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HOPF MODULES AND THE DOUBLE
OF A QUASI-HOPF ALGEBRA

PETER SCHAUENBURG

ABSTRACT. We give a different proof for a structure theorem of Hausser and
Nill on Hopf modules over quasi-Hopf algebras. We extend the structure the-
orem to a classification of two-sided two-cosided Hopf modules by Yetter-
Drinfeld modules, which can be defined in two rather different manners for
the quasi-Hopf case. The category equivalence between Hopf modules and
Yetter-Drinfeld modules leads to a new construction of the Drinfeld double of
a quasi-Hopf algebra, as proposed by Majid and constructed by Hausser and
Nill.

1. INTRODUCTION

Drinfeld’s quantum double construction has established itself as an important
tool in the theory of Hopf algebras. In particular, it furnishes nontrivial exam-
ples of quasitriangular, non-commutative and non-cocommutative Hopf algebras,
and the double D(H) can be used to study the original Hopf algebra H. On
the categorical level, the Drinfeld double can be explained by the construction
of the center of a monoidal category; this is a braided monoidal category Z(C)
that can be constructed in a natural way from any monoidal category C. One
has pgyM = Z(g M) for any finite-dimensional Hopf algebra H. Yetter-Drinfeld
modules can be seen as a convenient intermediate step in this equivalence; one
has Z(gM) = gYD (even if H is infinite-dimensional, which makes Yetter-
Drinfeld modules interesting beyond situations where the quantum double can be
constructed), and the equivalence YD =~ p)M is a very easy step if H is
finite-dimensional. We refer to Kassel’s book [7] for a complete account.

Quasi-Hopf algebras were introduced by Drinfeld in [2]. Although they arise
there primarily from the deformation theoretical treatment of ordinary Hopf alge-
bras, the conceptual categorical explanation of their axioms is already discussed in
detail in [2]: The definition ensures that the category of finite-dimensional mod-
ules over a quasi-Hopf algebra H is a monoidal category with duality. The tensor
product in the module category is the tensor product over the base field k, and H
has a comultiplication that allows one to endow this tensor product with a module
structure, and an invertible element ¢ € H ® H ® H responsible for the associativ-
ity of tensor products in the module category. The key difference compared to an
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ordinary Hopf algebra is that comultiplication is no longer coassociative, but only
so up to conjugation by ¢.

The first quantum double quasi-Hopf algebra appeared in a paper by Dijkgraaf,
Pasquier, and Roche [I]], namely, a certain variant D*(G) of the Drinfeld double of
the group algebra kG of a finite group, modified by a three-cocycle w on G.

Majid [10] gave the following conceptual explanation of the double D¥(G): It is
simply the Drinfeld double of a certain quasi-Hopf algebra, namely the dual group
algebra k¢, with a nontrivial quasi-Hopf structure w € k% ® k¢ ® k“ that identifies
with the group cocycle w. Of course, one has to explain now what the Drinfeld
double of a quasi-Hopf algebra is, and Majid announces a construction. Note that
the generalization from the Hopf to the quasi-Hopf case cannot be expected to be
trivial; after all, the double of a Hopf algebra H is modelled on H ® H*, with
H and H* as subalgebras. But if H is just a quasi-Hopf algebra, then H* is
not an associative algebra, so one is at a loss looking for an associative algebra
structure on H ® H*. Majid [10] explains why the construction should work; the
module category over the Drinfeld double D(H) of an ordinary Hopf algebra H
is equivalent to the center of the category of H-modules. The center construction
is a purely categorical procedure assigning a braided monoidal category to any
monoidal category; of course it can be applied to the category of H-modules also
when H is just a quasi-Hopf algebra. The result should be the module category
for another quasi-Hopf algebra D(H), the Drinfeld double of H — by the general
‘reconstruction’ principles by which every reasonably nice monoidal category has
to be the representation category of some quasi-Hopf algebra. Next, of course, one
would like to know the double explicitly. Majid claims to show that D(H) can,
once again, be modelled on the tensor product H ® H*. As we shall try to indicate
at the end of Section @ there is some doubt that the reasoning in [I0] is complete
here. However, Hausser and Nill [3, 4] have indeed shown by explicit calculations
that the double can be realized on H @ H*, although perhaps not quite in the way
anticipated in [10]. The basic idea in [10] is that the center of the category g M of
left H-modules is equivalent to the category » YD of Yetter-Drinfeld H-modules.
The latter (which are defined in [I0]) are modules equipped with a certain coaction
of H (which would be a comodule structure in the ordinary Hopf case) satisfying
two compatibility conditions. Thus, since a Yetter-Drinfeld module is given by an
action of H and an action of H* satisfying some commutation relations, one may
surmise that it can equivalently be given by an action of H® H*, where the latter is
endowed with a suitable multiplication that can be read off from the compatibility
conditions. The additional idea introduced by Hausser and Nill to make this work
is the realization that there are two rather different, but equivalent, variants of
Yetter-Drinfeld modules in the quasi-Hopf case. (Actually the terminology in [3} 4]
is quite different, and we will not go into details on how exactly to relate it to ours.)
One version (called a coherent J-implementer by Hausser and Nill) is better suited
to describing multiplication in the Drinfeld double D(H) = H ® H*, while the other
(called a coherent A-flip operator) is better suited to describing comultiplication,
antipode, and quasitriangular structure.

In the present paper we will be dealing with another characterization of Yetter-
Drinfeld modules (hence the Drinfeld double and the center), namely the equiva-
lence of the category of Yetter-Drinfeld modules with the category & ME of Hopf
modules; this equivalence originally arose in work of Woronowicz [17] on differential
calculi on quantum groups, and was developed for Hopf algebras in [13]. We will
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extend it to the quasi-Hopf algebra setting, and utilize it in the construction of the
Drinfeld double.

Hopf modules over quasi-Hopf algebras were introduced by Hausser and Nill [5]
to develop an integral theory for quasi-Hopf algebras. Note that the definition
of Hopf modules for quasi-Hopf algebras requires a little thought, since a quasi-
Hopf algebra is not a coalgebra, hence there is no immediate notion of comodule.
But one can define ;M as the category of H-comodules within the monoidal
category g My of H-bimodules. With this categorical description comes an easy
supply of such Hopf modules, namely the cofree H-comodules P ® H generated
by P € gMpy. In particular, one can apply this to one-sided H-modules. Now
the structure theorem of Hausser and Nill, for which we shall give a new proof in
Section B, asserts that every Hopf module in ;M is of the form V ® H for some
V € yM, provided H is a quasi-Hopf algebra. The equivalence yM = 5 M
thus established is actually a monoidal equivalence, when we endow 5 M with
the monoidal category structure defined by the tensor product over H.

We define the Hopf module category M to be the category of H-H-bico-
modules in the monoidal category gy M g. There are two natural monoidal category
structures on & ME  namely tensor product and cotensor product over H, which we
prove to be isomorphic if H is a quasi-Hopf algebra. Now by the structure theorem
of Hausser and Nill, understanding the structure of Hopf modules in £ M amounts
to describing all the additional left H-coactions making V@ H € ;M an object of
HEMI for V € gM. We attack this problem in two different ways, arriving at two
different notions of Yetter-Drinfeld modules. We call Yetter-Drinfeld modules of
the first kind the ones appearing (without a name) in Majid’s paper [10]. We study
Yetter-Drinfeld modules of the second kind first, in Section [}l They arise from the
following approach: A left H-coaction making M = V ® H an object in 2 M is by
definition a morphism A: M — H® M in ;M. The latter category is equivalent
to g M, so we can send A through the category equivalence to give, as it turns out,
a certain map N:V — H ® V, which makes V a Yetter-Drinfeld module of the
second kind. The definition of the latter can be made to look very simple. In fact,
using terminology of Pareigis [12], one may say that a Yetter-Drinfeld module of
the second kind is simply an H-comodule — however, the coalgebra H is situated
in the monoidal category g Mg, whereas its comodule V' is situated in a different
category g M, on which the category pMpy acts in a nontrivial way. This action
is described explicitly in Section [

Yetter-Drinfeld modules of the second kind are well-suited to the description of
the Drinfeld double of H as an associative algebra, which we give in Section 6 Al-
though the formula for multiplication is quite complicated, it is rather easy to verify
that it is associative, thanks to the conceptual nature of the Hopf module category,
which supplies us with ‘enough’ modules, without the necessity of performing large
calculations.

We study Yetter-Drinfeld modules of the first kind in Section[8. These objects
were introduced (with different conventions) by Majid [I0] to describe the center
of the module category gy M. We repeat this description, and we show that Yetter-
Drinfeld modules of the first kind can also be used to classify Hopf modules in
HMI. This is based on the following approach to Hopf module structures: By
the structure theorem of Hausser and Nill, any M € g MHE is the cofree right
H-comodule over some V' € gM, within the category yMpg. The problem of
describing all bicomodule structures on a cofree right H-comodule was essentially
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treated by Tambara; strictly speaking only the bimodule structures on a free right
module over a k-algebra were treated in [16], but the generalization to monoidal
categories, hence also to comodules in monoidal categories, is a trivial step. Tam-
bara’s description involves a flipping map o: V® H — H ® V, and it yields a
category equivalence of £ ME with the center of g M, or the category of Yetter-
Drinfeld modules of the first kind, if H is a quasi-Hopf algebra. In particular, we
also obtain a category equivalence between Yetter-Drinfeld modules of the first and
second kinds, which parallels the correspondence between the d-implementers and
A-flip operators of Hausser and Nill.

