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FROBENIUS AND SEPARABLE FUNCTORS FOR THE CATEGORY OF
ENTWINED MODULES OVER COWREATHS, II: APPLICATIONS

D. BULACU, S. CAENEPEEL, AND B. TORRECILLAS

ABSTRACT. Let H be a quasi-Hopf algebra. We apply results obtained in [8] to give necessary
and sufficient conditions for the forgetful functor from Doi-Hopf modules, two-sided Hopf modules
or Yetter-Drinfeld modules over H to representations of the underlying algebra to be Frobenius
(resp. separable). We show that in some situations these conditions reduce to the unimodularity
and/or (co)semisimplicity of the quasi-Hopf algebra H.

INTRODUCTION

This paper is the final one in a series that had as main goal the study of Frobenius and separable
properties for forgetful functors defined on categories of entwined modules over cowreaths obtained
from certain quasi-Hopf actions and coactions. We initiated this study in [6] where we presented
the connection between (co)wreaths and certain (co)ring structures, as well as their connection with
certain entwined modules. This leaded us to a connection between Frobenius/separable wreaths in
2-categories and algebra extensions produced by them that are Frobenius/separable, see [11]. We
should note that the general theory of Frobenius monads was considered by Street in [24]. Last but
not least, in [8] we developed a theory that allows us not only to achieve our mentioned goal but
also to produce similar results for other generalizations of Hopf algebras.

Frobenius/separable functors are strictly related to Frobenius/separable algebra extensions, see
[11, 14]. From this perspective, in Hopf algebra theory, the study of Frobenius and separability
for Doi-Hopf modules was done in [13, 15, 16]. Afterwards this study was refined and applied
to entwined modules by Brzezinski in [2]. In either case the Frobenius or separability property
reduces to a certain morphism to be an isomorphism or to a list of conditions imposed to a certain
bilinear form, respectively. In [8] we uncovered a monoidal interpretation for these results. Namely,
Doi-Hopf modules can be regarded as entwined modules over a cowreath (or mixed wreath [25] or
generalized entwined structure), and the latter is nothing but a coalgebra in the Eilenberg-Moore
category Tf associated to a certain algebra A; then the forgetful functor is Frobenius/separable if

and only if this coalgebra is Frobenius/coseparable within the monoidal category ﬂ#. We should
point out that these characterizations apply to any cowreath in a monoidal category for which the
unit object is what we called in [11] a left ®-generator, a property stronger than the generator
property. So they apply to the category of vector spaces, the category of bimodules gk Mg over an
Azumaya k-algebra R, the category of finite dimensional Hilbert complex vector spaces FdHilb or
to the category Zj as introduced in [12]. For more details we refer to [11, Examples 3.2].
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2 D. BULACU, S. CAENEPEEL, AND B. TORRECILLAS

When we pass to quasi-Hopf algebras, the Doi-Hopf module categories cannot be viewed as entwined
modules over entwining structures. This motivated us to investigate monoidal cowreaths (which can
be regarded as generalized entwining structures), as they appear naturally from the applications
that we have in mind: the study of categories of Doi-Hopf modules, two-sided Hopf modules and
Yetter-Drinfeld modules over a quasi-Hopf algebra. Using the general theory performed in [8], we
find necessary and sufficient conditions for which they are Frobenius or separable cowreaths but
these conditions are quite technical even in the Hopf algebra case. Nevertheless, with some effort we
were able to find concrete examples, and also to rephrase in some cases the Frobenius/separability
property of the cowreath (or, equivalently, of the forgetful functor to the representations of the
underlying algebra) in terms of unimodularity or/and (co)semisimplicity of H. We should also
stress the fact that we invented techniques that allow to produce in each case that we are dealing
with results that are new even for Hopf algebras; see for instance the results related to the Frobe-
nius/separability properties for the category of two-sided Hopf modules as well as the results related
to the separability property for Yetter-Drinfeld modules.

The paper is organized as follows. In Section 1, we present preliminary results on Frobenius/separable
cowreaths in monoidal categories and quasi-Hopf algebras. In Section 2, we study the Frobe-
nius/separable property for the categories of Doi-Hopf modules over a quasi-Hopf algebra H, as
introduced in [4]. Let A be a right H-comodule algebra. To a coalgebra C in the monoidal category
My, we can associate a coalgebra C' in 7:4#. If C' is a Frobenius coalgebra in Mg, then the forget-
ful functor from the category of Doi-Hopf modules to the category of A-modules is Frobenius, see
Proposition 2.3. The converse property holds if A = H, see Theorem 2.4. We have a similar result
on the separability of the forgetful functor, see Proposition 2.6. Moreover, the relationship between
coseparability of C' as a coalgebra in My and in Tf is well-understood: there is a bijection between

normalized Casimir morphisms for C' in My and normalized Casimir morphisms for C' in ’Tf that
satisfy the additional condition (2.18), see Theorem 2.7. Consequently, if the functor is separable
then this does not imply C' € My coseparable; as we will see such a situation occurs in the case
when we work with two-sided Hopf modules, a particular class of Doi-Hopf modules.

In Section 3 we focus on the category of two-sided Hopf modules, see [4]. Since this category is
isomorphic to a suitable category of Doi-Hopf modules, we can apply the results of Section 2. Some
interesting results can be obtained in the situation where A = C' = H. The forgetful functor
F H/\/lg — My is separable if and only if H is unimodular, see Theorem 3.7. H is a coseparable
coalgebra in gy M if and only if H is unimodular and cosemisimple, see Proposition 3.6. Thus the
coseparability of the coalgebra H in g My is not equivalent to the separability of the functor F', as
it happens in the Frobenius case: F' is Frobenius if and only if F' is separable, if and only if H is a
Frobenius coalgebra in g My, i.e. H is unimodular.

The Frobenius/separability property for the forgetful functor defined on a category of Yetter-
Drinfeld modules (see [9]) is studied in Section 4. The category of Yetter-Drinfeld modules is
also isomorphic to a suitable category of Doi-Hopf modules, so that the results of Section 2 can be
applied, see Proposition 4.2. We obtain complicated conditions, but better results can be obtained
in the situation where A = C' = H, that is, when we deal with classical Yetter-Drinfeld modules.
The first main result is Theorem 4.5, telling that F : yDﬁ — My is Frobenius if and only if H is
finite dimensional and unimodular, if and only if H is finite dimensional and Frobenius as a coal-
gebra in gy Mp. The second main result is Theorem 4.9, saying that F' : JJDg — My is separable
if and only if H is a coseparable coalgebra in g My, i.e. H is unimodular and cosemisimple. If
H is finite dimensional, then we can consider the Drinfeld double D(H), and the algebra extension
H — D(H) is Frobenius (resp. separable) if and only if H is unimodular (resp. unimodular and
cosemisimple). Note that the proofs of these results are based on the structure theorem for two-
sided Hopf H-bimodules, see [18]. Another characterization about the separability of D(H) over
H, in terms of so-called ad-(co)invariant integrals, was obtained by Ardizzoni in [1, Section 3].
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1. PRELIMINARIES

1.1. The categories 74 and Tj. For the definition of a monoidal category (C,®,1,a,l,r) and
related topics we refer for instance to [19, 20]. We will often delete the tensor symbol ®, and write
X®Y = XY, provided that X,Y are objects of C. We write X™ for the tensor product of n copies
of X. Furthermore, the identity morphism of an object X € C will be denoted by Idx or simply X.
Let (A,m,,n ,) be an algebra in C. A (right) transfer morphism (called transition map by Tambara

[26]) through A is a pair (X, 1), with X € C and ¢ : XA — AX in C such that

(1.1) (a)¢oXmA=mAXkoo¢Aand(b)z/)oXﬁA:ﬁAX.

The categories T4 and Tf coincide at the level of objects; their objects are right transfer morphisms
through A. A morphism X — Y in Ty is a morphism f: X — Y in C such that ¢po fA = Af o).
A morphism X — Y in 7:4# is a morphism f: X — AY in C such that

(1.2) muY oAfoyy =m,uY oAy o fA.

The composition of two morphisms f: X - Y andg: Y — Z in ’Tf isgef=m,Zo0Agof.
The identity on (X, 1)) is n,X. The tensor product of X and YV is XV = (XY, Yx -y =9¢xY o
X1y). The tensor product of f : X - X' andg: ¥V —» Y’ in 7;‘# is given by the composition
m4XY o AYY o fg. The unit object is (1, A). T4 and 7j4# are strict monoidal categories, and we
have a strong monoidal functor F' : T4 — 7;1#, which is the identity on objects, and F(f) =17 N f,
for f: X - Y in T4. If a morphism in Tf is of the form 7, f, with f: X — Y in C, then f is a
morphism in 74.

