the de Rham cohomology, one has coefficients
in the Hopf setting; it is an interesting fact that unlike the de Rham setting, Hopf-cyclic
cohomology requires coefficients; i.e., there is no canonical trivial coefficient. These coef-
ficients are known as stable anti-Yetter—Drinfeld modules, due to their similarity to the
usual Yetter—Drinfeld modules, with an important distinction being that stability is an
extra condition exclusive to the former.

This paper concerns itself with the case of a Hopf algebra H in a rigid braided cate-
gory B, braiding being required for the notion of a Hopf algebra to exist. The question of
what should be the Hopf-cyclic coefficients, i.e., (stable) anti- Yetter—Drinfeld modules in
this setting, has first been examined in [ 14]. The work therein was recently refined and clar-
ified in [2]; the latter should also be compared to [1]. The approach consists of imitating
the classical definition, i.e., that of modules and comodules over H with a compatibility
condition between the two structures, plus stability. These investigations can be considered
as the anti-center counterpart to those in [18] that concern the center; see Corollary 4.44.
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Our approach is from a different perspective, motivated by the example in Section 5.
Namely, a usual Hopf algebra T is simplified when replaced by a Hopf algebra H in
a braided 8. If one wants to understand the usual (stable) anti-Yetter—Drinfeld modules
for T', could one do so in terms of H? To answer this question, let € = Hg-mod be the
category of H-modules; it is monoidal; see Section 2.1. The classical definition of (stable)
anti- Yetter—Drinfeld modules has been generalized, and in particular, it is now possible to
talk about them for a general monoidal category €. Denote anti- Yetter—Drinfeld modules
and their stable variants by HH (€) and H C(€), respectively; see Section 2.2. We now
need to describe HC(€) as modules and comodules over H. Surprisingly, the answer
to our question is different from the existing literature, and in particular, it strictly sub-
sumes [2].

Namely, in Definition 4.23, we describe (stable) anti-Yetter—Drinfeld modules with
coefficients in a (stable) braided module M over 8B; see Definition 3.2. Theorems 4.24
and 4.42 then complete the description of HC(€) in terms of modules and comodules
over H in the stable braided module HH(8B). Note that H H(8) itself consists of anti-
Yetter—Drinfeld modules for B. As a stable braided module, HH (8), in certain cases
such as in Section 3.4, admits a decomposition which in turn decomposes H C(€); see
Corollary 4.45. If 8 is balanced, as is the case considered in [2], then HH (8) admits
a summand, as a stable braided module, isomorphic to B itself. We can then summarize
[2,14] by stating that the definitions given there recover a part of the summand of H C(€)
that corresponds only to B in the full HH (8); see Lemma 4.26. Note that such a piece
need not exist; in fact it exists if and only if B is balanced; see Lemma 3.18. The choice
of the twist in the balancing affects the category of stable anti-Yetter—Drinfeld modules
that one gets.

The notion of a braided module is equivalent to a module over H H(8B) where the
latter is given the “cylinder stacking” product from factorization homology [3]. This point
of view is surveyed in [15] and will be ignored in this paper as we are mainly focused on
the module/comodule description of H C(€) and the explicit calculations of Section 5.

1.1. Conventions

We fix an algebraically closed ground field &, of characteristic 0; Vec denotes the cate-
gory of finite-dimensional k-vector spaces. Our monoidal categories are linear over k. All
algebras A in monoidal categories € are assumed to be unital associative; we say that
A € Alg(€). We let Ae-mod stand for left A-modules in € which is a right €-module
category. Furthermore, if M is a €-module category, then A 4-mod denotes the category
of A-modules in M. Finally, if + is a monad on a category €y, then A¢,-mod denotes the
category of #A-modules in €.

1.2. Organization of the paper

After the preliminaries of Section 2, we introduce stable braided modules over a braided
category in Section 3. They are an essential ingredient for defining the diagram over the
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Connes’ cyclic category A that yields the notion of (stable) anti-Yetter—Drinfeld modules
in the braided setting. Braided modules are in fact our third attempt at the right concept,
with the first being centered around the notion of a twist in a braided category (2.1), the
second being the L of Definition 3.11. The main examples of stable braided modules are
HH(8B) and B¢ (¢ is an anti-twist on 8), with the decomposition of Section 3.4:

HH(8) = P 3.
S

relating the two in a special case.
Section 4 justifies the preceding definitions by demonstrating that

Gy = Hﬁr(nﬂ)—mod

is indeed a diagram of categories over A. This yields the monadic description of the limit
which in turn forces the following definition, which is an abridged version of Defini-
tion 4.23.

Definition 1.1. Suppose that M is a braided 8-module. Let aYDf{ denote the category
of M € M such that

M e Hy-mod and M € *Hjp-mod.

And the two actions are compatible as follows:

H *H M

Here, Eg, y is the braided module structure of M. Section 4.5 explains how to go
from an M above to a cohomology theory for algebras in H g-mod. This section is useful
to us here because it helps prove the main result of the paper (a version of Theorem 4.42).

Theorem 1.2. Let H € B be a Hopf algebra, and let € = H g-mod. Then,
aYDf] ) ~ HH(C)

and the isomorphism identifies ¢ on LHS with ¢ on RHS.

This describes H C(€) as modules/comodules in HH(8B) over H. See also Corol-
lary 4.44 that analogously describes aYDH Note that, after the fact, one could use
Definition 1.1 specifically for M = HH (ii) and then prove Theorem 1.2 directly. This
avoids any discussion of diagrams of categories, limits, and monads. The trade-off is
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that the proofs would increase significantly in difficulty and the motivation behind the
definition would be shrouded in mystery. Namely, it would sever the connection to the
conceptual framework that produced these notions naturally and connects them to each
other and the wider mathematical setting.
Section 5 applies the machinery developed in this text to the Taft algebra 7,(§). The
monoidal category is
€ = Tp(§)-mod = Hg-mod

for an appropriate H in an appropriate 8. The category of the classical stable anti-Yetter—
Drinfeld modules for 7, (£) thus exhibits a decomposition into packets; these are explicitly
identified via calculations.

Finally, the appendix contains some material that is likely to be general knowledge
and is mostly included to fix notation.

2. Some preliminaries

Here, we collect some background material that facilitates the reading of this text. We
aim to give references, but avoid precise definitions; rather we hope to impart a working
understanding of the concepts sufficient for following the arguments in the paper.

2.1. Rigid braided categories and Hopf algebras

Roughly speaking, a monoidal category € [12] is a category equipped with a bifunctor
® : € X € — Cwritten as (X,Y) — X ® Y and an associativity constraint

oxyz XY ®Z)~(XQY)®Z

that satisfies a coherence (pentagon) axiom. There is also a monoidal unit 1 € € with nat-
ural requirements. The main point of the pentagon axiom is to ensure the following. Take
a finite number of objects in € and use the ® iteratively to construct a single object. This
object depends on the particular choice of bracketing, but any two choices are isomorphic
using successive applications of the associator «. Now the isomorphism could in principle
depend on the particular sequence of the applications of the associator, but it does not. A
left or right €-module category M is defined similarly; i.e., replace one of the €’s by an
M in the definitions. This and other concepts can be found in [7].

A monoidal category is rigid if any object X has a right * X and a left dual X*. Note
that in general, X ** 2¢ X ; we use X # to denote the former. We have evaluation and coeval-
uation maps: X* @ X > L X®*X > 1,1 > X ® X*, and 1 - *X ® X such that
the functor pairs (— ® X,— ® X*) and (X ® —, *X ® —) are adjoint pairs; this is best
understood in terms of straightening strings (see below for graphical calculus). A category
is pivotal if it is equipped with a pivot: a monoidal isomorphism p € Nat®(Id, (—)%); i.e.,
ox 1 X — X* with

PXY = Px ® py.
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Recall that a monoidal category B is braided [12] if there is a braiding isomorphism
‘L’X,YIX®Y2Y®X.

The braiding is to satisfy certain coherence conditions that ensure that braid diagrams can
be used to perform calculations; thus, this structure gives rise to braid group actions on
powers X ®"_ The braided category B is symmetric if

2 .
xy = v xwx,y = ldxgy;

the braid action then factors through the symmetric group. On the opposite side of the
spectrum, we say that B is non-degenerate if r)%,Y =Idygy, forall Y, implies that X = 1.

A braided category is balanced if it is equipped with a twist 8 € Nat(Id, Id); i.e., an
isomorphism 0y : X — X such that

Oxy = 15 ybx ® Oy. Q2.1)

Thus, a balanced category, though it is not necessarily symmetric, is so up to a “boundary”.
A balanced category is a ribbon category if *0x+ = 6y for all X.

A bialgebra 4 in B [20] is an algebra and a coalgebra in a compatible manner; to
express the compatibility, we need the braiding t. More precisely, (A, m,u, A,¢) is a
bialgebra if (m, 1) is an algebra structure, (A, ) a coalgebra structure, and

Am=m@m)(dg ® 14,4 ® Id4)(A ® A),

Au=u@u,em =¢® ¢, and eu = Id;. Namely, recall (or see Definition 6.2) that we
can form the algebra A ®* A and we require that A : 4 - A®  Aande: A — 1 are
algebra maps.