Yetter-Drinfeld modules of the first kind are well suited to describing the quasi-
triangular quasi-Hopf algebra structure of the double D(H), which we do in Section
Ol

Summing up, we think that the correspondence between Hopf modules and
Yetter-Drinfeld modules may be an interesting fact in itself. While the construction
of the quantum double is not new, we believe that some additional insight can be
gained by treating it through this correspondence. In particular, it is our feeling
that this approach allows us to replace some explicit and ad hoc calculations with
somewhat more conceptual reasoning.

2. PRELIMINARIES

Throughout the paper we work over a base field k. If nothing else is indicated,
vector spaces, algebras, etc. are over k, ® means ®;, Hom means Homy, and
so forth. For any k-algebra we write 4 M for the category of left A-modules, with
obvious variants for right modules and bimodules. A°P denotes the opposite algebra.
We write a — ¢ and ¢ < a for the canonical left and right actions of an algebra
A on its dual space A*. If A, B are algebras, and M € M4y, N € 4 Mg, and
P € pM are (bi-)modules, we will take the liberty to pretend that the canonical
isomorphisms (M ®4 N) g P> M ®4 (N @ P) and A®s N2 N >N ®p B
are identities.

2.1. Monoidal categories. A monoidal category C = (C,®, ®, I, A, p) consists of
a category C, a functor ®: C x C — C, a “unit” object I and natural isomorphisms
P=Pxyz: (XRY)®Z - XY RZ), :I®X - Xand p: X®1I — X,
which are required to be ‘coherent’. We refer to [6l [7] (where monoidal categories
are called tensor categories) for precise definitions and background information.
We shall always assume that the morphisms A and p are identities; when @ is the
identity as well, C is called strict. Coherence is expressed in Mac Lane’s pentagon

(WRPxyz)Pwxev,z(Pwxy ® Z2) = PwxyezPwex,v 2z,

where both sides are morphisms (W@ X)Y)®Z - W® (X ® (Y ® Z)), and
the condition ®x;y = idxy, which also implies ®xy; = ®;xy = idxy. The
key consequence of coherence is that all formal diagrams composed of associator
morphisms commute.

We define an (incoherent) tensor functor

(F.8): (C,®,®,I) - (D,®,d',I')

to consist of a functor F satisfying F(I) = I, and a natural isomorphism £: F(X)®
F(Y) — F(X ®Y) such that {xr = &rx = idg(x). If € is the identity, we say that
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F is strict. We define a monoidal functor to be a tensor functor that is coherent in
the sense that the diagrams

FX)oFY)oF2) 2L FXey)e F(Z) —— F(XeY) 2)

@’J Jf(fb)

F(X) @ (F(Y) @ F(Z) —5 F(X) @ F(Y © Z) —— F(X @ (Y @ 2))
commute. (Warning: In [7] monoidal functors are called tensor functors.)

A nice way of expressing coherence is to say [7, XI.5] that every monoidal cate-
gory is equivalent, via a monoidal functor, to a strict one. Since monoidal functors
can be used to transport notions expressible in the language of monoidal categories,
this leads to the slogan that, to prove a general fact on monoidal categories, it is
always sufficient to treat the strict case. Before adopting this widespread usage
of coherence, the author would like to acknowledge that he knows of no general
metatheorem that would, once and for all, settle the question of what types of facts
this reasoning can be applied to.

Let C be a monoidal category and X € C. A left dual of X is a collection
(XV,ev,db) in which XV is another object of C, and ev: XV ® X — I and db: [ —
X ® XV are morphisms (called evaluation and coevaluation, respectively) such that

(x 225 X e x)eX B X e ((XVeX) X% X) =iy,
(XV XV ®db XV®(X®XV) d1 (XV®X)®XVM>XV>_1C1XV

If every object of C has a left dual, we say that C is (left) rigid. In this case X +— XV
can be made into a contravariant functor in a natural way. Moreover, there exists
a unique natural isomorphism D: YV ® XV — (X ® Y)V such that

YVeXx)eXeY) -4, (XxeY)e(X®Y)

2D | J
YV ((XV 2 X) ® Y) ev(YV®(ev®Y)) )

commutes.
Right duals and right rigidity are defined by switching sides.

2.2. Coalgebras in monoidal categories. Assume given a monoidal category C.
An algebra in C is a pair (A, V) in which A is an object of C, and V: A A — A
is a morphism, called multiplication, such that

VIVRA) =VARV)D: (Ao A)® A — A,

i.e., multiplication is associative, and there exists a unit morphism n: I — A such
that V(A®n) =ida = V(n ® A). A left A-module over an algebra A in C is an
object M in C with a morphism p: A ® M — M such that pu(n ® M) =idy and

uVeM)=puAeu)®: (A A) M — M.

Many elementary facts of ring and module theory can be carried over to this gener-
alized notion of algebra (which, of course, contains k-algebra theory as the special
case C = My). More details can be found in [I1]. It is convenient to utilize the
coherence result by which any base category C is equivalent as a monoidal category
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to a strict one — hence, if one proves general results on algebras and modules, one
can always assume that the base category is strict.

Since algebras and modules are defined in entirely categorical terms, the general
theory includes a theory of coalgebras and comodules as a special case — one
just has to replace the base category by its opposite to switch from algebras to
coalgebras. In the following we will spell out some facts of such a generalized
coalgebra theory, which shall be used freely in the paper. We will not repeat the
definition of coalgebra and comodule, dual to those of algebra and module. We
denote the category of left (right) C-comodules in C by “C and CY, respectively. If
C is a coalgebra, M a right C-comodule, and X any object of C, then X ® M is a
C-comodule with comodule structure

XoM X% xoMel)2h (XeM)eC,

where p is the comodule structure of M. As a special case, X ® C is a right
C-comodule, and actually the cofree right C-comodule over X, in the sense that
we have a bijection C(M,X) > f — (f® C)p € CY(M,X ® C) with inverse
F — (X ® €)F, so that the functor C > X +— X ® C € C¢ is right adjoint to the
underlying functor C¢ — C. In particular, the morphism p: X ® e: X ® C — X
satisfies (p ® C)pxgc = idxgc. We note for later use that, if Y is another object
of C, the C-comodule structure p of Y ® (X ® C) satisfies

(2.2) (Y@(X@C)L(Y@(X@C))@CK(YQQX)@C):(Ifl,

where €3 := (Y ® (X ® ¢€)) ® C, simply since this is trivial if C is strict.

A C-D-bicomodule for coalgebras C,D in C is an object M with morphisms
AMM—C®M and p: M - M ® D making it a left and right comodule, respec-
tively, and satisfying

(C®pA=DA@D)p: M — C® (M D).

We denote the category of C-D-bicomodules in C by “CP. If M € “C and N € CP,
then M ® N € ©CP with the right D-comodule structure as introduced above, and
the analogous left C-comodule structure. In particular, if X € ¢C, then the cofree
right D-comodule over X is a C-D-bicomodule; thus we have a right adjoint to the
underlying functor ¢CP — €C.

Assume from now on that the category C has equalizers, and that the tensor
product in C preserves equalizers in each variable. By definition the cotensor prod-
uct of M € C¢ and N € ©C is defined as the equalizer

(M)
MDCN—>M®N$(M®C)®N.
p

If M € BCC and N € ©CP, then M O¢c N € BCP as a sub-bicomodule of M & N.
In particular, the category ©C¢ is a monoidal category with respect to O¢; the
associators are induced by the associators in C.

If M = X ® C is the cofree right C-comodule over X, then we have M O¢ N 22
X ® N, with the isomorphism induced by (M ® €) ® N, and its inverse induced by

XN X2 xg(CeN) 2L (X0C) @ N.
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2.3. Quasi-Hopf algebras. A quasibialgebra H = (H, A, e, ¢) consists of an al-
gebra H, algebra maps A: H — H ® H and €: H — k, and an invertible element
¢ € H®3, the associator, such that

(2.3) (e@ H)A(h) =h=(H ®¢e)A(h),

(2.4) (H®A)A(h)-¢p=¢ - (A® H)A(h),

(25) (HoH®A)(¢) (A®H@H)(¢)=(1®¢)-(HIARH)(¢)- (¢®1),
(2.6) (Hoew H)(¢) =1

hold for all h € H, the equations being in H, H ® H ® H, H®*, and H®?, re-
spectively. It follows that also (t @ H @ H)(¢) =1 = (H® H @ )(¢). We will
write A(h) =: ha) ® hia), ¢ = M ® 6@ @ ¢ and ¢! = ¢V © ¢(-2) @ ¢(=3),
When there is need to perform computations with several copies of ¢, we write
é =0 @02 ® ¢ for a second copy of ¢, and so forth. We will adopt a similar
notation for the tensor factors of other elements of tensor products.