We can recall now from [8] the notion of cowreath and of entwined module over a cowreath.

Definition 1.1. A cowreath (mixed wreath or generalized entwining structure) in C is a triple
(A, X, 1), where A is an algebra in C, and (X, %) is a coalgebra in Tf, i.e. it isan object (X, 1) € 'Tj
together with morphisms 6 : X — AX? and € : X — A in C such that the following relations hold:
(a) maX? 0 AYX 0o AXp oA =m,X%0 Ao,
(b) maX20AsX 05 =muX>0 AYpX2 o0 AXS06,
(13) () myoAcot=myoeA,
(d) myXoAeXod=n,X,
(e) myXoApoAXeod=mn,X.

Conditions (a) and (c) mean that 6 and € define morphisms X — X2 and X — 1 in ﬂ#. (b) is the
coassociativity of the comultiplication § and (d) and (e) are the left and right counit property.

Definition 1.2. An entwined module over a cowreath (A, X, ) consists of a right A-module M in
C and a right A-linear morphism p: M — M X in C satisfying

(1.4) pXop=puX2oMéop;

(1.5) poMeop=M,

where p: M ® A — M is the morphisms in C that defines the right A-module structure on M.
(1.4) is the coassociativity of the coaction p, and (1.5) is the counit property. The fact that p is
right A-linear is expressed by the formula

(1.6) pop=puXoMipopA.

We denote by C()% the category of (right) entwined modules over the cowreath (4, X, ) in the

monoidal category C. The morphisms are right A-linear morphisms in C that behaves well with
respect to the right X-coactions.
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1.2. Frobenius and separable cowreaths. Let C be a monoidal category and (A4, X, ) a cowreath
in C.

We say that (A, X, ) is Frobenius if (X, ) is a Frobenius coalgebra in 7;‘#. Explicitly, according
to [8, Lemma 4.4], (X,v) in 72# is a Frobenius coalgebra if and only if there exist morphisms
t:1— AX and B: X? — A in C such that

(a) muXoAt=m, X oA otA,
(17)(17) myoBA=m,o0ABopX o X1,
" (e) muaXoAypoAXBodX =muX o ABX o9pX? o X4,
(d) myoABotX =e=my0ABopX o Xt.

t is called the Frobenius element and B is called the Casimir morphism, while the pair (¢, B) is
called a Frobenius system for the Frobenius coalgebra (X, ).

We say that (A, X, ) is separable if (X, 1)) is a coseparable coalgebra in Tj, i.e. a coalgebra together
with a normalized Casimir morphism B. By [8, Proposition 6.4] this means that B : X? — A is a
morphism in C satisfying (1.7.b, ¢) and the normalized condition

(1.8) myoABod =e.

In Sections 2, 3 and 4 we give necessary and sufficient conditions for which some cowreaths that
appear in the context of quasi-Hopf algebras are Frobenius (respectively separable). In particular,
this provides examples of Frobenius (respectively separable) cowreaths (or generalized entwining
structures) that are not distributive laws (or entwining structures) in the classical sense. Equiv-
alently, this means that certain forgetful functors are Frobenius (respectively separable). Recall
that Morita [21] called a functor Frobenius if it has left and right adjunctions which are naturally
equivalent. For the definition of a separable functor we refer to [22], or to [23] for the case when
the functor has an adjoint, which is merely our case.

In the sequel, we need the following auxiliary result. Recall that an adjunction X 4Y in C is
a quadruple (X,Y,b,d), with X, Y objects in C and morphisms b : 1 — Y X (the counit or the
coevaluation morphism) and d: XY — 1 (the unit or the evaluation morphism) satisfying

(1.9) YdobY =Y and dX o Xb= X.
Y is called a right adjoint of X, and is denoted by *X. X is called a left adjoint of Y, and is denoted
by Y*.

From now on we work over a field k, and C will be My, the category of k-vector spaces. To
emphasize this we will denote sometimes Tf by ’T(Mk)ﬁ. If, moreover, we want to emphasize a
certain monoidal category C then we will write 7 (C )ﬁ in place of 7;‘#.

Proposition 1.3. If (X,v) € ’7'(/\/116)2‘1ﬁ has a left or right dual, then X is finite dimensional.
Consequently, if (X,v) is a Frobenius coalgebra in T(Mk)j, then X 1is finite dimensional.

Proof. Assume that we have an adjunction (X,1) = (Y,¢) in T(My)%, with unit b: k — AYX
and counit d : XY — A. Applying the definition of the monoidal structure of 7 (M k)ﬁ, we find
that the second formula in (1.9) takes the form

(1.10) mX o AdX oY X o Xb =nX.

Let b(1) = a; @ y; ® ;, € A®Y ® X, and use the following notation for :

(1.11) V: XA = ARX, h(r®a)=ay, @z,

where in the both cases the summation is implicitly understood. Then (1.10) can be rewritten as

aipd(r¥ @ y;) @2 = fi(z) @1 = 14 @,



ENTWINED MODULES OVER COWREATHS 5

for all x € X, where f; : X — A, fi(z) = a;pd(z¥ @ y;). Take a complement V of the subspace
k14 C A, so that we have A =V @ kl,4 as vector spaces. Let p: A — V and g: A — k1l be the
projections of A onto V and k1. Then a = p(a) + (g,a)14, for all a € A, and we find that
(pofi)x)@xi+1a®@(go fi,x)r; =14z
inA X =V® X a&kly®X. Taking the projection of both sides onto k14 ® x, we find that
lA & <g © flax>xz - 1A ® x,

and © = (g o f;, x)x;, proving that X is generated by x;’s.
The proof in the case where (X, ) has a left dual is similar; the second statement follows from the
fact that (X, ) is selfdual in 7j4# (M), see [8, Remark 4.3]. O

1.3. Quasi-bialgebras and quasi-Hopf algebras. Recall that a quasi-bialgebra over a field k is
an associative unital algebra H, with a comultiplication A : H — H ® H that is coassociative up
to conjugation by an invertible element ® € H ® H ® H, called the reassociator:

(1.12) (H® A)(A(h)) = ®(A @ H)(A(h)D ™,

for all h € H. In addition, A is an algebra morphism and is counital via an algebra map ¢ : H — k.
® is a normalized 3-cocycle in the following sense:

(1.13) (HHQA)P)(ARHRH)(®) = (lgP)(HRIARH)(D)(P®1y),

(1.14) (Hee@ H)(®) = 1lp®ly.

The following notation is used for the reassociator ® and its inverse ®1:
P=X'oX?9X3=..., 0 l=2t®s?®s’=.. e H® H® H.

Summation is implicitly understood. We use Sweedler’s notation A(h) = hy ® he, for the comulti-
plication. Since A is not coassociative, we have to write

(A®@ H)(A(R)) = h1,1) ®h2) @he , (HRA)(A(h)) = h1 ® hz,1) @ h,2), etc.

A quasi-Hopf algebra is a quasi-bialgebra H together with an algebra morphism S : H — H°P and
elements «a, 8 € H such that

(1.15) S(h1)ahe = e(h)a and S(hy)Bhe = e(h)S
(1.16) X'3S(X*)aX? =1 and S(z')ax?BS(x?) = 1.

The antipode of a quasi-Hopf algebra is an anti-coalgebra morphism in the following sense: there
exists an invertible element f = f!® f? € H® H, called the Drinfeld twist or gauge transformation,
such that e(f1)f2 = e(f?)f! =1 and

(1.17) FA(S()f~1 = (S @ S)(AP(h)),
for all h € H. Note that f and f~' can be described explicitly:

o= (S®8)(A“P(a!))yA(?BS(2?)),
7t = A(S(zhHax?)s(S @ S) (AP (2?)),
where 7,0 € H ® H are given by the formulas
(1.18) v o= SE'X?)ar’X? @ S(XYar®Xs = S(X%x))aX32? @ S(X'a])ax?,
(1.19) § = X{2'BS(X?) @ X;22BS(X?%2?) = 2'3S(23 X?) @ 22 X' S (23 X?).