In particular, given V, W € Ag-mod, we can form V ®* W € (4 ®" A)g-mod, and
then use A* : (4 ®° A) g-mod — A g-mod to define a monoidal structure on A g-mod:

Vew:=A"Vg W). 2.2)

A Hopf algebra H in B is a bialgebra with the additional property that it has an
(invertible, for us) antipode S : H — H that satisfies

m(S @ Idg)A =ue = m(ldg ® S)A.
It follows that S is both anti-multiplicative and anti-comultiplicative; in particular,
Sm=mS ®S)tgug, AS=tHa(S®I5)A.

Such an S is unique if it exists and S ensures the existence of duals for H-modules.
In this paper, we will consider a Hopf algebra H in a rigid braided category B. It is
immediate by the above that
€ = Hg-mod,

the category of modules over H in 8B, is a rigid monoidal category. That is our main object
of interest.
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2.2. Categories HH(€), HC(€), and Hopf cyclic coefficients
Let € be a monoidal category. Denote the product by
A*:CREC € (2.3)
and the unit by
g* : Vec — €. 24

Categorifying the construction of a simplicial or cyclic object [19] associated with an
algebra, we have a diagram, see Section 6.3, over Connes’ cyclic category A, with

€n — €|Z(n+1)‘

It is constructed from three key structures: (2.3), (2.4), and o : e®2 _, e®2 which flips
the two copies. We then have

HH(€¢) =1lim¢€ and HC(€)=I1lim€¢,
— —
A°p A©op

where A is the simplex category.

The Hochschild homology category H H(€) has a much simpler description that is
essentially a copy of the classical center construction Z(€). Namely, H H(€) consists of
M € € equipped with the structure of isomorphisms:

Ty MX >'XQM
satisfying 73, vy = Ty y T3y x - Note that, unlike Z(), there is also a ¢ € Aut(Idmr(e)):

ey = ldy ® eVM#,M*)TITJ_JlV[(IdM ® COGVM,M*);

also see (3.2). The cyclic homology category H C(€) is the full subcategory of HH (€)
consisting of objects M with ¢cps = Idys; we say that HC(€) = HH(€)S.

In [21], we provide a description of HH(€), which is applicable to our case here, in
terms of a monad on €. Namely,

AM) = A*cAM,

where A, is the right adjoint to the product (2.3). It is shown that the limit can be iden-
tified with Ae-mod. The category H C(€) is obtained using the action of 3 € Z(+A) that
produces ¢. The monadic approach is central to this paper.

Let H be a usual Hopf algebra, i.e., in vector spaces. Let € = H-mod, so that

€, = H®®tD)_mod

and the three structures are literally A* (where A : H — H ®2 is the coproduct), £* (where
& : H—k is the counit), and 0 =0™* (where 6 (x ® y) =y ® x for x, y € H). Having defined
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the diagram over A, we obtain that H H () is exactly the usual anti- Yetter—Drinfeld mod-
ules. The path from the limit to the module/comodule description lies through the monad
A which in this case is isomorphic to Homy (H, —).

The main difficulty, as far as the limit description is concerned, in passing from H in
Vec to H in a rigid braided 8 is the absence of ¢. Keep in mind that H H (H g-mod) is
still perfectly well defined according to the above discussion. The natural thing to try is
th. g - H®? — H®? but that is not an algebra map in B (unless B is symmetric) so that
in general €, = Hg("+1)
replacing B with a stable braided module M; see Definition 3.2.

-mod is not even a diagram over A. This problem is rectified by

2.3. Graphical calculus: string diagrams

Most of the computations in this paper are done using string diagrams. These depict the
compositions of various structures available in rigid braided categories and drastically
simplify their manipulations. Our string diagrams are read top to bottom. The following
is a compact summary of the notation:

TAB il my Ac  pm
A B A B A A C A M
XY AN

/ AN
B A B A A C cC M

COCVx 4 A AR*A—>1 f:A—=>B u:1—A4

*A A U A
1+ AR A*  evgx 4 e:C—1
A W\ =& l
In the above, 14, is the braided structure with T;% = (73, A)_l. Thus, a string cross-
ing over another is “doing all the work”. This is imp(;rtant to keep in mind when dealing
with multiple crossing structures where the type of crossing will be marked accordingly;

see Definition 3.11 and Proposition 4.33.

If A is an algebra, then m4 denotes its multiplication, while if C is a coalgebra, then
Ac is its comultiplication. If M is an A-module, then pys is the module structure. The
arcs above denote the evaluation and the co-evaluation maps of the rigid structure. The

boxed f marks a morphism in the category, with the circled plus denoting the antipode S
of a Hopf algebra. Finally, we have the unit and counit maps.

3. (Stable) braided modules

Let B be arigid braided category. Let A, B be algebras in 8. Recall (or see Definition 6.2)
that we can construct, using the braiding, new algebras: 4 ®""' Band B ®" A. Note that

up:A®" B—>BQ® A
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is an isomorphism of algebras. This is not going to work for the cyclic shift because the
two algebras use different t’s. We need something more sophisticated.

The following notion is essentially identical to the one in [4], with differences that
make our definition more suitable to our case. It allows us to define a diagram over the
simplex category A, and thus, the Hochschild homology category.

Definition 3.1. A B-module category M is braided if it is equipped with the data of a
natural isomorphism Ex, s of the action functor (8 x M — M) satisfying

(C1) Eyxm = T;ZIYEY,MTE}(,
(C2) Eyx,m = EyxmEx M-

We need the following enhancement of the definition above, in order to obtain a dia-
gram over Connes’ cyclic category A, and thus, cyclic homology.

Definition 3.2. A braided B-module M is stable if it is equipped with the data of a natural
isomorphism ¢ : Id ¢ — Id satisfying
Exm = SxmSy'-

Note that given a braided structure, a stable structure compatible with it is not unique.
On the other hand, ¢ determines E and any E that comes from a ¢ satisfies (C2) automat-
ically.

Remark 3.3. Unless 8B is symmetric, 8 need not be a braided module over itself. When
it is, there will be usually more than one natural braided structure and even more stable
structures. On the other hand, if B is symmetric, then any $-module M can be endowed
with a stable braided structure ¢py = Idys for M € M.

Definition 3.4. A B-equivariant functor F : M — M’ between braided modules is braided
if the following diagram commutes:

F(X -M)——=X-F(M)
lF(EX,M) LEX,F(M)
F(X-M)——=X-F(M),

where the horizontal arrows are part of the equivariant structure. If M, M’ are stable, then
F is stable if

F(sm) = sFm)-
Note that stable implies braided.

3.1. First example: HH (8B)

Let € be arigid category. Then, the center of € is a rigid braided category Z(€) and it has
a natural stable braided module H H(€) (the anti-center, i.e., the Hochschild homology
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of €). Namely, for Z € Z(€) and M € HH(€), we have Z - M € HH(E€) as follows

(X €©):
X Z-M X z M
\ .
) X 3.1)
\ N
z-M Xtz M x#

The stable and induced braided structures are

M Z M
| \Q
¥
M= M Ezn = (3.2)
|
M zo M

and the verification of the conditions is immediate. Namely, we check that Ez prspr =Sz m,
the map ¢y is invertible with its inverse being its reflection in the vertical axis, and while
(C2) is automatic, (C1) is immediate by inspection. To summarize, consider the following.

Lemma 3.5. Let € be a rigid category. Then, HH(€) is a stable braided Z(€)-module
via (3.1) and (3.2).

Remark 3.6. If F : 8 — B’ is a braided functor between braided categories and M’
is a (stable) braided B’-module, then F* M’ is a (stable) braided B-module, via F, i.e.,
X-M=FX)-M.

Corollary 3.7. Let B be a rigid braided category. Then, HH(B) is a stable braided
B-module via the embedding B — Z(B) given by t, the braiding of B.

Remark 3.8. Let H € 8 be a Hopf algebra. Endow an X € 8 with the trivial H-module
structure via g, the counit of H. Let V € € = Hg-mod. Then, while Ty 1V 18 H -linear,
Tx,y 1s not.

Note that by the above remark we have a braided embedding
B — Z(€),

where B denotes the braided structure with 77! replacing t. Thus, the central structure
of X, viewed as an object in € via ¢, is given by 7y L

Corollary 3.9. Let H € B be a Hopf algebra, and let € = Hg-mod. Then, HH(C) is a
stable braided 8B-module.
3.2. More (stable) braided modules: L g-mod

So far the only stable braided module that B is guaranteed to have is HH (8B). In this
section, we define a notion of an algebra L in HH(8) so that L g-mod is a (stable)
braided B-module. The justification for calling L an algebra in H H(8) is that HH (8)
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does indeed possess a monoidal structure with respect to which L is indeed an algebra.
We do not pursue this here.

Remark 3.10. In this section, we need to start distinguishing crossings, something that
was not necessary in Section 3.1 as the central or anti-central structure was the only struc-
ture an object processed there. Here, an object in HH (8B) can be crossed over another
object in B in two ways, as an object in B or as an object in HH(8). We distinguish
them as indicated.