If H is a quasibialgebra, then the category g M of left H-modules is a monoidal
category in the following way: For V. W € g M the tensor product V@ W is an H-
module by h(v®@w) = h)v® h(yw; this defines a bifunctor ®: yMx gM — g M.
The base ring k is an H-module via e. Then the canonical morphisms V 2V ®k =
k ® V are H-linear for V€ g M. The map

P URV)OW3u@vdw— ¢Mue e ¢®welUs (VeoWw)

is H-linear as a consequence of (Z4]), and makes Mac Lane’s pentagon commute as
a consequence of (Z.1).

The monoidal category structure on g M is defined in such a way that the un-
derlying functor U : gy M — My preserves tensor products and the unit object; that
is, so that the underlying functor is a strict incoherent tensor functor. Conversely,
if H is an algebra such that y M is a monoidal category, and the underlying func-
tor U: gM — My is a strict incoherent tensor functor, then there is a unique
quasibialgebra structure on H inducing the given monoidal category structure on
M.

If (H,¢) is a quasibialgebra, so is (H°P, ¢~ '), and if (B,) is another quasibi-
algebra, then H ® B is a quasibialgebra with associator ¢! @ v @ ¢(?) @ (?) ®
¢B® @B,

A quasiantipode (S, a, §) for a quasibialgebra H consists of an algebra antiau-
tomorphism S of H, and elements «, 3 € H, such that

S(hay)ah@) =e(h)a, h1)BS(h)) = e(h)B,
6WBS(¢)ag® =1, S(6C)ag 2 pel = =1
hold in H, for h € H. A quasi-Hopf algebra is a quasibialgebra with a quasi-

antipode.

If V is a finite-dimensional module over a quasi-Hopf algebra H, then V has a left
dual V'V, defined to be its vector space dual V* equipped with the module structure
defined by (hk,v) = (k,S(h)v), and the evaluation and coevaluation defined by
ev(k ®v) = (k,av) and db(1) = Bv; ® v, where v; ® v* € V ® V* is the canonical
element. (Here and below we use Einstein’s summation convention for a repeated
lower and upper index.) In particular, the category g M of finite-dimensional left
H-modules is left and right rigid. Note that dual modules are defined in such a way
that the underlying functor U: g My — M, preserves duals in the sense that one
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has a natural isomorphism U(V"Y) = UY(V)* (albeit incompatible with evaluation
and coevaluation).

Conversely, if H is a finite-dimensional quasibialgebra, the category g M is left
and right rigid, and the underlying functor to My, preserves duals in the sense that
there exists a natural isomorphism U(VY) 2 U(V)*, then H has a quasiantipode.
See 9] for a proof, but also see [14] for an example indicating that the additional
hypothesis on U can perhaps not be dispensed with.

We shall be needing some of the elaborate formulas for the associator and the
antipode of a quasi-Hopf algebra developed in [2]. For the rest of this section, fix a
quasi-Hopf algebra H.

First, we have an isomorphism

0:=04: A® H 3 a®h— adMBS(h1)0?) @ hoyo® € A® H
for all A € My, with inverse
6 (@@ h) = aS(@)ad " hu) ® ¢ he),

slightly generalizing |2 Prop. 1.5], where it is shown that 6 (in Drinfeld’s notation
¢~ 1) is bijective with the claimed inverse. But since @ is obviously natural in A,
the general case follows.

Further we need the twist f that Drinfeld obtains to replace the fact that the an-
tipode of an ordinary Hopf algebra is a coalgebra antimorphism. Following Drinfeld
we set

§:= ¢S (61 (90®) @ ¢ P MBS (¢ (1)0?),
7= 8(6V6)ap "6 1) @ S(6M)ag "9 (y),
fi= 5D )M (2B ) 1) @ S(6 1))v? (12 86 3

with the consequence that
A(S(h)) =f1-(S®S8)A“P(h)-f and  &f = A(B).

The “meaning” of f is that it induces, for VW € g M, the isomorphism D: WV ®
VY — (Ve W)Y from (21); more precisely, if we identify (V @ W)Y with V* @ W*
as a vector space, then D is the transpose of the map F: V@ W — W ® V given
by F(v @ w) = f@w @ fWy.

3. HOPF MODULES AND THE STRUCTURE THEOREM

Throughout this section H is a quasibialgebra with associator ¢. If H is an
ordinary bialgebra, we have the well-known notion of a Hopf module, which is an
important tool in Hopf algebra theory, cf. [I5]. An H-Hopf module is by defi-
nition an H-module (right or left) and H-comodule (right or left) such that the
comodule structure is a module map, or, equivalently, the module structure is a
comodule map. That is, a Hopf module is an H-module in the category of H-
comodules, or, equivalently, an H-comodule in the category of H-modules. Now
in the quasibialgebra case, none of this makes sense: We do not have a notion of
(ordinary) H-comodule, and we do not have a notion of H-comodule in the cate-
gory of H-modules either, since H is not a coalgebra in the category of H-modules.
However, as Hausser and Nill [5] have observed, and used to establish integral
theory for quasi-Hopf algebras along the lines of the integral theory for ordinary
Hopf algebras, there is a well-behaved notion of Hopf module in ;M. Note first
that since H is a quasibialgebra, so is H°P, and hence H ® H°P, with associator
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oM @ ¢V @ ¢ @ ¢ @ ¢ @ ¢(—3). If we identify H @ H°P-modules with
H-H-bimodules, this means that y My is a monoidal category with associator

P (PRQ)®R>pRqTr
N ¢(1)p¢(_1) ® ¢(2)q¢(_2) ® ¢(3)T¢(_3) €EP® (Q ® R)

for P,Q,R € gMpg. We note that if one of P,@Q, R has the trivial right module
structure, then ® reduces to left multiplication by ¢, if one of P, @, R has the trivial
left module structure, then ® reduces to right multiplication by ¢!, and if one of
the three has the trivial left, and another the trivial right module structure, then
® is the identity.

Observe that H, with the regular H-bimodule structure, is a coassociative coal-
gebra in the monoidal category g M.

Definition 3.1. A Hopf module in ;M is a right H-comodule in the monoidal
category g Mpy. A Hopf module in £ M is an H-H-bicomodule in g M.

We will freely apply the facts on comodule theory in monoidal categories to
this special case. In particular, H € g/\/lg in a natural way, and if P € gMpg
and M € g MU then P® M € ;M with the diagonal left and right module
structures, and the right comodule structure p(p@m) = qb(_l)qu(l)®¢(_2)m(0)¢(2)®
¢(_3)m(1)q§(_3). We shall always use this structure without further notice. When
M € yMHE we denote by M? the H-bimodule M, with the trivial H-comodule
structure.

Like the definition of Hopf modules, the following lemma is due to Hausser and
Nill [5], at least as far as ;7 ME is concerned.

Lemma and Definition 3.2. The categories ;M and EME are monoidal cat-
egories in such a way that the underlying functors to the category (nMp,Qp) are
strictly monoidal functors.

In particular, the tensor product of two Hopf modules M, N is modelled on their
tensor product over H. The right and, if applicable, left H-comodule structures on
M ®g N are given by

(m ®n) o) © (m &@n)ay = me) @ne)  mana,
(m @n)(-1) @ (Mm@ n)) = m1n-1) @ M) © (),
and the right (and left) comodule structures of H are given by comultiplication.
Proof. The claimed comodule structures are trivially well-defined. To see that the

right coaction p on M ®py N is in fact a comodule structure in the bimodule
category, one has to compute

(M ®A)p(m@n)-¢=(man)ee") @ (men)qme® @ (men)aq)eeé®
= (m(0) @ n(0y)d™M ® (maynay) 1y¢® @ (mayna)) @) ¢™®
= m) ® ny¢'! © mayayne) @ ©ma)@na e e?
= m) ® ¢ (0)(0) © m(1) (10 (0 1) © M1y 200D
= m()p"! © n(o)(0) © m(1y1)9 1 (0) (1) © M) 20V n)
= ¢Wm(o)0) @ n(0)(0) © ¢ M) 1yno) 1) © #Pmayna)
— - (p® H)p(m @ n).
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The computations showing that M ®g N is, if applicable, also a left H-comodule,
and an H-H-bicomodule in the bimodule category, are similar. It is trivial to verify
that the coherence isomorphisms from M g are morphisms in the respective Hopf
module category. O

Note that the monoidal category structure of the Hopf module is not derived
from general categorical reasons, but rather requires an explicit, albeit rather trivial,
computation. To get it from purely categorical considerations would perhaps require
a closer analysis of the interplay between the two monoidal category structures on
g M. On the other hand, the following monoidal category structure on EMH s
an entirely categorical fact:

Remark 3.3. The category £ M is a monoidal category with tensor product the
cotensor product of comodules within the monoidal category g Mpy.

Explicitly, this means that M Oy N C M ® N consists of all those elements
> m; ®n; € M @ N that satisfy

> Mm@ ¢Pmiay ® 6n; = mid) @ ny_1)¢? @ nyo) 6@,
and the associator isomorphisms

(LOM)ON=LOMON)
H H H H

are induced by the associator ® in gy Mpg.