Furthermore, f = f' @ f2 = F1 ® F? and f~! have the following properties:
(1.20) FA(@) =7, A(B)f~* = § and
(1.21) AXTQF X2 F2fEX3 =S(X3) R @ S(XH) R @ S(X1)F?2.
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The category My of right H-modules over H is monoidal. The tensor product of M, N € My is
M ® N with right H-action (m ®n)-h=m-hy ®n-hg, for m € M, n € N and h € H. The unit
object is the groundfield k with H-action induced by €. The associativity constraint is given by the
formula

aunp((men)@p)=m- '@ (n-2°>@p- %),
foralme M, ne N and p € P.
A coalgebra (C, Ac,ec¢) in the monoidal category My is called a right H-module coalgebra. The
comultiplication A¢ : C — C ® C'is denoted by Ac(c) = ¢1 ® ca. Note that, in general, C' is not
coassociative as a coalgebra in M.
If H is a quasi-bialgebra with reassociator ® then H°P is also a quasi-bialgebra with reassociator
&1, If H is a quasi-Hopf algebra with bijective antipode then H°P is also a quasi-Hopf algebra,
with antipode S,, = S~!, and distinguished elements a,, = S™1(8) and B, = S™(a), where
a,f € H are as in (1.15) and (1.16).
The category of H-bimodules gy M g is isomorphic to M pggmor. Since H ® HOP is a quasi-bialgebra,
Mpygpgor and gMpy are monoidal categories. A coalgebra in g My is called an H-bimodule
coalgebra.

1.4. (Bi)comodule algebras over quasi-Hopf algebras. Recall from [17] that a right H-
comodule algebra is a unital associative algebra A together with an algebra morphism p: A —
A®H, p(a) = ap) ® aqy, and an invertible element ®, € A® H ® H such that:

(1.22) @,(p® H)(p(a)) = (A® A)(p(a))®,, for all a € A,

(1.23) 1a®@P)(ARARH)(P,)(®,®1p)=(AHRA)(P,)(p® H® H)(®,),

(1.24) (A®e)op= A4,

(125) (Ae®H)(®,) =(A®H®e)(P,) =14® 1g.

In a similar way we can define left comodule algebras (B, A\, ®,) over H. In this situation we will
denote A(b) = bj_1) ® bjg) € H ® B, for all b € B, and

-1 =2 =3 _ ~ ~ ~
Py =X, X, 0X = ; o' =8 @iiei}=".
We end this Section by recalling the notion of bicomodule algebra, as it was first introduced by

Hausser and Nill in [17] under the name “quasi-commuting pair of H-coactions”.

Definition 1.4. Let H be a quasi-bialgebra. An H-bicomodule algebra A is a sixtuple (4, A, p, D,
®,, D, ,) such that (A, A, ®,) is a left H-comodule algebra, (A, p, ®,) is a right H-comodule algebra,
and @) , € H® A® H is an invertible element such that the following compatibility relations hold,
for all u € A:

Py ,(A® H)(p(u) = (H®p)(Mu)Pxp;
(I @Prp)(HRAR H) (@) (Pa®@ 1) = (H®H®p)(PA)(ARIdy @1dg)(@s,);
(1r®P,)(H®p® H)(Prp)(Pr,p @ 1n) (H®S®@A)(Pr,p)(A® H @ H)(D)).

It is shown in [17] that the following additional relations hold in an H-bicomodule algebra A:
(HRA®e)(Pr,) =1lg®1a, (c@AQH)(Pr,) =1a®1y.

(H,A,A,®,®,P) is an example of an H-bicomodule algebra. If A is an H-bicomodule algebra,
then (A°P, )\, p, @;1, @;1, @;’L) is an H°P-bicomodule algebra.
We will use the following notation:

0, =60'00°26°=0 90 ®0 ; &}, =000 =0 2§ ©0 .
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2. FROBENIUS AND SEPARABLE PROPERTIES FOR DOI-HOPF MODULES OVER QUASI-HOPF
ALGEBRAS

Doi-Hopf modules over a quasi-bialgebra have been introduced in [4]. Several types of modules, for
example two-sided Hopf modules and Yetter-Drinfeld modules, are Doi-Hopf modules, see [4, 7].
The category of Doi-Hopf modules appears as the category of entwined modules over an appropriate
cowreath in the category of vector spaces M. Since the groundfield k is a ®-generator of My, we
can apply [8, Theorems 4.8 & 6.5], to find necessary and sufficient conditions for the Frobenius and
separability property of the forgetful functor from Doi-Hopf modules to modules over the underlying
algebra. These conditions can be rephrased in the special situation where the underlying algebra A
is the quasi-bialgebra H.

Let A be a right H-comodule algebra and let C' be a right H-module coalgebra. Let ¢v: C ® A —
A®C, Ylc®a) = ap ®c-agpy. Then (C,v) € Tf, and (C,1) is a coalgebra in Tf, with
comultiplication and counit given by the formulas

§: C=A®CRC, §(c)=X)@c X @cy X5 e:C— A, e(c) =ec(c)la.

p )
The category My (¢0)§ is just the category of Doi-Hopf modules M(H)S, as introduced in [4, 7].
A Doi-Hopf module is a right A-module with a k-linear map p: M — M ® C, p(m) = m) ® m1)
such that

(p@M)(p(m)) = (M&Ac)(p(m))-®,,
plm-a) = m)-ag) @ma) - aq).

A morphism in M(H )g is a k-linear map that is right A-linear and right C-colinear.

2.1. Frobenius properties for Doi-Hopf modules. Let H be a quasi-bialgebra, let A be a right
H-comodule algebra and let C' be a right H-module coalgebra.

According to [8, Theorem 4.8], the forgetful functor F : M(H)G — M, is Frobenius if and only
if (C,¢) € T(Mk)f is a Frobenius coalgebra. If this is the case then by Proposition 1.3 we get C
finite dimensional or, equivalently, that C' has a right dual in M. Thus F is Frobenius if and only
if C is finite dimensional and one of the eight equivalent conditions (i)-(viii) in [8, Theorem 5.6] is
satisfied. Condition (vii) states that there exists t = a; ® ¢; € A® C (summation understood) such
that

(2.1) aa; ® ¢; = a;a 0y @ ¢; - a1y,

for all @ € A, and the map

(2.2) CRA—>ARC, "evar (e, (c)- X3) aiXjap) @ (¢;)1 - XZag,

is an isomorphism, where *C' = Hom(C, k) is the right dual of C' in M.
Let H be a quasi-Hopf algebra. A simple computation tells us that

(2.3) CRA—-AR*C, "c®ars f(;am) ®S()~(§a<1>)a)~(2 e
is an isomorphism with inverse
(2.4) AR C - *C®A, a®*crr aqyTBS(F) - *c @ a ),

where (h-*c,c¢) = (*¢,c-h), for h € H, ¢ € C and *¢ € *C. We therefore obtain the following result.

Proposition 2.1. Let H be a quasi-Hopf algebra, A a right H-comodule algebra and C a right
H-module coalgebra. Then the forgetful functor F' : M(H)g — M4 is Frobenius if and only if C
is finite dimensional and there exists t = a; @ ¢; € A® C satisfying (2.1) and such that

(2.5) k: ARTC - A®C, a® c— ("c,(c;)2 - (aﬁ"z)gpzS(ii» aa,;fllj ® (¢i)1 - (i:i)lpl
is an isomorphism. Here p' @ p?> = o' @ 228S(2®) € H® H.
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Proof. This follows from the fact that the morphism (2.5) is the composition of the morphism (2.2)
and the isomorphism (2.4). We leave the verification of this detail to the reader. ]

Our next result is that Proposition 2.1 can be applied in the case where C' is a Frobenius coalgebra
in Mpy. First we need the following characterisation of Frobenius coalgebras in Mg.

Proposition 2.2. Let H be a quasi-Hopf algebra. A coalgebra C in My is Frobenius if and only
if C is finite dimensional and there exists t € C' obeying

(2.6) t-h=ce(h)t,
for all h € H, and such that
(2.7) X:7C = C, x("e) = (e,ty - phtL - p

is a k-linear isomorphism. Here p' @ p* = 2! ® 228S5(2®) € H ® H.

Proof. Step 1. A Frobenius coalgebra in My is finite dimensional.
If C is a Frobenius coalgebra in Mpg, then there exists t € C and B : C ® C — k such that
t-h=c¢e(h)t, B(c-h1 ®c -hy) =¢(h)B(c® ) and

Blez-2*®c - 2*)e; -2t = Ble- X' ® ci . XQ)C/z X3 B(t®c)=¢cc(c) = Bc®t),
for all h € H and ¢, ¢ € C, see [8, Definition 4.2]. In this situation, C' is finite dimensional since
c=c¢cc(eg)er = Blea ®@t)ey = B(c;-ac2 Rt - x?’)cl-xl = B(c- X! @)tl-Xz)tg-X?’7

for all c € C.