Definition 3.11. Let L be an algebra in 8, and we say that L is an algebra in HH(B) if
L € HH(8); in particular, L is equipped with the structure 7y ; (the hollow dot indicates
that it is not the L € B C Z(B) structure):

X L

SN
N\

L X#

(3.3)

for X € B, which satisfies

X\L L X L L X L L
/>< : ﬂ VAN .
L X# L x# L X7
We say that L is stable if it is so as an object of H H(8); i.e., see (3.2); we have ¢z = Id.
Definition 3.12. Let U : L g-mod — H H(8) be given by U(M) = M with the structure:

X MoX oM
N Ny
VA (3.5)
N N
M Xt M X#

When considered as a module over itself, L recovers its original HH (8) structure.
The following lemma is immediate.

Lemma 3.13. Let L € HH(8B) be an algebra. Let M € L g-mod. Then, with the structure
from Definition 3.12, we have

M

X L M w\[ X\\/L
AV (3.6)
/\/ \X# M \X

M X#* M #
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The following corollary is immediate using both of the equalities in Lemma 3.13.

Corollary 3.14. With L, M as above, we have

SMPLM = PLMSL @ SM.
Definition 3.15. Define a 8-module structure on L g-mod as follows: for X € 8 and
M € Lg-mod,weset X - M = X ® M with
PLXM = PLMTLx-
The following lemma is immediate.
Lemma 3.16. The functor U : Lg-mod — HH (B) is B-equivariant.
Theorem 3.17. Let L € HH(8B) be an algebra. Then,

e Lg-mod is naturally a braided B-module.
» If L is stable, then so is L g-mod.
e U is a (stable) braided functor.

Proof. For X € 8, M € L g-mod, consider

X M
\
Ex = / (3.7
|
X M

Then, by Lemma 3.13 and Definition 3.15, we have that Ex as is a map of L-modules.
Observe that (C1) follows from Lemma 3.16, and this lemma also reduces (C2) to the case
of HH(B). Namely, to prove Ey xar Ex,m = Eyx,m, we need only to observe that

which proves that HH(B) is a braided 83-module, a fact that previously followed from
the existence of a stable structure.
If L is stable, then by Corollary 3.14, the map ¢y is L-linear, and we again have

Exmsm = sxm,

proving the second statement.
The last statement is immediate; the definitions were made to make it so. [
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3.3. Categorified modular pairs in involution: 8,

We now specialize to the case when L = 1, but with a necessarily non-trivial HH (8)
structure. The latter is equivalent to a pivotal structure, i.e., a monoidal natural isomor-
phism

ox i X - Xx*

for all X € B. More precisely, we have
T)?,l = Px,

where t° denotes the HH (8B) structure of 1. It is not hard to see that L = 1 is a stable
algebra in HH (B).

Observe that in this case, L g-mod = B as left B-modules. Thus, if M € B, then it
acquires H H(B) structure:

U

X\ 1 ‘Y\ M )\[
P

XM = = .= (3.9)
X# X#  m

Note that 6§ = g_l is a twist on B; i.e.,
Oxy = ty,xtx,y Ox by

so that B is balanced. The structures 6, ¢, and p are equivalent. Explicitly, the braided
structure on B is

Ex,M = Tx 345X -
Lemma 3.18. Consider 8 as a module over itself under left multiplication. Then, braided
structures on this module are in bijective correspondence with anti-twists; i.e., ¢ € Aut(Idg)
satisfying

Sxy =T 6xSy.
Proof. Giveng,let Ey ,, = 3 3,6x; then, it is a stable braided structure by the preceding
discussion. Conversely, given Ex p, let g)f = Ex,1. Then,

E E -1 -1 _E -2 E_E
sxy = Exva = Exyi1Eva = Exysy =ty xExatxySy = T ySx Sy -
so that ¢ £ is an anti-twist. Furthermore,
ES _ S _ =2 __ _
sx = Ex,=1tx1sx =¢x

and
E

-2 E -2 —1 —1
Ex v = xmsx = mExa = tyx Ex ity = Ex.m. "
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Remark 3.19. Lemma 3.18 shows that any braided module structure on 8 is automat-
ically stable in a canonical way: ¢x = Ex 1. Note, however, that here stable structures
form a torsor over Autg (1) and so are not unique.

Definition 3.20. If ¢ is an anti-twist on 8, let B, denote the corresponding stable braided
module.

Remark 3.21. With the assistance of Theorem 3.17, we have that

P 8. HHESB)

G €anti-twists
is a fully faithful stable braided embedding.

Definition 3.22. Let
G = (8B*,®)

be the abelian group of isomorphism classes of invertible objects in 8. Let
G = (Aut®(1dg), o)

be the abelian group of monoidal natural automorphisms of Idg. If y € 8%, i.e., y is an
invertible object of B, then let ¢” € Aut®(Idg) be given by

o = U (3.10)

Thus, ¢ : 8% — Aut®(Idg) is a group homomorphism.

Lemma 3.23. If F : B, — B,/ is a braided equivalence, then F(M) = M ® y for some
y € B* and
' =¢’.
Furthermore, F is stable if
s, = Idy.
Proof. Any equivariant equivalence F is of the form F(M) = My for some y € B*.
F braided needs Ex,u = Ey 7, 50 ‘L')Z%ugx = r;jwyg)’(, SO
—1 -1 -1 _—2 —1
TMXSXTXM = T, x Xy SX XM
sogy = 1:;,2), Sx»s0¢" =¢7¢. Inaddition, for the stability of F, we musthave 3, =cum.
Thus,
SM = Shry = Py SMy = Gy Py TarySMSy = S (BrTary) (B Sy) = smsy, (3.11)

s0 gy = Idy. L]



I. Shapiro 984

Note that Lemma 3.23 classifies braided structures on B together with their equiva-
lences. It also accounts for their stable equivalences if the canonical stable structures are
considered. If we set

C = Autg(1),

then C is canonically isomorphic, as an abelian group, to Autg(y) for every y € 8*.

Remark 3.24. The set of stable structures on B, is canonically isomorphic to C. Fur-
thermore, if — ® y : B — B is a braided equivalence, then by (3.11), the new stable
structure on B, that it inherited from B/ is

s""=¢g5,. s, €C.

The set of anti-twists of B is a G-torsor. Let € denote the action groupoid of G on
anti-twists via ¢. Define 7 : § — C by n(y,¢) = ¢35 cy; then 7 is a homomorphism. The
following is immediate.

Corollary 3.25. The groupoid of braided structures on B is isomorphic to '§. The groupoid
of canonically stable braided structures is isomorphic to ker(n).

3.4. HH(8) decomposes into B.’s

Here, we examine in detail a case when the fully faithful embedding of Remark 3.21 is
an equivalence; we will use this in Section 5 for explicit computations. Let G be a finite
abelian group. One may consider Vecg, the monoidal category of G-graded vector spaces.
More precisely, with V,, € Vec,

V € Vecg is givenby V = @regVx and (V @ W)y = DyecVy @ W14

Let y : G x G — k* be a bi-character of G. Then, 8 = (Vecg, y) is a ribbon category
with the braiding:

Vx®Wy_)WJ’®Vx
VW x(x,y)w®uv

and the ribbon element 6(v) = y(x, x)v for v € V. Define

w(x,y) = x(x,y)x(y,x)

and let ¢ = 67! be the canonical anti-twist, so that

c(x) = x(x,x7h).
Note that any anti-twist can be obtained from ¢ via ¢A with A € G.
Lemma 3.26. Set 8, = By, the stable braided B-module B with stable braided struc-
ture given by the anti-twist cA. Then,
HH(B) =P 8,
reG
as stable braided B-modules.
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Proof. In light of Remark 3.21, it suffices to point out that as abelian categories we have
HH(Vecg) = HH(B) = Z(8B) = Vecg, 5- |

An immediate corollary of Lemma 3.23 is the following.

Lemma 3.27. As braided modules, 8 >~ B,,, if and only if there exists a y € G such that
Alx) = u(x)w(x,y) Vxed.
They are isomorphic as stable braided modules if in addition

w(y) =s(y).

Corollary 3.28. Consider the bicharacter @ as a homomorphism @ : G — G.

* If w is trivial, thus, B is symmetric, and then B) ~ B,, as braided modules if and
only if A = .

* Ifw is an isomorphism so that B is non-degenerate, then B) >~ B, as braided mod-
ules for all A, u € G. However, as stable braided modules,

Bi~ By = s(0'V) =¢(0 ().

* Recall that B is equipped with a canonical anti-twist ¢(x) = y(x,x™ V). If w is an
isomorphism, then
(HH(B).5) = D (8.5 (0)s)
yeG
as stable braided modules, where (B¢, s~ (y)s) denotes the braided module B but
with the canonical stable structure modified by the scalar ¢~ (y).