Although this second monoidal category structure looks quite different from the
one in Definition [3.2] it will turn out to be isomorphic provided that H is a quasi-
Hopf algebra.

We will now take the first steps towards proving Hausser and Nill’s structure
theorem for Hopf modules in ;M. We will study the functor R: yM — zMHE
assigning to V' € g M the cofree right H-comodule V ® H over V in g Mpg.

Lemma 3.4. Let H be a quasibialgebra, M € zME and V € gM. Then the
canonical isomorphism (V @ H) @g M =V ® M is an isomorphism in g M.

Proof. The canonical isomorphism &: (V@ H) @y M — V@M with £ (v@m) =
(v® 1) ®m is trivially checked to be an isomorphism of H-bimodules. To see that
it is colinear, we compute

pEvem)=pvelem)= (e 1oy ® m(o) ® (v ® 1)(1ym(y)
= ¢Wo 6@ @mey © 6Pmay = Mo 018 ¢Pmey @ ¢Pmq
=& (0Mv®¢®m) ® ¢¥may = (€7 @ H)p(v @ m)
forve V and m € M. O
Definition 3.5. For V,W € g M we define

€= Eyw = <(V®H)<§>(W®H)£>V®(W®H)®—_1>(V®W)®H>,

so that, for allv € V, w € W, and g,h € H,
Eweg e weh)=¢"ve e 2gnuwe¢Vgeh,
lvoweh) = (@Mvel) o (@Pwee@h).
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Proposition 3.6. Let H be a quasibialgebra. The isomorphisms & define a mon-
oidal functor structure on

R:gM3V—=Ve®HEc Zz7ME
The functor R is fully faithful and ezxact.

Proof. Tt is trivial that R is faithful and exact. To see that it is full, we compute
(M) (Ve HW @ H) = yMy(V @ H,W) = Homy_ (V, W),

where the first isomorphism is the property of W ® H of being the cofree right H-
comodule generated by W within the category gy Mg, and the second is induced by
the canonical bijection T': Hom_g(V @ H, W) = Hom(V, W): The latter is given
by T(F)(v) = F(v® 1) and T7'(f)(v ® h) = f(v)e(h). Thus if f = T(F), and f
is left H-linear, then so is F', since F(g(v ® h)) = F(g9(1)v ® g(2)h) = f(gv)e(h) =
gf(w)e(h) = gF(v® h), and conversely, if F' is H-linear, then trivially so is f. Note
that the composed isomorphism zME(V @ H,W ® H) = Homp_ (V, W), inverse
to the morphism map of the functor R, is given by F' — (W @ e)F(V ® 7).

It remains to check that R is monoidal, that is, that £ is coherent. This asks for
the diagrams

(UeV)eW)eH —— (U V) H) on (W H)

Jid®H£1

soH U H)ony (Ve H) oy (We H)

TEI@)HM
!

U(VeW)eH —— UH) oy (VeW)® H)

to commute for all U, V,W € g M. But upon closer inspection, this turns out to
be precisely the pentagon axiom for ®: By definition of £~!, the diagrams

(XoY)oH - (XeH) oy (Y © H)

\H

® (Y ®H)

commute for all X,Y € gM. This immediately identifies all except the bottom
right vertical arrow in the above pentagon with the arrows in the coherence penta-
gon. For that last arrow we claim that the diagram

UeH) g (VeH) g ( WH)——U® (Ve (WeH))
5_1®id1\ Tq’U,V,W@H
(UV)eH) g ( WQH)———=UoV)® (W®H)
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commutes as well, which can be checked by a short calculation, or by generalizing
to the diagram

(U@ H)® (VOH) 9y M—=U® (Ve M)
51®id1\ TCPU,V,J\I
(UeV)eH) 9y M=—=URV)® M

for any M € M, which commutes since it is natural in M, and commutes for
M=H. O

Hausser and Nill [5] have shown that R is an equivalence if H is a quasi-Hopf
algebra (see Theorem below), and that its quasi-inverse is monoidal, which
implies that R is monoidal. Proving directly that R is monoidal, without using a
quasiantipode, will allow us to draw some conclusions on the fundamental question
of when a (finite-dimensional) quasibialgebra H is a quasi-Hopf algebra. In [14]
we have given an example of a coquasibialgebra H whose finite comodule category
is left and right rigid, but which is not a coquasi-Hopf algebra. In fact the dual
object of a finite comodule V' need not have the same dimension as V. The next
corollary shows that this rather strange phenomenon cannot occur when H is finite
dimensional.

Corollary 3.7. Let H be a finite-dimensional quasibialgebra. Assume that the
category g My of finite-dimensional left H-modules is rigid. Then dim(VY) =
dim(V) for all V € yMy, where VV denotes the left dual of V in g M;.

In particular, if H is semisimple as an algebra, and g My is left and right rigid,
then H is a quasi-Hopf algebra.

Proof. Since the functor R from Proposition B.fl is monoidal, so is its composition
with the underlying functor H./\/lg — gMpg. We use the fact that monoidal
functors preserve duals. If V€ g My, then the left dual of V ® H in gMp is

Hom_p(V® H,H) 2 Hom(V,H) 2 V* ® H;

so it follows that dim(VY @ H) = dim(V* ® H), and hence dim(V") = dim(V*) =
dim(V).

To conclude that H is a quasi-Hopf algebra, we need to know that the underlying
functor g My — My, preserves duals; that is, we need an isomorphism V'V = V*
of vector spaces, natural in V' € gMy. But if H is semisimple, it suffices to
fix any vector space isomorphism VV 2 V* for one representative V out of each
isomorphism class of simple modules. O

Note that we have to leave the following question open: If H is a finite-dimen-
sional quasibialgebra such that the category g My is left and right rigid, does it
follow that H is a quasi-Hopf algebra?

The structure theorem, Theorem B.10, asserts that every M € ;M has the
form V ® H for some V € g M. We will now show this in the special case when
M = P ® H for some P € gMpg, by finding the suitable V' explicitly.

Definition 3.8. Let H be a quasi-Hopf algebra with quasiantipode (S, «, 3). We
define the functor ,q(~): gMpyg — gM to map P to ,qP := P as k-module, with
the adjoint left H-module structure defined by h - p := h()pS(h(2)). Further we
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define, for P € gy My, the map np: P® H — 4P by np(p ® h) := p3S(h), and
we define

— <P®H%P®(HO®H)‘D—1>(P®H°)®Hﬂ>adP®H)

Proposition 3.9. With the notations of Definition|[3.8, np is an H-bimodule ho-
momorphism, where ,qP has the trivial right H-module structure, and Tp is an
isomorphism in the category M. Both © and T are natural in P € yMpy. We
have (aaP ® €)Tp = 7p.

Proof. 1t is quite trivial to check that 7 is a bimodule map as stated, and from the
way we defined 7 it is evident that 7 is a morphism in ;M. Of course m and 7
are natural, and the last equality is immediately verified. The least trivial part is
bijectivity of 7. Now explicitly

mp(p @ h) = ¢V peMBS (6D h1yP) @ ¢ gyt

=T(ppMBS(h1y6?) @ h(ay¢'®) =Tp(p @ h),

where 0p uses only the right H-module P, and we have written I'(p ® h) =
A VpS(p(=2)) ® ¢(=3)h. It remains to note that I': P @ H — P ® H, essentially
multiplication by ¢!, is evidently an isomorphism. [l

In fact we can go ahead and read off the inverse of 7:

T (p@h) =0T (p@ h) = 0p' (6'VpS(6®) @ ok
= oWpS(@*) S )ag T (¢ h) ) @ ¢ (6P ) a).

Theorem 3.10. Let H be a quasi-Hopf algebra. Then the functor R: gM —
HMg from Proposition is a category equivalence.

Proof. We have seen in Proposition 3.6 that R is fully faithful, so it remains to
prove that R is essentially surjective. So let M € z M. Then M = M Oy H,
where the cotensor product is to be taken within the category pMpg. In other
words, we have an equalizer

o S H(MRA) o 0
M—>M0®H$(M QH)® H
P

in ;M. Now by Proposition 9] both objects M° ® H and (M° ® H°) @ H are
in the image of R, and since R is full, the parallel arrows are also in the image.
Further R is exact, and it follows that M, the equalizer of the image under R of a
pair of parallel arrows, is also in the image of R. |

As a consequence of the structure theorem, we can now show that the two
monoidal category structures on g/\/lg given at the beginning of the section are
essentially the same. The relevant isomorphism actually looks completely the same
as that obtained for the ordinary Hopf case in [13], although the details are more
involved here.

Proposition 3.11. The identity on the category EME is a monoidal functor

(M5, Z): (HME,D) — (HME,2)
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where the monoidal functor structure = is defined by

=Zi=ZunNn: M (I% Nom®n+— myn(-1) ® m@yn() € M E N.
Proof. We shall omit checking that = is well-defined, an H-bimodule map, and an
H-bicomodule map in the bimodule category. To verify that = is an isomorphism,

it suffices, by Theorem .10} to consider the case where M =V ® H in ;M for
some V € g M. We have to show that the composition

V®N—>(V®H)%NE>(V®H)DN—>V®N
H

is an isomorphism, where the first and last arrows are the canonical isomorphisms.
But since V®e: V® H — V is a right H-module map, with respect to the trivial
right H-module structure on V, and since (V ®£)((v ® 1)(0)) ® (v®@ 1)1y =v @1,
this composition is simply the identity. It remains to check that = is coherent; that
is to say, the diagrams

(L oy M) oy N—225 (L Oy M) oy N —=—— (L Oy M) O N

| .