Step 2. A finite dimensional coalgebra C' in My has a right dual in Mpyg. *C = Hom(C, k), with
right H-action (*c- h,c) = (*¢,c-S(h)), is a right dual of C in Mp. The evaluation map d and the
coevaluation map b are given by the formulas

dc®*c) = (*c,c- B) and b(1) = @ ¢; - a,

where ¢/ ® ¢; € *C ® C is the finite dual basis of C' as a k-vector space.
Step 3 If C is a finite dimensional coalgebra in My, then *C is an algebra in My and C'is a right
*C-module; the unit of *C' is ¢, and the multiplication is given by

<*C°*d7 C> = <*Cv C2 - g2><*d7 Cl'gl>7

where g' ® g2 = f~! € H ® H is the inverse of the Drinfeld twist f. The right *C-action on C is
given by the formula

c—*c=(*¢,ca - p?) c1 - pt,
where p! ® p? = 2! @ 226S5(2®) € H® H.
Applying [8, Remark 4.3], we obtain that C is Frobenius if and only if C and *C' are isomorphic as
right *C-modules in My, which means that there exists a right H-linear isomorphism y : *C — C
satisfying

x(feo d) = x("e)—"d,

for all *¢,*d € *C. t = x(ec) satisfies (2.6-2.7). Conversely, if ¢ satisfies (2.6-2.7), then x as defined
in (2.7) is a right *C-linear isomorphism in M. Further detail is left to the reader. O

Proposition 2.3. Let H be a quasi-Hopf algebra, A a right H-comodule algebra and C a right H -
module coalgebra. If C is a Frobenius coalgebra in My then the forgetful functor F : ./\/l(H)iv —
M4 is Frobenius.
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Proof. Proposition 2.2 produces t satisfying (2.6-2.7). It is easy to see that 14 ® ¢ satisfies (2.1). It
follows from (2.6) and the fact that £(22)Z) ® &3 = 14 ® 1y that the morphism x defined in (2.5)
takes the form

rla®*c)=a@ (*c,ty-p°) t1-p' =a@x("c).
K is an isomorphism since  is an isomorphism, and we conclude from Proposition 2.1 that F' is a
Frobenius functor. O

H is aright H-comodule algebra, so we can consider the category of relative Hopf modules M (H )2,
also denoted as M, see [10]. Theorem 2.4 generalizes [16, Theorem 3.5].

Theorem 2.4. Let H be a quasi-Hopf algebra, let A be a right H -comodule algebra and C' a right H -
module coalgebra, and assume that the forgetful functor F : M(H)G — M is Frobenius. Consider
an algebra map ¢ : A — k, and let t = ((a;)c;, where t = a; @ ¢; € AR C satisfies (2.1). Then

(2.8) v 0= Coy(fe) = (6,7, Cety - (27)20°8(3))) o (3))1p"

is an isomorphism. Iff =(®H)op: A— H is surjective, then C is a Frobenius coalgebra in
My . Consequently, the forgetful functor F : M(H)g — My is Frobenius if and only if C is a
Frobenius coalgebra in M.

Proof. Assume that F' is Frobenius. It follows from Proposition 2.1 that k : A® *C - A® C,
given by (2.5), is an isomorphism. & is left A-linear, so it follows that M @ *C 2 M ®4 (A® *C) =
M®s (A®C) =2 M ® C are isomorphic as vector spaces, for all M € My. Since k € My
by restriction of scalars via (, it follows that we have an isomorphism between *C' and C. This
isomorphism is the map 7 given in (2.8).

Assume that ¢ : A — H is surjective. For all a € A, we have that Clay)t- apy = ¢(a)t, and it
follows that t - h = e(h)t, for all h € H. Then we obtain that v(*c) = (*c,t2 - p*)t; - p*, hence
coincides with the map x from Proposition 2.2, and it follows that C' is a Frobenius coalgebra in
M.

Take A = H, and ¢ = e. Then ¢ = H is surjective, so C' is a Frobenius coalgebra in M. Conversely,
if C is a Frobenius coalgebra in My, then F' is Frobenius by Proposition 2.3. O

2.2. Separability for the category of Doi-Hopf modules. We will now study the separability
of the functor F. Let C be coalgebra (in the category of vector spaces, or in the category of H-
(bi)modules over a quasi-bialgebra H). The convolution product (*c¢*d,c) = (*¢® *d)Ac(c) defines
a (possibly non-associative) multiplication on *C.

The result below is a specialization of [8, Proposition 6.4 & Theorem 6.5] for the cowreath defined
by our Doi-Hopf datum.

Proposition 2.5. Let H be a quasi-bialgebra, A a right H-comodule algebra and C a right H -
module coalgebra. The forgetful functor F': M(H)G — My is separable if and only if C is a

coseparable coalgebra in T(./\/lk)ﬁ. The coseparability of C is equivalent to conditions (i), (ii) and
(iti). Under the assumption that C is finite dimensional, these conditions are also equivalent to

(iv), (v), (vi) and (vii).
(i) There exists a k-linear map € : C @ C — A® C, £(c® ) =& (e, d) ® &%(c, '), such that

a(o,o)fl(c ) a(o,l),cl : a(l)) ® 52(0 ) a<0,1>70/ : a(l)) = fl C, Cl)a<0) Y 52(07 Cl) S a(1);
(X)) & (e (X)), ch - X2) @ (e (X)), c] -
= gl(cv C/)X; ® 52(@ c/)l : X,g ® 62(07 Cl)g
= Xégl(@.xg’c/)w) ®CLX§§1(02‘ S’C/)(D ®§2(02-X3 &)

X (e XP e X)) @81 XJep X)) = 1a @,
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foralla€e A and ¢, € C.
(ii) There exists a k-linear map B: C ® C — A such that

(2.9) apnB(c-apy @ -any) =Bc®d)a,

X;B(CQ : Xg’ ®c )y ®ct- )N(QB(CQ . )N(;:’ ® )y
(2.10) = (X)Blc (X)) ®d - X2)@dy- X3,
(2.11) X)B(er- X2®@cy- X3) =ec(c)la,

forallae A and c,c € C.
(iii) There exists a k-linear map T : C — Homy (C, A) such that

T(c)(c)a = aqnT(c-any)(c - ap,uy),
XOT(c)(ca - X3) o) @ ey X2T(¢ ) ez - X3) 1y

= (X)) T(ch-X2) (e (X)) ®ch- X5,
X;T(cz . Xg)(cl . XPQ) =ec(c)la,

foralla e A and c¢,c € C.
(iv) There exists a left and right A-linear, C-colinear map ¥ : AQ C — *C® A, ¥(a®c) =
Ul(a®c)® V% (a®c), such that

(2.12) V(la®@ey- X

forall c € C.

(v) There exists a left and right A-linear, C-colinear map A : A C - A®*C, Alc® ) =
A(cod)® A% (c® ), such that

(213) Az(lA & (& Xg)(cl . XﬁAl(lA ® (& X )(1 pp)X A (IA X (& XS)(O)]N); = 80(6)1,4,

for all c € C. Here ;5}) ®]5% = i}) ® S(i%)aici € A® H. The left and right A-action and the right
C-coaction on A ® *C' are given by the formulas

3)(01 . Xﬁ)X;\DQ(lA ®cy- Xg) =ec(c)la,

(2.14) a-(d®"c)=ad @ c; (a®7c)-a' = aayy @ c-ay,,
(2.15) a®*crraX, ® (- STHXD)G(X])2S 7 (g") (e d (XP)15 7 (9?) @ ¢y,
where ¢; @ ¢ € C ® *C is the finite dual basis for C, and ¢* ® ¢* = X' @ S~ (aX3)X? e H® H.
(vi) There exists a k-linear map ¥ : C — *C ® A, ¥(c) = @1(0) ®@2(C), such that
—1 —2 —
(- ay)(e-apay)apn¥ (¢ -an)) =T
— Sl o2
U ()(eg- X)XQ0 () oy @y - X v’ ()
71 ~ ~ 72 ~ ~
=V (0'1'X2)( '(X )ay)( ,})<o>‘1’ (- X2) @y X3

forallae A andc,c € C.
(vii) There exists a k-linear map A : C — A® *C, A(c) = i (o) ® XQ(C), such that

— —2 —1 -2
A (c)agoy ® S(aqry) - A (C) = aq)A (C cagy) @ A (e aqy),
1

A(cy- X3)(ep - X2A (Cg'Xp)u)ﬁp)XpX (Cg'Xg’)(mﬁ,l) =¢ec(c)la,
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forallc € C anda € A. Here g* ®g? is the inverse of the Drinfeld’s twist f, ﬁ;@ﬁi = i;@igﬂS(ii)
and ¢; ® ¢/ € C ® *C is the finite dual basis for C. For simplicity, we considered *C as a left H-
module via h-*c = *c- S7Y(h), for all h € H and *c € *C.