Proof. The first two items are consequences of Lemma 3.27. The last follows from Re-
mark 3.24. ]

Remark 3.29. Note that the groupoid § of Corollary 3.25 admits an involution (y, ¢) —
(»~1, ¢T) where g; = *cyx+: in the above, (cA)T = ¢cA~1. Observe that if B; ~ B;1 as
braided modules, then since ¢(x) = ¢(x~!), B; ~ B,-1 as stable braided modules. Thus,
if @ is an isomorphism, and A # A~!, we have a pair of stably isomorphic components in
HH(B).

3.5. HH(8) does not decompose into B.’s

Consider a non-abelian finite group G. Let 8 = Rep(G) be the symmetric braided cate-
gory of finite-dimensional G -representations, with the trivial braiding. For g € G, consider
the B-module category M, = Rep(Cg(g)), where Cg(g) denotes the centralizer of g
in G. For M € Mg, define

sm = glm-

Then, ¢ is a stable braided structure on M. Let I denote the set of conjugacy classes of G,
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let g; be a representative of the ith class, and then it is immediate that

HH(B) = (D M,

iel
as stable braided modules. Thus, the embedding of Remark 3.21 recovers only the part of
H H(8B) that corresponds to singleton conjugacy classes, i.e., elements g € Z(G).

4. Stable modules and cyclic homology

In this section, we demonstrate the relevance for us of the above notions of stability and
braiding of module categories over B.

Lemma 4.1. Let M be a braided B-module, B € B an algebra, and M € B y-mod. Let
oB.M : B-M — M denote the B-module structure on M. Then,

o.M = pB.M Ep.M
is also a B-module structure on M, denoted by BM . Furthermore, if M is stable, then
MM — By
is an isomorphism in B y-mod.
Proof. That pg s is an action is immediate from (C2). On the other hand,
PB.MSM = PB.M EBMSM = PBMSBM = SMPB.M- L]

Note that we also have M Z obtained by modifying the action; thus, pp EEIM, S0
that BM B = M and M — BM is an automorphism of B 4-mod.

Lemmad.2. Let M € A ®F B y-mod, then BM with the same A-action, and the B-action
modified to p is in B ®F A y-mod.

Proof. In light of (6.4), this follows from
PA,MﬁB,MTE,IA = ,OA,MPB,MEB,MTE,lA = PB,MPA,MT,Z,%EB,MTE,IA
= pB,MPAMEB.AM = pB.M EB MPAM = PB.MPAM- m

The following definition is why we need braided B-modules. It is essentially equiva-
lent to the concept.

Definition 4.3. Let M be a braided 8-module and let A, B be algebras in B. We define
an isomorphism of categories:

o4 1 A®" By-mod — B ® Ay-mod

by o5 (M) = BM.



Hopf-cyclic coefficients in the braided setting 987

Remark 4.4. Let f : A— A’ and g : B — B’ be algebra maps. Then, the functors 0%, o
(f*®g*)and (g*® f*)o UAA/{’B, from A’ ®" B’,,-mod to B ®" A y-mod are equal.

Lemmad.5. Let M € A Q" B ®" Cy-mod. Then, in B ®° C ®* A -mod, we have
B/C _ B®'C : M M M
M) = M, e, 0fgrap0igBc =04BaC
We say that aff_ is associative in the second component.

Proof. The A-action is unaffected, for the rest:

pec.m = pe.mpc,mEsc.m = pe.mpc,mMmEB,cmEc,m

= o.M Empc.mEc,m = PB.MPC,M - u
Corollary 4.6. If M is a stable braided B-module, then
¢:1ld— O'B'ft{ AUAA’{B

is a natural isomorphism in A ®° B y-mod.
Proof. By Lemma 4.5, we have

UngU,f,{B = UiA,{A®fB
and Lemma 4.1 completes the proof. ]
4.1. Definitions of HH 4 (€) and HC 4 (€) via limits
Assume that M is a braided 8-module. For n > 0, define the categories of modules

€, = Hf{"“-mod.
We will abuse notation and write H"*1 for the algebra H®"t1 = H, ®7--- ®% H, in 8.

Definition 4.7. Define functors:

T = Opf gy 2 Cn = Cu, (4.1)
di =1y @ AR )* 1€, > €y, 0<i<n-—1, 4.2)
dp = dots. (4.3)
si=(1dF' @ e @Iy H)* 1€y — Cuyy, —1<i<n. (4.4)

Lemma 4.8. The functors satisfy the following relations (the equalities are those of func-
tors; they are not isomorphisms):

dithy = th1di—1, 1<i<n-1, “4.5)
d()f2 fn—ldn—l- (46)

n
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Equations (4.5) and (4.6) together with (4.3) imply that (4.5) is valid for 1 <i < n:
$iTh = Tn418i-1,. 0 =<1 <n, 4.7
S—1 = Tn+15n, 4.8)
while (4.7) and (4.8) imply that
STy = r,stn. “4.9)
Proof. The identity (4.5) follows from Remark 4.4 by considering
f=1d"'"@A®Id" "7 :H" ! > H" and g=1d:H — H.
Indeed, dity, = (g ® f)*a#,,,H and t,_1d;_1 = a%,,I,H(f ® g)*. Similarly, (4.7) fol-
lows from the same remark with
f=ld ®e®ld": H""' > H" and g=1d:H — H.
And (4.8) follows, again by Remark 4.4, from
so1 = (@I = (¢ @ 1" ) oy | = ot g (10" ® 6)F = Turisn.
Finally, (4.6) is obtained by following Lemma 4.5 with Remark 4.4; i.e.,

doty = (A @ 1" ) (opfs )* = (AR ) 0} o

= offt (&' ® A)* = 1 1dpr. n

Remark 4.9. Note that in the above, T 1! # Id, but 71! = UiMH,,+
that M is stable here), by Lemma 4.1,

. and so (we need
¢:Id~ 't (4.10)

Furthermore, observe that as endofunctors of €y we have d;s; = Id except for
dis_1 =10 = 0y 4.11)

since dls_l = d0T12S0 = d()S()‘E() = 79.

Proposition 4.10. Let M be a stable braided B-module. The categories €, together with
the functors of Definition 4.7 and the isomorphism (4.10) form a cyclic object in cate-
gories. If stability is not assumed, then we only get a simplicial object.

Proof. Given the content of Lemma 4.8, it suffices to demonstrate only the simplicial
relations on the functors. More precisely, we need
didi =d;_d;, i<],
= A = 4.12)
$i8j = 8jSi—1, 1> ],
siadi, i<,
dis; = § Id, i=jori=j+1, (4.13)
dei—l, i>j+1,
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and most of these are immediate since they are obtained by applying (—)* to algebra maps
that classically satisfy these relations. The non-obvious ones are only those that involve d,.
For (4.12), we have (using the definition and applying the classic relations followed by
Lemma 4.8)

didy = didoty = dodi 170 = doTp—1d; = dp—1d;.

For (4.13), we get dpSp—1 = doTpSp—1 = dos—1 =1d and d,,s; = doT,S; = doSj4+1Th—1 =
s;dotu—1 = s;dy—1. Remark 4.9 finishes the proof. [ ]

Definition 4.11. Let H be a Hopf algebra in 8, and set € = H g-mod. Let M be a braided
B-module. Let
HH(€) = lir_)n €.
Aop
and if M is stable braided, let

HCy(€) = lim®C..
Aop

4.2. Dualizing the diagrams over A

To compute the limits in Definition 4.11, we will use the right adjoints of the functors of
Definition 4.7. Let us change notation and use d;, s;, 7, for arrows in A. Rename what we
called by such names in Section 4.1, which will now be denoted by d*, s}, 7. Their right
adjoints, which we will describe below, will now be denoted by d;«, S;«, Tnx.

It is immediate that in order to understand the right adjoints, it suffices to describe
A, €, and T,4. Let us start with A, which is the right adjoint of A*, and in this case,
both functors are literally what the notation suggests them to be; namely, we have the
coproduct A : H - H ®* H, and the functors are obtained from it as in Section 6.2.
More precisely, by (6.5), withA = H,B=H ®  H,C =1,and M = H ®* H with
the left H-action via A and the right H ®* H -action via right multiplication in H ®* H,
we have that since A*(—) = M g —,

Ax(—)=—<g HQ" H. (4.14)
In order to simplify (4.14), we need the following lemma.
Lemma 4.12. Let H be a Hopf algebra in 8B. Then, the maps
" H " H
(4.15)
H H H H

are inverses of each other and identify the two (H, H @ H)-bimodules, where

(a) the left action of H on H @ H isvia A : H — H ®° H and multiplication in
H ®" H, while on H ® H it is via multiplication on the first H -factor only.
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(b) the right action of H ®° H on H ® H is via multiplication in H @ H, while
on H ® H itis given via the diagram:

H H H H

/
(4.16)

Note that the maps in (4.15) are still H -linear if V € Hg-mod replaces the second H.

%H/HH |
HH H HH H

v

Remark 4.13. Note that (4.16) is a generalizationof x ® y -a ® b = xa' ® S(a?)yb.

Proof. For (a), we have

and for (b), we have

Corollary 4.14. Let M € H y-mod. Then, AxM ~ *H - M with the H Q% H-module

structure as follows:
H H*H M

/,

H M
which generalizesa @ b- y @ m = x(S(a?) —b) ® a'm.