LR®uE

Loy (M®yg N)—"= Loy (MO N)—— L0y (M Oy N)
commute for all L, M, N € M. We compute
PEEON)(®@m®n)
= OE(Lym(—1) ® L1ym(o) ® n)
= ®((Loym(-1) ® Laym (o)) o) n(-1) @ (boym(-1) @ £(1)™M(0)) (1)(0))
= (¢ Veoym_1yp™ @ ¢ (L1ymo)) 0y )n_1)
® ¢ (Laymo)) 1y (o)
= @6V oym—1y0Mn 1)y © 6Pl ymio) )P 1) @)
© ¢V ymo) 18V (o)
= Loym-1n e ® Ly ymo) 08P n-1y 29
® Ly Moy ()9 )oY
©M(=1)7(=1) D (1) (1)M(0) (0)(0) (~1) ® £(1)(2)7(0) (1)7(0) (0)
©M(-1)7(-1) @ €1 E(m(0) ® n(0))
El@E(men)). O

=/
=/

4. A CATEGORY ACTION

This section is about an action of the category gy My on the category g M. For
each P € gMpy and V € g M, there is a tensor product POV € g M; in this way,
the category g M is an gy M py-category in the sense of [12], which means that there
is a certain modified associativity for <>. The ‘reason’ for the action is the natural
action of gMpg on H/\/lg, sending P € gyMpg and M € HMg to PR M € H/\/lg.
Actually, we shall not pursue the topic of C-categories in the present paper, but
only study the relevant natural isomorphisms, and discuss the terminology at most
in passing.
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Definition 4.1. Let H be a quasi-Hopf algebra. For P € gMpyg and V € g M we
define POV := q(P ® V), and

¢:=Cpv = <p®<V®H)®—1><P®V)®H”ﬂ>ad(P®V>®H)-

For P,QQ € yMpyg and V € g M we denote by
Q: (PR Q)OV — PO(QOV)

the unique H-module map making the diagram

PeQ)e(VeH) —2 5 Pe(Qe(VeH)

lp@x

¢ P®(a(@®V)®H)

}
W(PoQeV)oH 20, (PoaQaV)eH

commute.

Remark 4.2. Since Q: (P ® Q)OV — PH(QOV) is a natural transformation, it
has the form Q(p ® ¢ ®@v) = wWpw® @ wPgw® @ w®y for some element w =
W@, . @wb® e H®S,

It is easy to check that €2 is the identity whenever P or @ is the trivial H-
bimodule. This implies

(4.1) e@HRHRHR@e)(w)=1=(HRe®H®e® H)(w)
in H® H®H.

In a sense, the remark contains all we need to know about (2 when it enters below
in a central role in the definition of Yetter-Drinfeld modules, and in the construction
of the Drinfeld double. Moreover, ¢ and its inverse are known explicitly, since 7
and its inverse are. Thus the definition of 2 above is also by an explicit formula,
and hence the element w is, at least in principle, given explicitly. However, chasing
an element around the defining diagram of €2 is far from pleasant, and thus we will
be occupied for some time with deriving a manageable formula for w.

We start by investigating some special cases of the functor ,q(-). For V € g M
we trivially have ,qV = V. If A € My, then ,qA =: gA, with the left H-module
structure defined by h-a = aS(h). If also B € My, we have an isomorphism
F: sB® sA — s(A® B) given by F(b® a) = 7((b ® a)f) = of @ @ bf(V), with
the element f € H @ H given in Section 23 Note further that for V€ g M and
A€ Mg we have ,q(V®A) = (AR V) 2V ® gA by the natural vector space
isomorphisms. The map ¥ in the following definition generalizes F~!.

Definition 4.3. For P,Q € yMpy we define ¥: ,q(P ® Q) — 1d4(P ® 2aQ) to be
the unique H-module map making

PoQoH) —" s (PoQ el —  (PoQ)oH

J/P@T J\PQ@H
1

P®(aQ® H) —2— (P ®.4Q) ® H—"— ,q(P ® aQ) ® H

commute.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



3364 PETER SCHAUENBURG

Lemma 4.4. In the notations of Definition -3 we have ¥(p @ q) = vMpyp™® @
P qp®) for allp € P and q € Q, with

Yp=(1ola7rf ") (HeH®S®S)(x) € H¥,
where T denotes the flip of tensor factors in H® H, and

X=HARH)(¢™") 1®¢ ") (H®HoA)(¢)
= (p®1)- (Aw H o H)(9).

Proof. Forgetting Definition [£.3] for a moment, we can define a k-linear endomor-
phism ¥ of P ® @ by the formulas in the lemma. Of course ¥ is natural in
P,Q € yMy. To prove that U: ,4(P ® Q) — 2d(P ® 2aQ) is an H-module map,
it suffices to treat the case where P =V ® A, Q = W ® B with VW € g M and
A, B € Mpy. (In fact every P € g My is a quotient of a direct sum of copies of the
H-bimodule H ® H; so it would be sufficient, but confusing, to assume V=W = H
as left and A = B = H as right modules.) In this case

ad(P®Q) = (VY®VV)®S(14®B)7
and
ad(P® ad(Q)) = ad(P® (W® SB)) = (V® (W® SB)) (39 SA,

and with these identifications, ¥ is the composition of (V ® W) @ F~! with the
associativity isomorphism (V@ W)@ (sB®sA) —» (V@ (W ® gB))® sA. Now we
need to check that the diagram in Definition [£:3] commutes. Since ¥ is H-linear,
all the maps in the diagram are right H-comodule maps in g Mg, so it suffices to
verify that the diagram commutes after composing with

PRQ®¢c: ad(P®aaQ) ® H — 2a(P ® aaQ),
when it becomes

Po(QeH) —2 S (PRQ)®H " 4(P®Q)

JP@T J\Il
1

P®(2aQ®@H) —— (P ® Q) ® H—— 2q(P ® 1aQ).
After the auxiliary calculation
7TP®Q(]0¢(1) ® qu(Q) ® hq5(3))
= oV By S(h¢®) 1) ® q0P B2y S(h¢™®) (9
= o B VS ()8 (2)f) © 0P By fP S (1)) (1))
— p¢(1)5(1)5(h(2)¢(3)(2))f(1) ® q¢(2)5(2)5(h(1)¢(2)(1))f(2)
= pBS (hy¢ )Y @ 4o 55 (hr) o)
that utilizes the definition of ¢ and its relations to f from Section [2.3] we obtain
Unpeq®ron(P © 4@ h)
= Urpaq(@ Vpet @ ¢V @ ¢V he)
= W(OTpBS (6 ) h 9N © 6 qp!) BS (67 () ha) 6 @)
= xWoTIpBS (X W ) hzy ') @ x @6 gs VS (X P 1y iy ),
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which is the same as
TPo..QPp. 0P T (P®q®h)
= 1P9..025" 0. 1P ® ¢ BS (6T h1)p?) @ ¢ hg) )
= TP (@ VP @ 61 1)g8M BS (6 26 h1) o)) @ ¢ h5)9))
= ¢ IpBS(¢ V8 Vh) o) @ 6P 1)a MBS (6077 281 P hiy )
by the definition of y. O
Corollary 4.5. In the notations of Lemma[{.4) we have

=1elelerf 1) (HoAS@S)(x) (s@11).
Proof. Consider the diagram

(PeQ)e (Ve H) Qe (VeH)
¢! PRP!
(PoQ)® (RQeV)e H)
\ / Par
(P(QaV)) QeV)® H)
T |
W(PR(Q®V)) (PR.4Q®V)®H
((P®Q)®V®H/ \P®adQ®V))

Here the pentagon on top is Mac Lane’s pentagon, the quadrangle commutes by
naturality of 7, the hexagon is the definition of ¥, and the outside commutes by
the definition of 2. We conclude that Qpg = Vp oev®rov. [l

5. YETTER-DRINFELD MODULES OF THE SECOND KIND

By the results of the previous section, g M is an gMpy-category. Thus we
can talk about H-comodules in the category gy M, where H is a coalgebra in the
category g M. Since we did not elaborate on the theory of C-categories, we give
the definition explicitly:

Definition 5.1. A Yetter-Drinfeld module of the second kind is a left H-module
equipped with an H-module map X : V — H{OV satisfying (e ® V)N = idy, and
making

v—2 S HOV

lw

N (H® H)OV

l“
HON

HOV ——— HO(HOV)
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commute. We denote the category of Yetter-Drinfeld H-modules of the second kind
by £3,D.