Proof. The equivalence between (i), (ii), (iv) and (vi) follow from [8, Proposition 6.4 & Theorem
6.5].

(i7) < (4i7). Follows from the fact that C* ® A and Homy(C, A) are isomorphic vector spaces if C
is finite dimensional.

() & (v). *C ® A and A ® *C are isomorphic as vector spaces, see (2.3-2.4). The left and right
A-action and the right C-coaction on *C' ® A can be transported on A ® *C. A technical but
straightforward computation shows that these structure maps are precisely the ones stated in (2.14)
and (2.15), we leave the verification of these details to the reader. Furthermore, since ¥ can be
recovered from A as

Ve @P(ae)=A(a@c) ST A (a@c)wp,) @ A(a @ ) o)bp,
we find that U satisfies (2.12) if and only if A satisfies the third condition in (vii).
The proof of (v) < (vii) is similar to the proof of (iv) < (vi). O
Proposition 2.6 can be viewed as a separable analog of Proposition 2.3.

Proposition 2.6. Let H be a quasi-bialgebra, let A be a right H-comodule algebra and let C be a
right H-module coalgebra. If C is a coseparable coalgebra in My then F : M(H)G — Ma is a
separable functor.

Proof. Applying [8, Proposition 6.3] to the case where C = My, we obtain that C' is coseparable if
and only if there exists a k-linear map B : C ® C — k such that

(2.16) B(c-h1®@c -hy) =¢(h)B(c®(); B(ci1®ca) =ec(c) ;
(2.17) B(c- X'®d - X?)cy- XP =B(ez- 2> @ - a°)ey - 2!,

for all ¢,¢’ € C and h € H. With the help of B we construct a Casimir morphism B: C ® C — A

for the coalgebra (C, 1) in 7;‘# as follows:
B(c@d)=B(c- & ®cd - )i,

for all ¢, ¢ € C. B is a morphism in Tf since

a<O,O>B(c - 4(0,1) ®c - a<1>) = B(C . CL<0’1>.’Z‘,2) ®c - a<1>£g)a<0’0>§3})

"2 Ble- Bay, @ ¢ Flaw,)The) = o) Ble B @ ¢ - 5Tk "2 Ble® e,
for all @ € A and ¢, € C. B satisfies (2.10) since
(X)) oBle- (X)) myed - X2)@dy- X3
= Ble (X)), © - X5)(X)) )8, @ ¢y - X
U B (e a2 X (X2 @ d - @1 XKD 34X} @ ) - (5): X7 K]
U B (e a2X @ d - (@)X B @y (30X
=  Ble- (#)® @ - ix%)i, @ cy - (2))12!
= B(e VR@hed g@):) V@)oo o V00
B(e Vi ed - 3) Y, @) @ e V200
= Y'Ble V@) ®cr YiB(ez Y2 @) .
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Finally, B satisfies the normalizing condition (2.11), since

X;B(Cl . Xg XK co - Xg’) = B(CL® Cz)lA =ec(c)la,
for all c € C. (]
We have seen in Theorem 2.4 that a right H-module coalgebra C is Frobenius in M g if the forgetful
functor F: M$ — My is Frobenius. A similar property does not hold in general for separability.
In order to conclude that C' is a coseparable coalgebra from the fact that the forgetful functor is

separable, an additional condition on the Casimir morphism B : C ® C — H associated to F' is
needed.

Theorem 2.7. Let H be a quasi-Hopf algebra with bijective antipode and let C' be a right H-module
coalgebra. There is a bijective correspondence between the set of normalized Casimir morphisms for
C in My and the set of normalized Casimir morphisms B for (C,v) in Tlf satisfying the condition
(2.18) B(cod)=eBlc-2? @ -2%)at,

for all e, € C.

Proof. A normalized Casimir morphism for C'in My isamap B : C®C — k satisfying (2.16-2.17).
We have seen in the proof of Proposition 2.6 that B: C®C — H, B(c® ') = B(c- 2> ®@ ¢’ - 23)a!
is a normalized Casimir morphism for (C, ) in TH# , which means that

(219) h(l 1)B(C : h(l 2) & C/ . hg) ( ®c )
(2.20) X'Blez- X*®@)1®c1- X*Bleg - XP @)= X{B(c- Xy @) - X?) @y X°,
(2.21) X'B(e1- X2 ®cy- X3) = ec(e)lg.

From the definition of B, it follows easily that B satisfies (2.18).

Conversely, assume that B : C®C — A satisfies (2.18-2.21). Then B = ¢B is a normalized Casimir
morphisms for C' in Mg. Tt follows from (2.19) that B is a morphism in Mg, and it follows from
(2.21) that B is normalized, that is, B(c1 ® c2) = ec(c), for all ¢ € C. The most difficult part is to
prove that B satisfies (2.17). First observe that ¢;, = q' ® g% = S(2!)az? ® 2® € H ® H has the
properties

(2.22) qip'S7H(a") @ a3p® = 1@ 1 and S(h1)a'h1) @ a°hzz) = 9" @ ha?,
for all h € H. Here pr, = p' @ p? = X257 1(X'B) ® X® € H® H. For later use, we record that
(2.23) S(p"g'pi ®q*p3 =1® 1 and h(2,1)131571(h1) ® h(2,2)F'2 =p' ®p°h,

for all h € H. We will compute
X =d-YPS Hq'X'B(c- Y'qiX? ® ] - Y2q3X%)y?B)y'!
in two different ways.
X 2 Bevig ed  Yia)d Vi @'y 8y
B(c-Y'®d - Y?)d, - Y3y3S_1(ay2ﬁ)y1(1é6)B(c Y'ed - Y?)d - YP
Making use of the formula q' X' ® q?X? ® q3X°3 = S(2!)q'2? ® 9222 ® 22, we also find that
X =cy- Y38 g 2{B(c- Y'q%23 @ ¢] - Y?2°)y*B) 2"y’
(2.19,2.22) dy - V3PS (g (Vg2 1B e g2V 222)s ® &) - Y224y2) B)Y L2ty
027 ((c’ %)y X%) - ST XIB (e g%a3) - X3 @ (¢ - 2¥), - X7)B)at
(2.20) - q%x%Q’l)XQB(cg. q2x(2,2)X3 ®c 238 qr e X B(cy - q2x(2 2)X @ -23),8)z!

Blea - 433(5,5)p” @ ¢’ - 2*)er - qialy 1p' S (9 a)a!

(2.16)

(1.15)
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Bley - gap*a® @ ¢ - 2®)ey - qip' ST (qh)a!

Blcg-2? @ - 2)ey - at.

It follows that B(c-Y'®¢c] - Y?)ch - Y3 = B(eg-2* @ ¢ - %)y - 2!, for all ¢,¢’ € C, which means
that B is a normalized Casimir morphism for the coalgebra C' in M.

It can be easily checked that the two correspondences defined above are inverse each other. O

(2.23)

(2.22)

3. FROBENIUS AND SEPARABLE PROPERTIES FOR TWO-SIDED HOPF MODULES OVER QUASI-HOPF
ALGEBRAS

3.1. Two-sided Hopf modules. Consider a quasi-bialgebra H, a right H-comodule algebra A
and an H-bimodule coalgebra C. A two-sided (H, A)-bimodule over C is an (H, A)-bimodule M
together with a k-linear map prs : M — M ® C, pp(m) = my @ m(y) satisfying
(M@e)ppe =M 5 @ (pp @1dg)(pa(m)) = (M @ A)(par(m)) - ©p;
pM(h>-m) =hy > m) @ ho - m(y ; pM(m < a) = mo) < a0y @ M(1) - 4(1),

for all m € M, h € H and a € A. gMY is the category of two-sided (H, A)-bimodule over C,
and left H-linear, right A-linear, C-colinear maps. It was shown in [6, Prop. 6.3] that g M9 is
isomorphic to a category of entwined modules over a cowreath in g M.

Proposition 3.1. Let H be a quasi-bialgebra, let A be a right H-comodule algebra and let C' be an
H-bimodule coalgebra. A € gM by restriction of scalars via €. Consider the map

V: C®A—=ARC, Y(c®a) = aq ®c-agyy.

Then (C,v¢) € T(H/\/l)f. (C, ) is a coalgebra in ’T(HM)f, with comultiplication and counit

0: C=>AC®C, 5(0):X;®CL~X§®62'X2 ; e=mnaoec: C— A
The categories (g M)(¥)§ and g MS are isomorphic.
As before, Ac(c) = ¢1 ® ¢z is our Sweedler type notation for the comultiplication of a coalgebra C
within the monoidal category of H-(bi)modules.
For our purposes, this description of y MG as a category of entwined modules is not very useful,
since the unit object k of gy M is not ®-generator for g M, a condition that is needed in the more
important results from [8], for example Theorem 4.8 and Proposition 6.1. This is why we provide
an alternative description of HM% as a category of entwined modules, this time over a cowreath

structure in M, which will enable us to discuss when the forgetful functor F' : H./\/lg — gMy is
Frobenius or separable.