Proof. We use Lemma 4.12 to identify H ® H with H ® H as (H, H ®° H)-bimodules.
This is followed by Lemma 6.4 with A = H, X = H,and B = H ®" H. Note that L, L’
are trivial here. ]

Proposition 4.15. The functor dix : €,—1 — €, for 0 < i <n — 1 is as follows: for
M e H Q" H Q" H} ' -mod,

dis(M)=*H-M

with the H' @ H®*HQ"H" '  -module structure given by Lemma 6.4 with L=H', B=
HQ®"H, and L' = H"~'7. The action of H Q" H on * H - M is given by Corollary 4.14.
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Remark 4.16. Explicitly, for M € H ®° H y-mod, we have M — A, A*M given by

M

4.17)

*H M

where 1 signifies the use of the second H -action on M. Note that 0 is the first action
and corresponds to Id — dy«d{". The map (4.17) generalizes M — Hom(H, M) with
m > ¢ (h) = (1 ® k) - m. On the other hand, for M € H y-mod, we have A*A. M — M
givenby *1 ® Idys : *H - M — M as usual.

On to the ¢4, again by (6.5), we have, for M € H y-mod, that
ee(M)=Mag 1 =M™ c M,

where the left H-action on 1 is via . More precisely, M™ # is the equalizer of the two
maps M — M < H = *H - M, namely, *¢ ® Idys and the adjoint of the action map
H-M — M.Recall (4.1) that 7, = ol'ﬁ‘,,,H and so we will use its inverse for 7.

The above demonstrates that the diagram of categories €, associated with a Hopf
algebra H in arigid braided B and a stable braided module category .M involves functors
that possess right adjoints. Considering the adjoints, we obtain a dual diagram whose
inverse limit computes the direct limit of the original. The inverse limit of the dual diagram
is easy to describe; note that the simplex category A is a subcategory of A and we will
begin with describing the inverse limit over it.

Suppose that M,, € €, is an object in the inverse limit, then let M := M, € €,, and
without loss of generality, we may assume that M, = dp«dp—14---d1+«M. As part of the
structure, see Section 6.3, we have an isomorphism gg, : do«+ Mo — M in €. Lety = g4,
so that

y doxsM — dy M (4.18)

is the only structure needed to define an object in the inverse limit. It is necessary and
sufficient that it satisfy two conditions: the unit condition in €y:

Sox(y) = Ids., (4.19)
and the associativity condition in €,:
dax ()dox(y) = dix(y). (4.20)
To obtain the inverse limit over A itself, we need one more condition (see (4.11)) in €y:
s—1x(y) = (sm) ™" (4.21)

Note that the last condition can not be formulated unless M is stable; the source of the
maps is M and the target is (oiA"H)_l(M) = 19sM = MH.
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4.3. The monad

Following [21], we can describe the inverse limit in terms of a monad on €,. More pre-
cisely, the data of (4.18) is encoded via adjunction into an action:

a: AM) = dfdeM = A*opfy AM — M. (4.22)

Remark 4.17. We recall that for a braided 8-module M with € = Hg-mod, and 4 as

above, we have
HHM (f) = a‘\vgo -mod,

and if M is stable, then HC((€) is the full subcategory of A¢,-mod consisting of M
with the trivial 3 € Z(+4) action. The unit and 3 in 4 are described in (4.24) and (4.25),
respectively.

We begin by describing 4 explicitly as an endofunctor of €y = H y-mod.

Lemma 4.18. Let M € H y-mod. Then, the action of H on A(M)>~*H - M is as follows:

H *H M

(4.23)

which generalizesa - y ® m = x(S(a3) —a') ® a’m.

Proof. Starting with Corollary 4.14 that describes A M as an H ®° H-module, we apply
o I‘ﬁ{ - Using the naturality of E_ _ in the second component and property (C1), we obtain,
essentially, the result after simplifying. Following up with A* finishes the proof. ]

On to the monadic versions of (4.19) and (4.21), namely, consider the natural maps
u:ld = A% sisoxAx — A (4.24)
and
¢ oy =15 = Ao st sk Aw — A

let
3=¢ o¢:1d — «. (4.25)

Then, (4.19) is equivalent to
(aou)y =1Idy

and (4.21) is equivalent to
(Cl o S)M = IdM.

In our particular case, we have the following lemma.
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Lemma 4.19. Let M € H y-mod. Then,
Uy = e@Idy M - AM)~*H-M

and

M=

(4.26)

where the former is exactly as usual; i.e., M — Hom(H, M) with m — &(—)m, and the
latter generalizes m +— (—)m.

Lemma 4.20. The multiplication m : A% — 4 is as follows: let M € H y-mod, and then
m:*H -*H-M — *H - M is given by

*H *H M

J (4.27)

*H M
Proof. Recall that the product on +4 is obtained via adjunction from
d()*dl*dO* < dz*d()*d()* >~ dz*dl*do* — dl*dl*d()* (428)

if the first arrow is invertible. In our case, the map d; do« — do«d; is equality, and thus,
so is our first arrow. The associativity isomorphism becomes non-trivial under our identi-
fications that produced (M) = * H - M. More precisely, we have

dysdos M *H *H M

¥

dyydo M *H *H M

The last arrow is complicated:

/&

but as we do not need (4.28) but rather its adjoint that yields d| do«d; dox — dy dox,
we need to apply *e to the left-most * H in the above. This results in the complicated
diagram turning into identity on the * H - M, with *¢ on the left-most * H. This turns the
associativity diagram into what we claimed. ]

*H *H M
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Lemma 4.21. Let M € Hy-mod. Then, A(M) is a free A-module and the action of
3 € A on A(M) is given by

(4.29)

which generalizes Hom(H, M) — Hom(H, M) with ¢ (=) — (=)2¢((—)1).

Proof. Combine Lemmas 4.18, 4.19, 4.20, and simplify. ]

4.4. The module/comodule description of HH 4 (€) and HC 4 (€)

We can now describe #e,-mod more in line with the usual definition of anti-Yetter—
Drinfeld modules.

Definition 4.22. Let H be a Hopf algebra in 8 and M a stable braided B-module.

* Define the algebra structure on *H byu = *¢:1 > *H andm : *H  *H — *H
given by (4.27).

e For M € Hy-mod and M € * H y-mod, define
Si¥ = P*H.M © PH,M © COBV*H H O SM . (4.30)
Note that if the stable structure ¢ is rescaled, then ¢ is similarly rescaled.

Definition 4.23. Suppose that M is a braided 8-module. Let aYDf{ denote the category
of M € M such that

M e Hy-mod and M € *Hj-mod

with morphisms compatible with both structures. The two actions are compatible as fol-

lows:
H *H M

4.31)

M

If M is stable, let saYDﬁ denote the full subcategory of aYDf{ with M such that
gﬁ = Idy.

Thus, saYD#, = (aYD#)sir .

The following is immediate from the interpretation of the limits in Definition 4.11 as
modules over a monad # and the subsequent description of #4 in the above.
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Theorem 4.24. Let H € B be a Hopf algebra and M a braided B-module. Then,
HH y(Hg-mod) ~ aYDX,,

and if M is stable, then
HC y(Hg-mod) ~ saYDX.

Let us compare our Definition 4.23 to the special case found in [2]. More precisely, we
recall the definition of a 6-twisted pair in involution. Note that we dropped the modular
part (6(o) = 1), as it is not general enough.

Definition 4.25. Let 6 be a twist on B, § a character of H, and o a group-like in H. The
pair (8, 0) is a O-twisted pair in involution if

H H

H H

We will now consider “1-dimensional” elements in H H g_(H g-mod) and their stable
versions. Namely, let x € B> have the additional structure of an anti-Yetter—Drinfeld
module with coefficients in B.,i.e.,x € HHg . (Hg-mod). Recall gT from Remark 3.29
and ¢~ from (3.10).

Lemma 4.26. A “I-dimensional” x € HH g_(H g-mod) corresponds to a triple (x,§,0)
such that x € 8%, § is a character of H, o is a group-like in H, and (8, 0) is a O-twisted
pair in involution, where

0 =(Tp")".
This element is stable if
8(0) =gy

Proof. We obtain § from the H -action and ¢ from * H -action. Stability translates to
8(o)cxy = 1.

Using (4.31), we get, after simplifying,

T—0Q O—=
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Applying
H
©
e >
H
to both sides yields the result. ]

Remark 4.27. The original definition of a #-twisted modular pair in involution thus cov-
ers the case of x = 1. If we drop the stability condition, it does cover an arbitrary case
as well since x € B, corresponds to 1 € £8§ Pl Unless ¢, = 1, the original definition
misses the stable “1-dimensional” elements based on x € B*.

4.5. Cohomology of algebras from M € HC 4 (Hg-mod) and K € MS

The main use of coefficients is that they yield cohomology theories for algebras. Let A be
an algebra in Hg-mod. In general, M € HC 4 (Hg-mod) will not yield a cohomology
of A; it does if, for example, M = HH(8B). To obtain cohomology in all cases, we also
require a K € MS. While we do not focus on cohomology theories for algebras in this
paper, the considerations presented here give us Proposition 4.33, which is one half of the
main result.