Remark 5.2. Stated differently, a Yetter-Drinfeld H-module of the second kind is
a left H-module V' with a k-linear map X': V. — H @V, N(v) =: v_1 ® vy,
satisfying

(hv)[—1) ® (hv)o) = h()1)v=115 (h(2)) ® b1y 2)v,

v ® vy 1) ® vygypo) = w Moy yw® ® WPy (9w ® WPy,

and e(vj_y))vjo) = v forallv € V and h € H. In particular, Yetter-Drinfeld modules
of the second kind specialize to ordinary Yetter-Drinfeld modules if H is an ordinary
Hopf algebra.

Since objects of £ M are left H-comodules in the g M g-category ;M which
is equivalent to the ;M g-category g M, it follows that L M is equivalent to the
category ¥, D of left H-comodules in y M. A more explicit statement and proof
follow below:

Theorem 5.3. Let H be a quasi-Hopf algebra, and V € gM. Commutativity of
the diagram

VeoH—2 5 He (Ve H)

(5-1) N®H lc
W(HRV)® H

defines a bijection between maps A making V ® H € g M an object in LML,
and maps N making V € gM a Yetter-Drinfeld module of the second kind. In par-
ticular, we have a category equivalence EYoD = MU induced by the equivalence
aM 2 p ME from Section B

Proof. Since the functor R is full by Proposition B8 we have a bijection between
maps A: VRH — H'®(VeH) in g ME and H-module maps ' : V — q(H ® V).
We shall omit checking that (¢ ® V)N = id is equivalent to (e @ V @ H)A = id.
Then A makes V ® H an object in ;M if and only if the area marked by (x)
in the following diagram commutes. The diagram commutes on the outside if and
only if M makes V' a Yetter-Drinfeld module of the second kind. Thus, if we check
that all the other parts of the diagram commute, we are done. Now all three
triangles are copies of (Bl), one of them tensored with H, and both quadran-
gles commute since ¢ is natural. The remaining pentagon is the definition of €.
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NoH

VH W(HV)®
\ /
® (Ve H) ARVRH
(%) AQVRH W(HeoH) V) H

A /
(HoH)®(V®H)

N@H @

H®(H® (Ve H))

IM Q@H

® (Ve H) H®C¢
HONQH
¢ H®((H®V)® H)
\
ad(H®V)®H 2d(H®aa(HV)) ® H

HQN ®H

O

Example 5.4. For any P € M, (the category of left H-comodules in g M)
we know that P ® H is an object of # M. One can check that the corresponding
coaction making ,qP a Yetter-Drinfeld module of the second kind is given by

ad P i ad(H®P) i’ ad(H®adP)7

when Ag is the left H-comodule structure of P in gMpg.

One can apply this in particular to P = H € ZMH (with the trivial right
comodule structure), to get a Yetter-Drinfeld module structure on ,qH, which is of
course well-known in the ordinary Hopf algebra case.

In the following sections we shall be constructing the quantum double essentially
from the situation we just established: We have a category g Mgy, which acts on
the category gy M, and we have a coalgebra H in gMpg. As we already indicated,
we will not pursue this axiomatic setup explicitly (in fact we did not even state the
coherence axioms for an g M g-category above), nor investigate other situations to
which it applies, but we hope to do so in a forthcoming paper.

6. THE DOUBLE AS AN ALGEBRA

Definition 6.1. Let H be a finite-dimensional quasi-Hopf algebra. We endow H*
with the (nonassociative) multiplication dual to the comultiplication of H.
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The Drinfeld double of H is the k-module D(H) := H ® H* equipped with the
multiplication defined by

(g > p)(h >a1))
= gh(1)(2)w(3) >t (w® — o w(l))(w(4)5(h(2)) — P = h(1)(1)w(2))

for g,h € H and ¢, € H*. Here and in the following we write h <19 := h® ¢ €
D(H).

Remark 6.2. By (1)) we have (g < €)(h < ¥) = gh < 9; in particular, the
embedding (H ® ¢*): H — D(H) is multiplicative, and 1 i € is a left unit in
D(H). We also have (1 < )(h > €) = h1y2) > S(hz) = ¢ < haya); in
particular, 1 < € is a right unit.

Theorem 6.3. The Drinfeld double D(H) of a finite-dimensional quasi-Hopf al-
gebra H is an associative algebra with unit 1 ® €.

An isomorphism of categories p(g)M = HYyD is given by assigning to a Yetter-
Drinfeld module V' the left D(H)-module V' with the module structure defined by

(6.1) (h > p)v = (p,vi_1))hv[g).

Proof. Put D := D(H),and 1 :=1p := 1®¢e € D. Although we do not know, as of
yet, that D is an associative algebra, we define the category p M of left D-modules
to consist of k-modules V with a map pu: D ®V 3 d® v — dv € V satisfying
d(d'v) = (dd')v for all d,d’ € D and v € V, as well as 1pv = v.

If Ve #Y,D, then V is in p M with the structure (@) by the calculation

(g > 0)((h>av)v)

= (9 > ) (¥, vi_1))hvg

= (¥, v-n){e, (hv[o])[ 11)9(hvio)) o)

<w, v ><sa, hay v 1S (@) ghy ) Vo o)

= (Mo )><<P’ hiy 0w @ v 1y2@ WS (he)))gh) @)@ vy
<w(5) - w =W o) WP S(he) = ¢ = haymw®, vy @)

- ghy 2w vy

- (9h(1)(2)w(3) > (w® = = M) (WS () = ¢ — h(l)(l)w@))) v

If, conversely, V € pM, then V € EY,D by hv = (h > €)v, and (o, vi—1))vpg) =
(1<), since H 3 h — hixe € D is multiplicative and unital, and since

(@, (hv)[—)) (hv)g) = (1 > @) (h > e)v

= (h(1y(2) > S(h(2)) = ¢ = haya))v

= (S(h@)) = ¢ = haya) (=1 2) V0]
=

2 h 1)V ]S(h 2))>h(1 ) (2)V[0]
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and

(e, vim) (¥, viog-1) Vo) o)
= (I 9)(Iap)o
(w(3) > (w ) s qp w(l))(w(4) — o w(2)))v
= ((w® —qp — w(l))( @ o w@) V)W (3)1}[0]
= (WO =g =W » Ul— 1](1)><w( J = —w®), [—1](2)>W(3)U[o]
= (¥,

@) ()3

w1 0yw®) (e, wPv gy @w V(o]

hold for allv € V, h € H, and p,¢ € H*.

It remains to verify that multiplication is associative. For this it suffices to find
W € pM such that the (by definition multiplicative) map L: D 3 d +— (v — dv) €
End(W) is injective. To verify injectivity, it suffices to find w € Hom(H, W) and
¥ € Hom(W, H) with J((h > p)w(g)) = h{p, g) for all g,h € H and ¢ € H*, since
this implies 9(L(h 1 ¢)(w(g;))) @ g° = h{p, 9:) @ g* = h®@ ¢ when g; ® ¢* € H®H*
is the canonical element, with summation over ¢ understood.

Hence, we are looking for W € #3,D, w € Hom(H, W), and ¢ € Hom(W, H)
with 9({e, w(g)—1))hw(g)0) = h{y,g) forall g,h € H and ¢ € H*, which amounts
to w(g)(—1 @ I(hw(g)p)) =g @ h for all g,h € H.

Let V be the left H-module H with the trivial right H-module structure, and
W = a(H®V). Then R(W) = q(H®V)® H = (H® V) ® H, which is
naturally an object of # M (the cofree right H-comodule generated by the cofree
left H-comodule generated by V € yMpy). The corresponding map A making W
a Yetter-Drinfeld module of the second kind is defined to make the left hand square
of the following diagram commute:

(HV)9H 25 H®(HoV)®H) —— Ho (Ve H)

7TJ/ J/H®7T J/H®V®6
!’

ad(H®V);>H®ad(H®V)%H®V

The right hand square, in which &5 is short for H @ e @ V ® H, and ¥ == e ®
V:ad(H®V) — V, commutes trivially. Now the composition of the top arrows is
simply @, cf. (Z2). Hence we have

(HoNON(g@v)=(HNWN1(govel)=(HIHR:)P(govel)=gQwv

for g € H and v € V. Define w: H — W by w(h) = h ® 1. Then since ¥ is an
H-module map, we have further w(g)[—1) ® ¥(hw(g)j0)) = w(g)—1) @ hd(w(g)[]) =
g® h.

Remark 6.4. We know that the category Z)%»D is a monoidal category, since it
is equivalent to the monoidal category ZMH. Tt is not hard to check that the
underlying functor to My, is a strict incoherent tensor functor. Consequently D(H)
is a quasibialgebra. However, it appears to be rather complicated to describe the
monoidal category structure of £)»D, and hence the quasibialgebra structure of
D(H), explicitly at this point. We will attack this problem in Section
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7. DUALITY AND THE CENTER

It is the author’s creeping suspicion that all the material in this section is folklore.
Certainly computations with ‘mates’ very similar to those below are well-known,
like for example the formula in [7, Prop. XIV.3.1]. The use of mates to define
braidings on dual vector spaces goes back at least to work of Lyubashenko [g].
However, since the precise conclusions below do not appear to be in the literature,
we develop the interplay between the center construction and duality in some detail.