Proposition 3.2. Let H be a quasi-bialgebra, let A be a right H-comodule algebra and let C be
an H-bimodule coalgebra. Then C is right H ® H°P-module coalgebra and A @ HP is a right
H ® H°P-comodule algebra. In particular, C is a coalgebra in the category Tf®Hop. Finally the
category of Doi-Hopf modules M(H@HOP)QQ@HOP is isomorphic to the category yMSG of two-sided
(H, A)-bimodules over C.
Proof. We have seen that yMpy and Mpggpge» are isomorphic as monoidal categories, so C' is a
right H ® H°P-module coalgebra with right H ® H°P-action ¢- (h®h') = h’-¢-h, for all ¢ € C and
h, h' € H. It is easy to see that A ® HP is a right H ® H°P-comodule algebra with
Dgper = (X} @2") @ (X} @2%) @ (XJ®2%) € (A9 HP)® (H® H™) @ (H @ H?),

and

pagHer © AR H® — (A® HP) ® (H ® HP), paguor(a®h) = (ai) ® h1) ® (apy @ ha).

It was shown in Section 2 that C is a coalgebra in the category 7j4#® gop- It is now easy to verify
that the categories M(H @ HP)G or and g M are isomorphic. O
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3.2. Frobenius properties for the category of two-sided Hopf modules.

Proposition 3.3. Let H be a quasi-bialgebra, A a right H-comodule algebra and C' an H -bimodule
coalgebra. The forgetful functor F : g MG — gMa is Frobenius if and only if C is finite dimen-
sional and there existst = a; @ h; ® ¢; € A® H® C such that

(31) aa; Q hlh X c; = aiCL(()) X hzhl ® hz cCj - a<1>,
for alla € A and h € H, and the k-linear map k: *CR AR H - A®Q H® C,
(3.2) k(*c@a®h) = (*c, 2° - (ci)2 - X?)ai)z;am) ® hyzth; @ hox? - (ci)1 - X§a<1>,

is an isomorphism. If H is a quasi-Hopf algebra with bijective antipode then F is Frobenius if and
only if C is finite dimensional and there exists t = a; @ h; ® ¢; € A® H ® C satisfying (3.1) and
such thatv: A H®*C — A® H® C given by the formula

(3.3) Ya@h®*c)= (e, (STHX®) XS - (ci)2 - (80)2p°S(Z})) aai ® hih © ¢" X7 - (ci)1 - (@2)1p"
is an isomorphism. Here qr = ¢' ® > = X' @ S7HaX?)X? € H® H.

Proof. The conditions (3.1) and (3.2) are the conditions (2.1) and (2.2) specialized to the right
H ® H°P-comodule algebra A ® H°P. The second assertion follows from Proposition 2.1, applied to
the Doi-Hopf datum in Proposition 3.2. Note that pi™ = gz and ¢¥*" = pg, so that pH®H" =
' ®q)® (@) O

Recall that a left integral in a quasi-bialgebra H is an element ¢ € H such that ht = e(h)t, for all
h € H. A quasi-Hopf algebra H with bijective antipode contains a non-zero left integral if and only
if H is finite dimensional, and in this case, the space of left integrals in H has dimension one, see
[3]. Then there exists p : H — k such that th = (u, h)t, for every h € H. p is called the modular
element of H (in the dual space H* = *H). For all h € H, we have that

(s h1)(, S(ha)) = (, ha)(p, S~ (ha)) = e(h),
see (1.16-1.15), so it follows that ju is convolution invertible with inverse p=! = po S =po St It
can be easily verified that p is an algebra map.
A right integral in H is a left integral in H°P. We call H unimodular if there exists a non-zero left
integral in H that is also a right integral, or, equivalently, if u = ¢.

Theorem 3.4. Let H be a quasi-Hopf algebra with bijective antipode, A a right H -comodule algebra
and C an H-bimodule coalgebra. Let F : y MG — y M4 be the forgetful functor. Then the following
assertions hold:

(i) If C is a Frobenius coalgebra in gMy, F is Frobenius.

(ii) Assume that F is Frobenius. Then for every algebra morphism  : A — k, there exists
t € C such that h -t =e(h)t, for all h € H, ((a))t - aqy = ¢(a)t, for all a € A, and

ki "C = C, K(e) = ((@,) (e g t2 - (T5)20°S(2,)) ¢ - t1 - (T5)1p"

is an isomorphism of vector spaces. Consequently, if there exists an algebra morphism
¢: A=k such that ¢ = (¢ ® H)p is surjective then C is a Frobenius coalgebra in g Mp.

(iii) F: gM$G — yMpy is Frobenius if and only if C is a Frobenius coalgebra in gy My .

(iv) F: gME — g My is Frobenius if and only if H is finite dimensional and unimodular.

Proof. (i) follows from Proposition 2.3 and Proposition 3.2.

(ii) If F is a Frobenius functor then there exists t = a; ® h; ® ¢; € A® H ® C such that (3.1-3.3)
hold. If { : A — k is an algebra map then (®e : A® H°® — k is also an algebra map. Furthermore,
we have that e(h;h)((aa;)c; = ((aa))h-ci-apy, forallh € H and a € A, and t = €(h;)((a;)c; € C
is such that h -t = e(h)t, for all h € H, and ((a()t - ag1y = ((a)t, for all a € A. The remaining
assertions follow from Theorem 2.4 and Proposition 3.2.



ENTWINED MODULES OVER COWREATHS 15

(iii) also follows from Theorem 2.4 and Proposition 3.2.
(iv) in view of (iii), it suffices to show that H € g My is Frobenius if and only H is finite dimensional
and unimodular.
If H € yMy is a Frobenius coalgebra, then F' is a Frobenius functor, and it follows from Proposi-
tion 3.2 and Proposition 1.3 that H is finite dimensional. H is a Frobenius coalgebra in M g fop,
so there exists t € H such that ht = th = e(h)t, for all h € H, and
(3.4) 0:*H — H, 0(*h) = (*h, ¢*t2p*) ¢ t1p",
is an isomorphism of vector spaces, see the proof of Proposition 2.3. It follows that ¢ is a non-zero
left and right integral in H, and so H is unimodular.
Conversely, assume that H is finite dimensional and unimodular. Let ¢ be a non-zero left and
right integral in H. Since ¢ is a non-zero integral in H by [3, Remarks 2.6(ii)] we know that 6
defined in (3.4) is a left H-linear isomorphism, where *H is considered as a left H-module via
(h-*h,h')y = (*h,STL(h)R'), for all h,h’ € H. But this is part of the structure of the right dual
of H in gMyp, in the sense that *H is a right dual of H in yMpg. *H is an H-bimodule via
(h-*h-W k)= (h*,S7Y(h)kS(L)), for all h, W' k € H. The evaluation and coevaluation are given
by the formulas

d: HR*H — k, d(h®*h) = (*h,S" (a)hB) and b: k —*H® H, b(1) =1'® S (B)La,
where [; ® I' € H® *H is the finite dual basis for H.
t is also a right integral in H. Using the formula t;p* ® top®S(h) = t;p*h @ top?, for all h € H,
we can prove that 6 is right H-linear. Therefore @ is an isomorphism between H and *H in g M.
Looking now again at the isomorphism between yMpy and Mpygmor and taking into account the

formulas (2.6-2.7) applied to the quasi-Hopf algebra H ® H°P, we conclude that H is a Frobenius
coalgebra in g Myg. O