Lemma 4.28. Let A, B € Alg(B), M a braided B-module. Let V € Ag-mod, W €
Bg-mod, and K € M. Then, we have a canonical isomorphism in B ®* A y-mod:

oy = Ewktyly : W V)-K > o ((V ® W) K).
Furthermore, if M is stable and K € M5, then O‘I,(’l =c¢y.K-

Proof. 1t is clear that both sides are B ®° A-modules in M so it suffices to compare the
A and B actions. For A-action, we have
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but the LHS is
PB,WTB,V EB,VWKEW,KTV_V,IV = PB,WTB,VTIZIB EB,WKTE,IVEW,KTE/}V
= PB,WEB,WKEW,KTE}/TIX/}V
= PB,WEBW,KTEﬂV,V = EW,KTV_V}VPB,W
which is the RHS. For the last statement, U{,f = Evk = gVKgIEI = GyK- [
Let M € €;;ie., M € (Hy " Hp)p-mod, and we have a natural isomorphism
o s A(A*TT(M)) — A(A*(M)) (4.32)

in Ag,-mod that arises automatically by adjunctions; i.e., we follow the Id through the
sequence of isomorphisms below:

Hom 4 (A(dg M), A(dE M) = Home, (d M. A(dE M) = Home, (M, dox A(dg M)
— Home, (M, d1+A(dy M)) >~ Home, (di M, A(dy M))
~ Hom, (A(d{ M), A(dg M)).

4 J (4.33)

where 1 indicates the use of the second H -action.

Explicitly,

Definition 4.29. Define for V, W € Hg-mod and K € M an isomorphism in ¢,-mod:
B =0 ek 0 AN (Of ) i AA*(VRTW) - K) > AA*(WRTV) - K). (4.34)
Lemma 4.30. If K € M is stable, then the isomorphism (X equips the functor
AK := A(=- K) : Hg-mod — Ae,-mod

with a 3-trace structure.
Proof. Namely, for V, W, T € Hg-mod, we need (recall (2.2)):

K _ K K

tvew,r = tw,reviv,wer

as isomorphisms from AX(V @ W @ T) to AX(T @ V ® W). Note that the RHS is

HVWTK *H V_W T K

[
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while the LHS is

*H v W T K

Evw.k

| S

so that it suffices to show that Ew,KrI;,,lV EV’K‘E;};V =EwkEvwk = Evw,k.
It remains to show that

Lﬁl : AK(V) - AK(V) = the action of 3 € #4

which follows from Lemmas 4.21 and 4.28. Note that it is only the last statement that
requires the stability of K. ]

Proposition 4.31. Let K € MS and M € HCy(€). Let
F}(‘l(—) = Home,(— - K, M) : Hg-mod — Vec.

Then, F IQJ is a symmetric contratrace with vy,w as follows:

w v K
—~

(4.35)

Thus, F}(‘l (A®C+D) s q cocyclic object in Vec. If M € HH y (€), then FIQ” is a contra-
trace, and F Ij(w (A®C+D) is g paracocyclic object, with "1 induced by gg .

Proof. We obtain the structure ¢y, via the chain of isomorphisms:

Home,(W ®V - K, M) = HOmA.eo_mOd (A(W ®V-K), M)

_°L§W

~" Hom g, mod (AV ®W-K),M)
= Home,(V® W - K, M).
The (symmetric) contratrace property of ¢ follows immediately from Lemma 4.30. ]

Corollary 4.32. Let K € MS and suppose that the functor —- K : 8 — M above has a
right adjoint K > —. Then,

Ko —: HHy(€) — HH(E) (4.36)

and the functor is compatible with ¢ on LHS and ¢ on RHS, so that, in particular,
K> —: HCy(€) - HC(E).
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Proof. The existence of the right adjoint automatically implies that we have an adjoint pair:
—-K: Hg-mod & H y-mod: K > — which ensures that F, Iy of Proposition 4.31 is repre-
sentable. The corollary now follows by [16]. See the discussion below for a summary. m

The correspondence between representable contratraces and objects in H H(€) can be
summarized as follows. Given

ty,w : Homg (V@ W, M) — Homg (W ® V, M),

let f =Idy Qevww: M QW* QW — M. Then, we obtain iprw=w (f) WM ®
W* — M from which the anti-center structure on M is obtained by adjunction:

Tyw - MW" = *W @M. (4.37)
On the other hand, given t°, for f € Homg (V ® W, M), define
ww (f) = evwsw o Ty s © f 0 coeviy,we.

Consider a particular case of Corollary 4.32, namely, M = HH(8) and K = Tr(1);
note that K € M* by [21]. Recall that we have an adjoint pair of functors

Tr: 8 > HH(B) : U,
where U forgets the anti-center structure and Tr is its left adjoint. We would like an explicit
description of (4.36). This serves as one half of the result in the next section.
Proposition 4.33. Let H € B be a Hopf algebra and € = Hg-mod. We have a functor
®: HHyp8)(€) — HH(E)

that sends an M € aYDg H(B) 0 M € HH(€) with the anti-center structure given by

M I/y*
M w* ‘
- >< S 4.38)
W M —

WM
This functor identifies ¢! on LHS with ¢ on RHS.

Proof. Observe that for M € HH (8B), the natural map TrU(M) = M & Tr(1) — M can
be interpreted as a right action of Tr(1). For X € 8, we have X — U Tr(X) = X ® Tr(1)
given by the unit map 1 — Tr(1). With this, (4.35) becomes

v
|
|

L/

which, according to (4.37), becomes (4.38). ]
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4.6. The localization theorem

As usual, assume that H € 8B is a Hopf algebra and € = H g-mod. The goal of this section
is to prove that the functor ® in Proposition 4.33 is an isomorphism of categories by
constructing its inverse. The following definition extracts the aYDZ H(g)-Structure from
the H H(€)-structure.

Definition 4.34. Let M € HH(€) denote the structure by t°. Then,

* M is an H-module in B, with action denoted by pg .

* Let p+g ap be given by

E M

*H
\

.y

H
M

Note that the unit 1 — H is not H -linear, so the above is non-trivial.

* M € HH(B) since B fully embeds into €; i.e., X € B can be given H -structure by
pH,x = ¢ ® Idy. The resulting H H(B) structure is denoted by t°; thus,

° =1°g.

For V € €, we again denote by V an object in B obtained by forgetting the H -
structure. Note that 7/ 1. # Ty, + in general; see Lemma 4.39; we will suppress the
underline when using 7°. N

Lemma 4.35. With the algebra structure on *H given by Definition 4.22, the p«m m
above defines an action.

Proof. Unitality is obvious since ¢ : H — 1 is H-linear. Similarly, though less obviously,
associativity follows from the H-linearity of A: H — H ® H. |

Remark 4.36. Let A € B be an algebra, and suppose that M € HH (B) and M € A g-mod.
Then, M € Ay p(g)-mod if and only if we have

A M X* A M X*

/ / = / / (4.39)
v

X M X M
Lemma 4.37. We have M € * Hy g (g)-mod.

Proof. By Remark 3.8, we have, for V € € and X € B,
M V* X* M V* X*
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Thus,
*H M X* *H M X*
% /T/
e H—" = (\
gy
*X M *X M
and we are done by Remark 4.36. [

Lemma 4.38. We have M € Hyp(g)-mod.

Proof. Let X € $B and consider it in € with the trivial H -action. Then, since 75, y. =
Ty x» 18 H-linear, we obtain (4.39) with 4 = H. [ ]

Lemma 4.39. With M as above and V € €, we have

v =

_
*H
Vo M
Proof. Since ¢ is H -linear, we have
M v* M v*
‘/ s
- /
/ %
*H
8% M v M
On the other hand, by Lemma 4.12,
M V* H*
i M VH M
Now apply — o £* and *u o — to obtain the result. L]

Proposition 4.40. Let M € HH(€) and let the t° and * H -action be as in Definition 4.34.
We can recover the HH (€) structure from t° and * H -action:

Ve =

(4.40)

VoM

Proof. This follows immediately from Lemmas 4.37 and 4.39. ]
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Theorem 4.41. Let M e HH(€) and let the t°, H, and *H-actions be as in Definition 4.34.
We have the following compatibility between H and * H -actions:

H *H M ; *)‘I I

M M

Proof. By assumption, T3/ 1. is H-linear, so that evy«yty v 1 V @ M ® V¥ = M
is H -linear, so ,OH,MCVV,*VT;,[,V* = eVV,*VTJT,[,V*PH,VMV* THQRQVRIMRSV* - M.
Replace V by H and pre-compose with u : 1 — H to obtain

PHMEVH *H Ty g ldy @ u @ ldym+ = eva Ty g+ pa,HME1dy @ U ® Idpp+
as maps from H @ M ® H* to M. Finally, pre-compose with
T*HMO = TxH MCVH*HTH**HCOCVH H* : *H QM —->MQ H*
to obtain that
PH.MEVH *H Ty g+ UT*H.MO = €VH *HTpr g« OH.HMH*UT* H MO

as maps from H ® *H ® M to M. By Proposition 4.40, this results in

H *H M H *I—\I lll
I

M M

and the latter eventually simplifies to the result. ]

Theorem 4.42. Let H € B be a Hopf algebra, and let € = Hg-mod. Then,
HHypg)(€) ~ HH(E)

and the isomorphism identifies ¢ on LHS with ¢ on RHS.