Definition 7.1. Let C be a monoidal category. The (left) weak center W(C) of
C has as its objects pairs (V,oy,_) in which V is an object of C, and in which
oyx: V®X — X ®V is natural in X € C, makes

OV, XQY

Ve (XeY) (XeY)oV—2 05X aV)

<I>T TX‘@UVY

Vex) ey X XeV)eY —2 3 X0 (VeY)

commute for all X, Y € C, and satisfies oy = idy .

The last condition is redundant if oy, is an isomorphism; if this is the case we
say that (V,oy_) is in the center Z(C).

A morphism f: (V,oy_-) — (W,ow_-) in the (weak) center is defined to be a
morphism f: V — W satistying owx (f ® X) = (X ® f)oyx for all X € C.

A tensor product (V,ov_-) @ (W,ow-) := (V @ W,ovgw,) making the (weak)
center a monoidal category is defined by commutativity of

VeW)oX —2 sveWeX) L2 yve((XeW)

J/UVQ@W,X T@

XoVeW) —2 (xe)ow <22 veox)ew

for X € C. The neutral object is (I,07-) with orx =idx.

Let C be a monoidal category. Recall that if X € C has a left dual, then we have
bijections

C(A® X, B)> f— (f®X")(A®db) € C(4, B® X),
with inverse f — (B®ev)(f ® X), and
C(A, X®B)> f— (ev®B)(X'V® f) € C(XY ® A, B),

with inverse f — (X ® f)(db®A). (We have only given the formulas for the strict
case each time.) Combining the two, we have bijections

CA®X,X®B)2F—F cC(X'® A, B®XY).

Following Joyal and Street, we call F” the mate of F. We will use mates to see how
the center construction behaves with respect to duals.

Lemma 7.2. Let C be a monoidal category, and assume that X € C has a left dual
XV. Let (V,oy.) € W(C). Then oy, xv is an isomorphism.
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Proof. We assume that C is strict, and claim that the mate ¢° := 0‘{,  1s inverse to
o :=oy,xv. To prove that o’o = idygxv, it suffices to check that

Vo) (oo X)=Veoev: VXV X -V,
which is done by the diagram

v X v
XVRVX— VXV X

oc®RX
XV®o V®ev
RV

ev

VoX'eX —Y——XVeXQV —

\_/

V®ev

in which the curved bottom triangle is naturality of o applied to ev. To prove
00” = id, one uses a dual diagram to check that (X ® 00”)(db®@V) = (db®V). O

Lemma 7.3. Let C be a monoidal category, and (V,oy_-) € Z(C). Assume V has
a left dual VY in C. Then (V,ovy.) has a left dual in the weak center W(C).

Proof. We assume that C is strict, and claim that (VY, oy v ), defined by oyv x =
(o)’ for X € C, is a left dual for (V,ov,-) in W(C).

To show that (X @ oyv y)(ovv x ®Y) = oyv xgy for X, Y € C, it suffices to
check that the following diagram commutes on the outside:

oY QV XQRoV
VWeXeoYeV 2 L XxeVVeY eV —2 s XoYoVVeV

JVV®X®01 JX@VV@)al
oQVRY

VTWVWeXeVeYy ——XVVeVeY X®Y @ev

XRQRevY
VVRoTlQY
evRXKY

VTWeVeXeY XY,

which it does since all its inner parts commute trivially or by definition of oy v .
Hence (VV,oyv ) is in the weak center. To see that it is dual to (V,ov,) we

have to check that ev,db are morphisms in the weak center. This, however, is

simply the definition of oy v _. O

Corollary 7.4. Let C be a left and right rigid monoidal category. Then the weak
center of C coincides with the center, and it is left and right rigid.

As a special case of the above, we also see that oyv v = a5z holds for V €
Z(C), if C is left and right rigid. Under the usual identification D of V'V @ WV with
(W ® V)V, this amounts to saying that

—1 oV
(7.1)  oyvwy = (VV WY 2o W V) XY Vew) WY e VV)

8. YETTER-DRINFELD MODULES OF THE FIRST KIND

In this section we will deal with the version of Yetter-Drinfeld modules over
quasi-Hopf algebras that was introduced (without using this term) by Majid [I0]
to analyze the center of the category of modules (we will find this interpretation
again in Theorem [BZ)).
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Definition 8.1. Let H be a quasibialgebra. A Yetter-Drinfeld H-module of the
first kind is a left H-module V equipped with a map A\: V — H®V, A\(v) =
v(—1) ® v(0), satisfying (e ® V)A = idy,

hayv-1) @ hyve) = (hayv)-nhe) @ (ha)v)o),

and

D (M) L1y 1y0® ® 6@ (6 ) (128 @ ¢ (¢Mv) g
= ¢y ® (0Pv()1e® ® (6Pve)o)
forv € V and h € H. We denote by £, D the category of Yetter-Drinfeld modules
of the first kind.

Theorem 8.2. Let H be a quasibialgebra, and V € g M. A bijection between

(1) maps \: V. — H @V, XNv) = v_1) ® vy, making V a Yetter-Drinfeld
module of the first kind,
(2) natural transformations oy making V' an object of the weak center,

(3) H-bimodule maps o: V@ H — H ®V making the diagram

VRA

V®H—>V®(H®H) (V®H)®H
ocQH
(HeV)® H
o oo
He(VeH)
H®o

HoVv 2 HeH) oV -—23HeHeV)

commute and satisfying (e @ VYo =V ®e¢, and
4) maps A: V@ H — H® (V®H) making V@ H € zb M an object of LM,
H

is given by the formulas oy x (v ®@ ) = v(_1)T @ V), 0 = ovE, AM(v) =0(v ® 1H),
A—(V@H%v (HeoH) > (VoH) o H

oeH, (H®V)®H—>H®(V®H))

ando = (HRV ®¢)A.

Proof. We get from (I to (2) by direct computation: It is clear that oy x (v @ x) =
v(~1)Z®v(g) defines a natural transformation, which consists of H-linear maps since

hoy x (1} (39 J)) = h(v(,l)x & ’U(O)) = h(l)v(,l)x & h(g)v(o)
= (hyv)(-nher @ (hayv)e) = ovx (v ® ),
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and satisfies

(X®oyy)P(ovx ®Y)(v@r®yY)
= (X ®@ovy)®(v—1)T @ v @Y)
=(X® va)(éf)(l)v(—nx ® ¢(2)U(0) ® ¢®y)
= ¢Wv 2 ® (6Pv(0)) (18P y ® (6P v(0))(0)
=W (6MW0) (1) 1)¢Pz @ 6P (6N ) (1) (2)6Py @ 6P (6Dv) o)
= &((0"M0)(1y1)¢ Pz @ (61V0) (1) (20 y ® (9Mv) o))
= (M) (1) 0Pz ® ¢Py) @ (1M v) q))
= oy xey (0@ 6Pz @ ¢®y)
=Poy xgvP(v@T®Y)

foral X,)2Ye gpMandz e X,yeY.

Given that (V,oy,) is in the weak center, the diagram in (B) commutes for
o = oy,g: We can insert the arrow oy, gor down the middle of the diagram; then
the right hand part commutes by the defining axiom of the center, and the left
hand part by naturality of oy applied to A.

The bijection between the data in (B]) and () is essentially an observation of
Tambara: In fact, for any monoidal category C, object V' € C, and coalgebra H in
C, we have a bijection between morphisms o: V® H — H ® V in C satisfying the
conditions in (@), and left H-comodule structures on V' ® H making it an H-H-
bicomodule in C. Our case is C = gMp. Tambara [16] proves the dual statement
for C = M. The general case is actually no harder, provided that C is strict; it
is written out merely for completeness in [I3]. We can then apply the principle
that general statements on abstract monoidal categories need only be proved in the
strict case.

We go back from (B]) to (@) utilizing the bijection between (B and @) for con-
venience. Any right H-module map o: V® H — H ® V has the form o(v ® h) =
v(—1)h ® v(e) for a unique map A\: V 3> v — vy ®veg) € H @V, namely
A(v) = o(v ®1). Now assume that o fulfills the conditions in (B). Since o is
left H-linear, we have h(1yv(_1) ® h)v) = hA(v) = ho(v® 1) = o(h(v ® 1)) =
(h(1)v)(=1)h2) ® (R(1)v)(0) for all h € H and v € V. The left H-comodule structure
on (V ® H) is given by

Av®h)=2(c®@ H)® ' (v® hi) @ h)
=d(o(¢p Vv ¢(_2)h(1) ® ¢(_3)h(2))
= 0((¢" )1y hy @ (6 V) o) ® 6T hia))
= 0D (@) )8 hay @ 9 (60 V)0 @ 6Py,

and hence satisfies
(M@ 1)—1y9? @ (¢Mv @ 1) 0y = ¢Mv_1y ® P vy @ ¢
and, foreq i = (V®e): Vo H -V,