3.3. Separability for the category of two-sided Hopf modules. Let H be a quasi-Hopf alge-
bra with bijective antipode, A a right H-comodule algebra and C' an H-bimodule coalgebra. Then
C is a coalgebra in three different monoidal categories:

e (' is a coalgebra in the monoidal category gy My = Mpygmer, by assumption. Let W be
the set of normalized Casimir morphisms for C' in g My.
e (' is a coalgebra in the monoidal category 7;#®Hop, see Proposition 3.2. Let W# be the set
of normalized Casimir morphisms for C' in ﬂ#® Fop -
e (C is a coalgebra in the monoidal category T ( HM)ff, see Proposition 3.1. Let gy W% be the
set of normalized Casimir morphisms for C' in T ( HM)f
Recall that, in general, a coseparable coalgebra is a coalgebra together with a normalized Casimir
morphism.
It is immediate that coseparability of C' as a coalgebra in yMpy = Mpggpgor implies coseparability
of C as a coalgebra in 7:?®Hop, and this yields a map w: W — W#.
If C is coseparable as a coalgebra in T(HM)ﬁ, then the forgetful functor F : (g M)(¥)§ = g MG =
M(H®H Op)i@) gop — HMa = Magmor is separable, which is equivalent to the coseparability of
C as a coalgebra in Tf® oo This implies that we have a map w# : gpW# — W#.
The aim of Theorem 3.5 is to study w and w#. We first give an explicit description of the elements
of W, W# and gpW#.
e W consists of k-linear maps ¥ : C ® C' — k such that
(3.5) Y(hi-c-h) @hy- - hy) =e(h)e(h)E(c® ),
(3.6) (X2 a?@X? )X o2t =S e X @a® ) - X oy XP
(3.7) Y1 ® ) = ec(c),
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forall ¢, € C and h € H.
e W# consists of k-linear maps B: C®C — A® H, B(c®c') = BA(c®@d)@BH(c@d) e A®H,
such that

a0 B (ha) - c-apyy @ha - -ay) @ BY (haa) - ¢ a1y @ha - - agy)ha,)
(3.8) = BYcwd)a®hB(c®d);
X)BA2® ey X3@ )0y @ BT (2% ey X3@ )izt @ B (2% - - X3 @ )oa® ey
(3.9) cX2BA(at ey X3 @ )y = (X)) By e (X)) gy @a? ¢ - X7)
® BH(z} - c- (X;)m ® z?- c - X’g)x% ® x> - ch - Xg’;
(3.10) X;BA(Z'2 ey - X}f @z cy- Xg’) @ B (22 ¢y - Xf @z cy- Xg’)xl =cec(c)la @ 1m,

foralle,d € C,ac Aand h € H.
e W% consists of k-linear maps B : C @ C' — A such that

(3.11) ap0B(h1-c-apiy ®@hy - -apqy) =e(h)B(c® )a,
(X)) oB@' e (X)) ®a® - - X2)@a® - X3
(3.12) =X)B(X? - X3@X® )y @ X" ey B(X? cp- X300 X% )y
(3.13) )N(;IB(CL . )N(i ®cg - Xg) =cec(c)la,
forallc,d € C,ac Aand h € H.

Theorem 3.5. Let H be a quasi-Hopf algebra with bijective antipode, A a right H-comodule algebra
and C' an H-bimodule coalgebra.

(i) We have a map w: W — W#,
no_ 2 ~2 3 1 ~3\~1 1
wE)(c@cd)=8(X"c 7,0 X" - T,)7,®X".
In the case where A = H, w corestricts to a bijection between YV and the subset w# c W#
consisting of B € W# satisfying
Blcad)=(e®e)B(X?-c- 2?2 X® . ¢ - 2%)z' @ X!,

for all c,c’ € C. The inverse of w is w1 (B) = (¢ ®¢)B.
(ii) We have a map w# : gW# — W#,

w?(B)(cRd)=B(X? c®X3.)o X .
w# corestricts to an isomorphism between gW¥# and the subset ﬁ# C W# consisting of
B € W# satisfying
Blc®d)=(A®e)B(X?-co X? )@ X!,

for all c,c’ € C. The inverse of w# is (w#)~1(B) = (A®¢)o B.
(iii) If A= H, then W# Q#. Consequently, if C is a coseparable coalgebra in g My, then it
is a coseparable coalgebra in T (g M)%, too.

Proof. (i) Follows easily from Theorem 2.7 applied to the data in Proposition 3.2.
(ii) We first show that B = w(X) € W#. B satisfies (3.9) since

XIB(X%2% ey X3@ X? ) gy @ X{a' @ X32” ¢ - X2B(X?2® ey X3 @ X3 )y
UL RIB@IX2V2 ¢ X3 @2l X5V? - ) ) @ 2V
@z* X'YE ¢ - XgIB%(x‘i’XzYQQ ox Xg’ ® XY ),

(3.11) =
= X)B(X?-(Y?-0)p- X3@ X% (Y3 )@V
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-¢)
¢ (

X2B(X (YZ')g~X§’®X3'(Y3'c’))<1>
(3.12) 1,

L(Y2 o)
(X} )<0>IB%(33 Vi (X)myea®VP o - X)eY! @Yy - X3
(X)) oByiz'Y? e (X)) ®y2x2Y1 - X2 @y Y @yt o - X3
( p)<0>IB(X2:172 .c- (Xp)(1> ® X322 'Cl . Xﬁ) @ X'zl ®a®- clgf(g
It is left to the reader to show that (3.11,1.12) imply (3.8), and that (3.13) implies (3.10). Moreover,
Blc®d)=(A®e)B(X? c®X? ) ® X1, so that Im(w#) ¢ W¥.
Conversely, if B € ﬁ#, then B= (A®¢e)o B € gW¥. Applying A®e® C to (3.9) we find that

(3.11)

(1.13)

()N(;)<0>IBS($1 -c- ()N(;)m ® x?- cif(,f) ® x°- c’zf(g’
X;BA(CE-X;? ® C/)<0> ® BH(Cg . XS’ & Cl) 'Cl-XzBA(Cg . Xs & C/)<1>
X;IB%(XZ . 02-5(3 X )y ® X" cl-j(g]B(Xz . 02-5(3 ®X? )y,

—~
*
~

as needed. At (%), we used the formula
Blcad)=(A®e)B(X?-caX? )@ X' =B(X? c@ X - d)® X!,

for all ¢, € C. Applying A ® € to (3.8) and (3.10), we obtain (3.11) and (3.13), proving that
B € yW#. It is straightforward to see that both constructions are inverses.
(iii) If B € W# then B € ﬁ# since

(Hoe)B(X?-c X ) X!
= (e®e)B(Y?X? . c-2?@Y3X3.¢ - 2*)(Hee)(z' @Y o X!
= (e®e)B(X? c- 220X 22! @ X' =B(ca ),
for all ¢, € C. O

We will now focus on the situation where A = C' = H. The coseparability of H as a coalgebra
in yMpy has been studied in [18, Sec. 7]. Following [18], a biinvariant form is a morphism Z :
H®H — kin gMpg. Z is called cocentral if

E(X?hor? @ X303 X hya! = Z(a'h X! @ 220 X )23 h, X3,
for all h, i’ € H. Thus a biinvariant cocentral form in the sense of [18] is a Casimir morphism for
H as a coalgebra in gMpg.
The comments following [18, Cor. 7.5] entail that the existence of a non-zero biinvariant cocentral
foorm = : H ® H — k for a quasi-Hopf algebra H with bijective antipode is equivalent to the

unimodularity of H. In this situation, there is a bijective correspondence between biinvariant
cocentral forms and left cointegrals A on H, these are functionals A : H — k satisfying

(3.14) AXV2hUAYVEIn U = p(zhA(hS(2?))a®

for all h € H, where u is the modular element of H and

(3.15) U=U'@U?=¢'S(¢*) @ ¢*°S(¢") and V =V @ V2 = S1(f?p?) @ S~L(f1ph).

f = f! ® f? is the Drinfeld twist with inverse f~! = ¢! ® ¢%, ¢! ® ¢* = X' ® S~} (aX?)X? and
pt @p? = 2! @ 226S(2?).

If H is finite dimensional then the the space L of left cointegrals is of dimension one. H is cosemisim-

ple if and only if there exists A € £ such that \(S~*(a)B) = 1, see [18]. This leads to the following
result.

Proposition 3.6. Let H be a finite dimensional quasi-Hopf algebra. H is coseparable as a coalgebra
in gMpyg if and only if H is unimodular and cosemisimple.
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Proof. We have seen above that there exists a Casimir morphism for the coalgebra H in gMy if
and only if H is unimodular. In this case, we have a bijection between £ and the set of Casimir
morphisms for H as a coalgebra in g Mg, see [18, Cor. 7.4]. The Casimir morphism = corresponding
to A € L is given by the formula

E(h@h) = XNS T (a)hBS(I)).
Thus H is a coseparable coalgebra in g My if and only if H is unimodular and there exists A € £

such that A\(S~!(a)h18S(h2)) = e(h), for all h € H, or, equivalently, A\(S~1(«)B) = 1, that is, H is
cosemisimple. O

We will now study the separability of the forgetful functor F : g M — y My in the case where
H is a finite dimensional quasi-Hopf algebra.