Proof. The ¢-compatible functor ® : HHpp(8)(€) — HH(€) was given in Proposi-
tion 4.33. On the other hand, we can define ©® : HH(C) — HHpp(3)(€) by using
Definition 4.34. Namely, we have Lemma 4.37, Lemma 4.38, and Theorem 4.41 which
prove that for M € HH(€), we have

O(M) € aYDfj ;) = HHpr(s)(C).
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By Proposition 4.40, we have ®® = Id, and for ®® = Id, note that if M € aYDZH(ﬁ),
then (4.40) evaluated on X € B recovers the original H H(B) structure. Furthermore, the
H -structure is the same, and for the * H -structure, observe that

= P*HM

M |

Definition 4.43. Let p € Natlso®(Idg, (—)*) be a pivot. Define HH,(€) to be the full
subcategory of M € HH () such that for X € 8 C Hg-mod we have ty 5, = px ‘L’E,IM.

The following is immediate from Theorem 4.42.
Corollary 4.44. Let ¢ and p be related as in (3.9). Then,
HHg_(€) ~ HH,(?)

compatibly with ¢ on the LHS and the restriction of ¢ on HH(€) to H H,(€) on the
RHS.

We now apply the theorem to the case considered in Section 3.4. Namely,
B = (Vece. 1)

with H € 8 a Hopf algebra and € = H g-mod. We assume that w : G — G is an isomor-
phism. Recall that 8(x) = y(x, x) = ¢~ (x); let
I =6(G) Ck* and n; =#{x|0(x) =i}.
Corollary 4.45. Let X = HHg_(C). Then,
HC(C) = @XigH X Vec™ .

iel
Proof. By Corollary 3.28, all the summands of H H(8) are identical as braided modules,
with only the stable structure differing by a specified scalar multiple. Thus, by Theo-

rem 4.42, all the summands of HH(€) are identical, with only the ¢ #’s differing by a
scalar multiple. [ ]

5. An application: Taft Hopf algebras

Let £ be a primitive pth root of unity in k, where p is a prime. The Taft Hopf algebra [23]
T,(§) is generated as a k-algebra by g and x with the relations

gl =1, x? =0, 5.1
gx = Exg. 5.2)
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Thus, it is p? dimensional over k. Furthermore, the coalgebra structure is
Alg)=¢g®g AX)=x®1+g®x (5.3)
with £(g) = 1, &(x) = 0, and thus S(g) = g~ !, while S(x) = —g~'x. Note that
S2(x) = £ 'x # x,
making 7, (—1) the smallest Hopf algebra with S2 # Id. The Taft algebra T»(—1) is some-
what different from the other 7,(§) and has its own name: Sweedler’s Hopf algebra.
5.1. Taft algebra as a Hopf algebra in a braided monoidal category

It is interesting to observe, especially in the case of 7,(—1), that Taft Hopf algebras, or
rather their monoidal categories of modules, can be better understood via related, simpler,
Hopf algebras in braided monoidal categories [20]. This process is called transmutation,
while the reverse process is called bosonization.

Consider an abelian group G = Z/ p of integers modulo p, with a bicharacter

xG.j) =¢§".
Let 8 = (Vecz,p, £) denote the resulting, by Section 3.4, braided category. Note that
this braiding is not symmetric unless p = 2, in which case the braided monoidal category
we get is just sVec, the category of super vector spaces with the usual sign conventions

braiding. What is true for higher p is that the braided category (Vecz,,, §) is a ribbon
category with the ribbon element

0(v) =§i2v, forv € V;.
Definition 5.1. For p prime, and u € Z/ p, consider the anti-twist on B given by
su(v) = S_iz_“iv, forv € V;.

Denote by 8, the resulting stable braided 8-module. Recall from Section 3.4 that

HHB)= P 8.
WEZ/p

as stable braided B-modules.

The following lemma is immediate; the Hopf algebra is called the one-dimensional
anyonic enveloping algebra or anyonic line.

Lemma 5.2. Let H = k[x]/x? with x of degree 1 be a Hopf algebra in (Veczp, &),
where A(x) =x® 1+ 1Q x, S(x) = —x, and e(x) = 0. Then, as monoidal categories,

Hyecy,,,-mod = T (§)vec-mod;

i.e., modules over H in Vecg, are the same as modules over Ty (§).
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Proof. Both are 7/ p-graded vector spaces, with the grading on the right given by the
eigenspaces, Egi, of g. The action of x gives a degree 1 operator with x? = 0. The
monoidal structure agrees as well and explains our slightly unusual convention for A(x) =
x®1+g®xandnot A(x) =1Q® x + x ® g as is found in the majority of the litera-
ture. |

If p = 2, then T5(—1)-modules are the same, according to the above observation, as
sheaves on (k°/', +) (with convolution), the odd analogue of the additive group (k, +).
As the group is abelian, the category is actually itself braided. This observation does not
generalize to higher primes. In fact, according to [5], 7,(§) are not quasi-triangular for
p>2.

Remark 5.3. It is often mentioned that 7,(—1) is the smallest non-trivial Hopf algebra,
i.e., not obtained from a finite group G. We see above that if one allows supergroups, then
it is trivial still.

5.2. Some calculations

In this section, we let H = k[x]/x? as in Lemma 5.2. It is a Hopf algebra in the braided
category B = (Vecgz,p, £). Recall that, for £ a root of unity and n € Zx, one writes

Me=14-+E""1 and (n)g! = (n)g--- (L.

Letie = *(x?) € *H, so that the degree of ‘e is —i and they form a basis of * H. Note
that under the algebra structure on * H obtained from Lemma 4.20, we have
i —ij 4 J)g! i+7,
(De!())g!
G+7)e!

using the observation that A(x") = (1 @ x + x ® 1) = Ziﬂ-:n (OBIOB] X' ®xt.

e-Je=

Lemma 5.4. Let z be of degree —1. Then,

*H ~ k[z]/z%.

. . ; G=Di .o . .
Proof. 1t is immediate that z* — £~ =N (i)g!'e is an algebra isomorphism. |

We can now describe aYDg and c ¥
"

Proposition 5.5. Let B = (Veczp, &) and H = k[x]/x?. Then, HH g, (Hg-mod) con-
sists of M € B equipped with two operators: x of degree 1, and z of degree —1 such that
x? =0, z? =0, and for m € M;, we have

(xz — Ezx)m = (E7HTI7F _ D)m. (54)

Furthermore, the action of ¢! is given by

p—1 S(j_21)j
m S_‘z_’“ ( ZJx])m. (5.5)
j

— (!
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Proof. This is obtained by unpacking (4.31), (4.30), and using Lemma 5.4. Note that
z="x€e€"H. ]

Definition 5.6. Proposition 5.5 can be used to define an algebra Dj (7} (§)) generated by
X, z, g that satisfy
xP=zP =g —-1=0

and

gxg ' =fx, gzgT'=¢'z, xz—fzx=¢"rg -1

Thus,
HHg, (Hg-mod) = Dy, (TIJ (S))-mod.

Remark 5.7. Recall that if p = 2, then 8 = sVec has two anti-twists: the ¢¢ above, and
¢1 which is trivial; the category is symmetric. We note that (5.4) and (5.5) yield (y = —z):

xy+yx =2, cfm=(=1)1-yx)m
for the ¢y structure, while we would get
xz4+zx=0, cfm=04+zx)m
for the trivial one. Thus, from [22], we see that
HCg,(Hg-mod) = Vec,

while

HCg,(Hg-mod) = (k [x, Z]/(zx)) -mod,

sVec

where k[x, z] is a free super-commutative algebra on two odd generators (this was the
interesting part of HH(H g-mod)® "in [22]). We obtain the decomposition:

saYD>D = HC(TZ(—l)-mod) = Vec & (k [x, Z]/(zx))sVeC-mod.

5.3. The case of p > 2

In this case, there is a pth root of unity g such that g = £, If we let p = 2m + 1, then
q=¢£"

Let us write, for n € Zxy,

n_gn

qq — e and [alg! = gl 111

[n]y =

Note that
(n)g! = g~ D2[n], 1.
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Proposition 5.8. Let p > 2. We have an identification of categories:
HHg, (Hg-mod) = u4(sl>)-mod. (5.6)

In particular; the choice of | is not yet relevant, as expected since o = 2 is non-
degenerate.

Proof. For M € 8, let g act on M; by £'. It is clear that with this convention, we have an
identification of categories B = k[g]/(g? — 1)-mod. Let

E=qg"#x, F=zg, K=gq" gL

Then,
EP=FP=KP _1=0
and

KEK'=¢?E, KFK'=¢F, [E.F]=K-K'. "

Remark 5.9. Note our use (to be consistent with [13]) of the [E, F] = K — K~ ! conven-

Lo _K-1 .
tion, instead of the [E, F] = 5_5_1 convention.