(v®h)(—1) @ e2((v® h) o)) = v(—1)h @ V().
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Since g5 is an H-bimodule map, with the trivial right H-module structure on V,
coassociativity for the left H-comodule M =V ® H in g Mg implies

oWm 1)) @ ¢ m_n)2) ® 6Vea(mio)) = m(-1) @ m()(-1) @ £2(m(0) 0));
so that finally

oMo @ (6Pv) 1o ® (¢(2)v<o>)<0>
= ¢Wv 1) ® (6P v00) ® 6P (1) ® e2((6Pv(0) ® 69 o))
= (6Mv®1)_1)¢? @ (M0 ® 1)0)6™) (1)
® 2((6"v © )08 (o))
= (Vv 1)@ @ (Vv ® 1) (0)(—1)0® ® £2((¢Mv @ 1)(0)(0))
=W (Mo @ 1) _1y1)¢@ © 6@ (6Wv © 1)(_1(2)0®
® e2(0® (Mo ® 1))
=M (M) iy @ ¢ (3 v) L1y (2P @ ¢ (6Mv) (). O

Corollary 8.3. Let H be a quasi-Hopf algebra. Then we have category equivalences
PD = EME = END X W(gM) = Z(gM),

which are monoidal category equivalences with a suitably defined monoidal category
structure on gle

We shall spend some time now finding out how these category equivalences look
explicitly. The equivalence YD = W(gM) was of course given in Theorem
The resulting monoidal category structure on £, D is given by endowing the tensor
product H-module of V,W € gle with the ‘comodule’ structure

VeoWen
e

:(V®W (V®W)®HM>H®(V®W)),

that is,
AMv@w) =oyvewa(v@wR1)

=P(ovg @W)P N (V@own)P(vowel)

=0(ovy @ W) (9o ® (¢(2)w)(,1) ® (¢(3)w)(0))

= ®(ovy © W) (¢ Vo6Wv @ ¢ (6P w) 1) ® 6P (6P w) (o))

= ¢W ("D pMy ) #=2 (¢(2)w)(71)

® @ (o %“ v)0) ® 6P (6Pw) o)

The equivalence g./\/lg = gyﬂ) is also in Theorem [82] while the equivalence
BEMHE =~ By,D is described in Theorem 31 We are interested in computing the
composition gle = gygD. This composition leaves the underlying H-modules

fixed and only translates between the two ‘comodule’ structures A for V &€ g)}lD
and \ for V e gygD as follows: Given A, we have

Nw)=HoVee)Avel) = (6" ye285(6) @ (6 v) ),
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and given )\, we have

Av)=(HV@e)A(vel)
=HoVee)( (v_y®@uvg®1)
=(HoVee)d - ( 1) ® v ® 1)
=HV®e)r vy v ®1)

= ¢ 1yv_11S(6)as® @ ¢ 5yv)g)

9. THE DOUBLE AS A QUASITRIANGULAR QUASI-HOPF ALGEBRA

We now use Yetter-Drinfeld modules of the first kind to describe the quasitrian-
gular quasi-Hopf algebra structure of the Drinfeld double. First, we need to find
the counterpart in D(H) for the equivalence 2, D = £y,D

Definition 9.1. Let H be a finite-dimensional quasi-Hopf algebra. We define a
map T: H* — D(H) by

T(p) = ¢ (2 2 S(6@)ap® — o — ¢ ;).

Lemma 9.2. Let H be a finite-dimensional quasi-Hopf algebra. Then D(H) is
generated as an algebra by H and the image of T. The equivalence pgyM = HyD
is described by the formula T(p)v = (@, v(_1))v(o) for allv eV € EVD

Proof. Forv eV € gyﬂ) & D(H)./\/l we have

T(p)v = (S(6?)ag® — o — oW 1), v1))o™M (2)v(
— <%¢(1)(1)1}[_1]S(¢(2))a¢(3)>¢(1)(2)1,[0] — <<p,v(_1))v(0).
On the other hand,
(102 @)v = (@, v_1)vp) = (@, (61 0) (1) 62 BS (62 (6 Vw) ()
= T(¢"PBS(677) = 9)p Vv

for all v implies 1 >1 ¢ = T(¢"2BS (=) = ©)p(~ so that in particular D(H)
is generated as an algebra by H C D(H) and T(H*). O

Theorem 9.3. The Drinfeld double of a finite-dimensional quasi-Hopf algebra H
has a unique quasibialgebra structure such that H C D(H) is a subquasibialgebra,
and

(9.1)  A(T(9) = 6P T(py — oMo oM @ 6B oI T (p(g) — ¢72)p)

forallp € H*. D(H) has a unique quasiantipode such that the inclusion H C D(H)
preserves quasiantipodes, and

92) S(T(p)) = FAT(F — 57 () o F)FD

for all p € H*, where we have used the same symbol S to denote the dual automor-
phism of H*. Moreover, D(H) is quasitriangular with R-matrix

(9.3) R =T(h") @ (h; = e),

where h; @h' € H® H* is the canonical element, with summation over i understood.
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Proof. It is clear that D(H) has a quasibialgebra structure, with H as a sub-
quasibialgebra, since p(z) My is a monoidal category by Corollary B33, and the
underlying functor to g M is monoidal. Now for V,W € D(H)./\/l = gle and
elements v € V,w € W the calculation
T(p)(v@w)= (Ve W)\v®w)
= (0,0 (6 VW) L1)¢! P (6P w) (1))
. ¢(2)(¢(_1)¢(1)v)(0) ® ¢(3)¢(—3) (¢(3)w)(0)
= (p), 8V (8 VM) 1)) o2y, 62 (P w) 1))
. ¢(2)(¢(_1)¢(1)v)(0) ® ¢(3)¢(—3) (¢(3)w)(0)
= (py = W, (61 V8Mv) 1)) o) — 672, (6P w) (1))
. qB(Q)(qb(_l)cﬁ(l)v)(o) ® 3 p(=3) (¢(3)w)(0)
= QE(Q)T(SD(U — MgV epMy & (;3(3)¢(*3)T(90(2) D)y
proves (@T]) (uniqueness is obvious since H and the image of T generate the algebra
D(H)).

Since the center of g M/ is left and right rigid, with dual objects and evalu-
ation and coevaluation maps the same as in g My, it is clear that D(H) has a

quasiantipode (S, @&, 8) with & = o, § = 8, and S(h) = S(h) for h € H (which is
what we mean by the inclusion H C D(H) preserving quasiantipodes). To deter-
mine the quasiantipode explicitly, we use ([Z]) to compute, for V € pg) My and
WegMpveV,veV* , weW,and k € W*:

ovvwy (V@ K), w®v)

D lo*'D(v ® k), w @)

o D(v @ k), fVy @ f—2w)

D(v @ k), (F Vo)1) fTPw @ (D) q))

v @ k, fA(F0) ) @ FO (FED0) ) fEDa)

v, f@ (FD0) g ) (STHED (F Vo) FTP)),

VnE®v(g),w ) =

(
=
=
=
=
=

which implies
vy vy v) = 0, B (F0) ) STHD (FED0) ) f2) € H,
and hence, for ¢ € H*,
(T(p)v,v) = (@, v(-1))¥(0), V)

= (i, fD(FD0) ) (S (), FV (Vo) yf=?)
= (v, f(Q)T(f(*Q) — S ) — f(l))f(*l)v>.
This proves ([@2), which clearly determines S uniquely.
Finally, without recalling the axiomatics of quasitriangular quasibialgebras, we

note that D(H) has a quasitriangular structure since p )M = Z(g M) is braided,
and to see that the element R defined by (B3)) is the universal R-matrix, we need
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only calculate
RPw @ RMv = (h; > e)w @ T(h')v
= hiw ® (b, v(_1))v(0) = V(1w ® V(o) = TV (v O w)
forveV e ppyMandw e W € g M. O

Remark 9.4. Using Lemma [3.2], the definition of a Yetter-Drinfeld module of the
first kind yields the relations

h)T(p — hqy) = T(he) = ¢)hq),
T(¢®) — ¢)T(p — ¢1)p®) = BT ((¢<2> o DY (P = <;<2>)) oW

in D(H), for h € H and ¢, € H*, which appear to be defining relations for D(H)
if we throw in the relations expressing that H < D(H) is an algebra map. Using
the explicit expression for ¢ ® h = 9;{1 O+ (@ ® h), one can rewrite the first relation
as

hT(p) = oI T((h2)¢™) @) = ¢ — ¢ BS (V1)) ad ™) (hy ™) ),

which can, by and large, be understood as a commutation relation shifting A from
the left to the right of the image of T. On the grounds of similar formulas, Majid
claims (with slight differences in conventions) in [I0] that it is clear that H® H* has
an algebra structure such that an equivalence gyﬂ) & g+guM can be described by
(h®@p)v = (g, (hv) (1)) (hv) ). However, the obstinate appearance of the ‘element’
(=3 € H to the left of T(-) in the above formula for hT(p) makes it quite unclear
how to use this formula to define a multiplication in H* ® H so that ¢ ® h would
correspond to T(p)h in our D(H). And even if such a multiplication were given in
[10], it would remain to check that it is associative, which is not guaranteed by the
mere fact that ‘modules’ over H* ® H classify objects of the center, as long as we
do not know any objects in the center explicitly.

It appears that the idea of Hausser and Nill to use different generators for D(H)
to describe its multiplication, and its quasi-Hopf algebra structure, respectively, is
essential to really understanding the Drinfeld double; we have found a counterpart
to this idea in the two versions of Yetter-Drinfeld modules in the present paper.
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