Recall (from [13] for example) that u,(s/>) is a ribbon Hopf algebra with the ribbon
element
vo = Kugug

where ( |
mi? pri p—1 Ut3)
Zz =0 q K _
uK - —.’

Z_ 04 m12
i=

Proposition 5.10. Under the identification of (5.6), we have

K/FIET.

[/]q

2_
gé‘lzqm(u l)Uo,

where vy is the ribbon element of u,(slz). In particular, glfl depends only on the square
of u, as expected by Remark 3.29.

Proof. Consider the action of gH on M;. Then, starting with (5.5), we have

p—1 _w
= gt q 2/ xJ
i=o []q!
1

—KijEj)
!
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We now focus on £/ 7#!; expanding it as a linear combination of characters and com-
pleting the square twice we obtain

KhqU-mn pl

—s2 45k —wk vk
§ : E S<+s q(l ) K
! k,s=0

1-p?)/2 p—1
g2k 2
<§ :qzs)(E :q k/sz).
k=0

Using the properties of Gauss sums, see [17], we get

p—1 p—1
— q(l—MZ)/2K< quszk>/<qus2) — qm(MZ_I)KMK. -
s=0

k=0

g

Theorem 5.11. Let p be a prime, H, as in Lemma 5.2, Then,
HCg,(Hg-mod) ~ Vec.

Proof. The case of p = 2 is addressed in Remark 5.7. For p odd, we recall from [13] that
the center Z of u,(sl,) decomposes

m—1

Z ~ bk x [ klxj. 30/ 05 v7 % v) (5.7)
j=0

and using the notation of the original: P, =1 €kand P; =1¢€ k[xj,yj]/(x]z,yjz,xjyj),

while N j+ = xj and N;~ = y;. We have an expression for the ribbon element:
m—1
vo =¢q" P + Z gTUTV (P 4+ o N+ BiNT),
j=0

where o; and ; are some known constants that we do not need here. Let
ug(sly) =U x l—[ U;

be the decomposition induced by (5.7), and set U i = Uj/(x;,y;). Note that
1—cl =1—¢™v

acts by 0 on U and by 1 — g~ +2/U+1D — | — 42G=m) on ;. Since 1 — g2~ +£ 0,
1-— g(fl acts invertibly on Uj; thus, as in [22], we have that H Cg,(H g-mod) = Vec.
Using [8], we see that the only part of the representation theory of uy(sl2) that is
supported at the Spec(k) part of the center consists of copies of the unique projective
irreducible representation of u,(s/2), which is the unique irreducible of dimension p. =
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Theorem 5.11 dealt with the case of ¢o. There remain cases ¢, foru =1,..., p— 1.
Recall that H Cg, (H g-mod) depends only on the square of x and so we may assume that
M is odd (as —u is then even). Furthermore, let

2j +1=p, (5.8)
such that j is unique among O, ..., m — 1.
Proposition 5.12. Let p be an odd prime, H, as in Lemma 5.2, and  as in (5.8). Then,
HHg,(Hg-mod) = U;/(=a;N;* — ; N;7)-mod.

Proof. The proof is analogous to that of Theorem 5.11; i.e., we use Proposition 5.10 to
compute that 1 — glfl acts invertibly on all but U; where the action is not 0 as in Theo-
rem 5.11 but is —o; Nj+ — B N;~ which is square zero. m

6. Appendix

The reader is invited to peruse this section if needed. It is referred to in the body of the
paper on occasion.
6.1. Monoidal functors and algebras

If F is a (strongly) monoidal functor between two monoidal categories € and D, then the
extra data consisting of (iso)morphisms:

fap: F(A)® F(B) > F(A® B), (6.1

for all A, B € €, is the monoidal part of the structure. For our purposes, all monoidal
functors are assumed to be strongly monoidal.

Lemma 6.1. Let F : € — D be a monoidal functor and A an algebra and C a coalgebra
in €. Then, F(A) and F(C) are also an algebra and a coalgebra, respectively, in D.
If o : A — B is an algebra map, then so is F(a) (similarly for coalgebras). If M is an
A-module, then F(M) is an F(A)-module (similarly for coalgebras).

Proof. The proof is straightforward. We mention that the multiplication m g4y on F(A)
is F(mg) o fa,a. [

Now suppose that € and D are both braided and let t denote the braiding in both.
Furthermore, we use t to denote the monoidal functor

¥ e (6.2)
such that 7(A X B) = A ® B and the monoidal structure isomorphism
(AR B)®1(C X D) - 1((AX B) ® (C K D))
is
ldg®1c®Idp : ARBRCR®D > ARCRBR®D.
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Definition 6.2. Let A, B be algebras in € braided. Then,
AQ®" B =1t(AK B)
is an algebra in € by Lemma 6.1. Explicitly,
magrp = (mg ® mp)(ldg ® 15,4 ® Idp),

or using strings:

Furthermore, if f : A — A’ and g : B — B’ are algebra maps, then so is
fRg:AQ"B - A ®" B

Note that if M, N are A and B-modules, respectively, then we have an A ®° B-module
M ®T N with
pmeN = (o ® py)(1dga ® tp.m @ Idy).
Similarly, if M, N are right A and B-modules, respectively, then we have a right A ®* B-
module M ®° N with

pmeN = (oM @ pn)(Idsa @ Tn,4 ® 1dy).

Remark 6.3. Considering the reverse braiding 1 letA ®’71 B = 171(4 X B), which
is also an algebra in €.

Let M be a€-module category. The following characterization of modules over AQB,
ie., M € AQ" B -mod, will be useful. Observe that M is an A ®° B-module if and only
if itis an A-module (pq : A- M — M) and a B-module (pp : B- M — M) such that the
two actions satisfy the compatibility condition:

pao(dg ® pp) = ppo(Idp ® ps) © (fA_jg ® Idy) (6.3)

best understood as an equality of string diagrams:

A B M A B M
~
w Q‘
_ (6.4)

so that the A-string crosses under the B-string.
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6.2. Some adjunctions

Let € be a closed monoidal category; namely, we have right adjoints to the functors
—®M and M ® — (for all M € €) which we denote by M > — and — < M, respec-
tively. If A is an algebra in €, then Bmde A, the category of A-bimodules in €, is also a
closed category. The product is — ®4 —; i.e., for S, 7 € Bmde 4, we have that S ®4 T
is the coequalizer of the two maps from S ® A ® T to S ® T. We denote the right
adjoints of — ®4 S and S ®4 — by S >4 — and — <4 S, respectively. They can be con-
structed as equalizers; namely, S >4 T is the equalizer of S > T — (S ® A) > T and
ST — S (A T) where the targets are identified. Note that this construction uses up
the right actions on S and 7.

More generally, let A, B,C € Alg(€), let Bmde(A, B) denote the category of left A and
right B-modules in €, and write Homy4 (—, —) p to denote the morphisms in Bmde (4, B).
Suppose that M € Bmde (A, B), S € Bmde(B,C),and T € Bmde (A4, C). Then, we have
an adjunction

Homyg (M ®p S, T)c ~ Homp(S,T <4 M)c. (6.5)

We also have
Homy (M ®p S, T)c ~ Homy(M, S >¢c T)p,

but it is not what we need.

More generally, let M be a €-module category. But now suppose that € is rigid; then,
the right adjoint of X - —is *X - —. Again let A, B € Alg(€) and M € Bmde (A4, B). For
S € By-mod and T € Ay -mod, we have

Homy(M -3 S,T) ~ Homp(S,*M A T), (6.6)

where the coequalizer and equalizer are as above.
The following is immediate.

Lemma 6.4. Let A, B € Alg(B), with B a rigid braided category and M a B-module
category. With X € B, let A ® X be an (A, B)-bimodule with p4g,aex = ma @ ldx.
Let L,L' € Alg(€) sothat L@ (AR X)®" L' isa(L® AQ"L',L ®" B ® L')-
bimodule. Then, for N € L ®° A ®" L', ,-mod, we have
N<1L®1A®rL/L®r(A®X)®rL/ZN<1AA®X ~*X-N

and the L @ B " L'-module structure is as follows:

X 1
|
\ (6.7)
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where

(6.8)

6.3. Inverse limits and Hochschild and cyclic homology categories

Let D be a small category and suppose we have a diagram of categories over D. Namely,
for every object x € D, we get a category €y, and for every arrow « : x — y in D, we get
a functor a4 : €x — €,,. Furthermore, this data is complemented with associative isomor-
phisms fg o @ Bxotx — (Ba)«. One may then consider the limit (inverse limit) category
of this diagram. Explicitly, the objects in the limit consist of the following data: objects
M, €€, for every x € D and isomorphisms gg : o« (Mx) — M, forevery o : x — y in D.
These must satisfy the compatibility:

g,Bocf,B,oc = gﬂﬂ*(ga)~

For us the important D’s are the simplex category A yielding the Hochschild homol-
ogy and Connes’ cyclic category A yielding the cyclic homology (see [19]). More details
are available in [15].
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