Theorem 3.7. For a finite dimensional quasi-Hopf algebra H, the following assertions are equiv-
alent:

(i) the forgetful functor F : g ML — gy My is separable;
(ii) H is unimodular;
(iii) F is a Frobenius functor.
Proof. (i) = (i1). Suppose that F' is separable. Applying Proposition 2.5 (v) and Proposition 3.2
we obtain a morphism A : H® H® @ H - H® H® ® *H in M(H ® H°?){_ 1., which is left
H ® H°P-linear and satisfies a certain normalizing condition. Then A is left H ® H°P-linear and a
morphism in g M. As in the proof of Theorem 2.4 we deduce that for any right H @ H°P-module
M (or, equivalently, for any H-bimodule M), there exists a morphism M ® H — M ® *H in g ML
Applying Proposition 2.5 (v) to the Doi-Hopf datum described in Proposition 3.2, we find that
M®H, M®*H € gMX. The structure maps on M ® H and M ® *H are given by the formulas
h-(m®&h)-h" =hy-m-hy® hahhl;
pm@h) =z'-m- X' ®2?h X? @ 23hy X3,
h-(m®*h)-h =hy-m-h} @S(hy)—*h—S"(hy);
pm®@*h)=z' -m-X'® (S(X?)U' X3—h'—a?V's(2?))
(S(X2)2U24*h,_v2571 (1,2)2) ® hi,
for all h,A,h' € H, *h € *H and m € M. Here h; ® h* € H ® *H is the finite dual basis of H, U
and V are the elements defined in (3.15) and — and <+ are the well-known canonical left and right
actions of H on *H, given by the formula (h—*h~h' k") = (*h,h"h'h).
Applying this to M = k € g M by restriction of scalars via €, we obtain a morphism H — *H in
H./\/lg. H e HMg via the multiplication and comultiplication, and the structure on *H is given
by the formulas
(3.16) h-*h-h' = S(h')=*h=—S~"(h) and p(*h) = (U'—=h'=V") (U*=*h=—V?) @ h;,

for all h,h' € H and *h € *H. Applying [18, Theorem 7.3], we find a Casimir morphism for H as a
coalgebra in g My, and therefore H is unimodular.

(#4) = (¢). If H is unimodular, then there exists a non-zero left and right integral ¢t in H and a
non-zero left cointegral A on H such that (\, S71(t)) = 1. By [5, Prop. 4.1] we have that

(3.17) MNP tap?) g tipt = M(S™ (g taip)) P tap® = 1.
In the sequel we will need the following formula, see [3, Lemma 3.3]:

(3.18) ASTH ) = ulha)A(K'S (ha)),
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for all h,h/ € H. So when H is unimodular we have A\(S™!(h)R') = A(W'S(h)), or, equivalently,
(3.19) A—=S7H(h) = S(h)—\,

for all h € H.

It follows from Proposition 2.5 (vii) and Proposition 3.2 that the separability of F' is equivalent to

the existence of a k-linear map A : H — H® H ® *H, A(h) = Kl(h) ® K2(h) ® K3(h) such that:

K (m)hy @ BK" () ® S(ha)—N" () =S~ (h})
(3.20) = hyK (hhhhs) @ A (Rhyhho)h, @ A° (Ryhhs),
(a thxz)( (y2)h'5( MNXR (22 X2yt @ VIR (22 h X2)z! @ Y323 he X3y
3.21) = K'(n )(v%' U)X (h) @ A2 (h) @ ViU,
K (23ho X3) (PR (23R X3) o022 b X 2K (37 X3)ap?) XK (23ho X 3) 1 p
(322) ® 'K (PhaX®)ia! = e(h)l @1,
for all h,h,h' € H. We will show that
A H-H®H®*H, A(h) =1®t® S(h)—\
satisfies (3.20-3.22). (3.20) is satisfied since
K (h)hy @ WK (B) ® S(ho)—K° (h)—S~(h})
= hy @Rt ® S(hhe) A8~ (1) 2 19)h1 ©t @ S(W iha)—A
= hi @ th, ® S(hhhha)—\ = R (hylihe) @ K- (Ryhho )R, @ A (hyhihs),

for all h, i, k' € H. To prove (3.21), we first compute that

K (22h X2)(S YRS XK (12h X2)y! @ VIR (22h X2)2' @ Y323 hy X3y

= (S(@*mXH =N (S U)W Sy*) X 'yt @ Yita! @ Y323ho X3y3
AW S X2 N Xy @t @ ho X3y = AW S(h1))1 @t ® hy,

for all h,h' € H. From [18, Lemma 3.13], we recall that the formula
(3.23) Ul®S(h)] = A(S(h1))Ulhe @ 1],
holds for all A € H. This allows us to compute that

K (h)(V2RUHR (h) @ K2 (h) @ VIRLUY = (S(h)—\) (VU1 @t @ VIR, U

= A(VEWS(h))U?) 1@t @ VI S () U by "2 AW S(ha)1 @t @ hy,
for all h,h' € H, and (3.21) follows. Finally
K (23ho X3) (PR (23ha X3)o22hy X2K (23ho X3)op?) XK (23he X3)1p! @ ¢' K (23ho X3)1 2t

(S(2®ha X3) = N\)(¢*tar?h X2p?) X 1 p' @ ¢ty 2t

= M@Ptax®h X2p2S (22 ho X3 X ! @ ¢l t12t = NP tax?hy BS (23 he))1 @ ¢ty at

= (WM PtpD)] @ g tp P2 e ()1 @ 1,
for all h € H, so that (3.22) holds.

O

Our conclusion is that the forgetful functor F : H/\/lg — g My is Frobenius if and only if H is a
Frobenius coalgebra within g M g, that is, if and only if H is finite dimensional and unimodular. But
in the separable case we have a completely different situation, provided that H is a finite dimensional
quasi-Hopf algebra: H is a coseparable coalgebra in g My if and only if H is unimodular and
cosemisimple while F' is separable if and only if H is unimodular; so we might have F' separable
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although H is not a coseparable coalgebra in g M. However the remarkable thing is that in the
finite dimensional case F' is separable if and only if it is Frobenius, since both properties reduce at
the unimodularity property of H.

4. FROBENIUS AND SEPARABLE PROPERTIES FOR YETTER-DRINFELD MODULES OVER
QUASI-HOPF ALGEBRAS

The aim of this Section is to apply our results to the category of Yetter-Drinfeld modules over
a quasi-Hopf algebra. In particular, we will be able to characterize when the algebra extension
H — D(H), from a finite dimensional quasi-Hopf algebra H to its Drinfeld double D(H) is Frobenius
or separable.

Following [9] we introduce the notion of right Yetter-Drinfeld module over a quasi-bialgebra.

Definition 4.1. Let H be a quasi-bialgebra, let C' be an H-bimodule coalgebra and let A an H-
bicomodule algebra. A right (H, A, C)-Yetter-Drinfeld module is a right A-module M together with
a k-linear map ppr : M — M ® C, par(m) = my ® m(y), called the right C-coaction on M, such
that 6(m(1))m(0) =m and

(m(0)-0%)0) ® O'-(m(0)-0°) (1) @ m(1)-O°
-3 -1 =1 =3 2 =2 -3 -3
= (mX)0) X, ® Xy (m-Xy)), X, ®X5-(m-Xy) 1), X,;
m(0) U<o> @ m1y-ugy = (M-up))(0) @ ui—1)-(M-up)) 1),

for all m € M and u € A. YD(H)S will be the category of right (H, A, C)-Yetter-Drinfeld modules
and A-linear maps preserving the C-coaction.

The category of left-right Yetter-Drinfeld modules is isomorphic to a certain category of left-right
Doi-Hopf modules, see [7]. A similar result for the category of right Yetter-Drinfeld modules can
easily be deduced from this. For a right H-comodule algebra A, and a left H-module coalgebra C,
we have an isomorphism of categories 4 M(H)¢ = M(H°P)G,,. For a right Yetter-Drinfeld datum
(H, A, (C) as in Definition 4.1, we have an isomorphism of categories

(4.1) VD(H)SG = 40 YD(H)C.

Combining these properties with [7, Theorem 3.8], we obtain the following isomorphisms of cate-
gories:
YD(H)G 2 400 YD(HP)C = yors M(H @ H®)C 2 M(H & H)Gopaen,

where A°P? is the right H ® H°P-comodule algebra associated to the H°P-bicomodule algebra A°P
as in [7, Prop. 3.3]; the H-bimodule coalgebra C is viewed as a right H°? ® H-module coalgebra
through the monoidal isomorphism of categories identification g My =2 Mpyerg . More precisely,
if we denote A% = A°P2°P then A% = A as a k-algebra and it is a right H°? ® H-comodule algebra
with coaction

Bz tA—> A® (HP® H), 82(11) = U[0] 4y B (S(U[_l]) ®U[0]<1>) ;
and

- ~1 - - ~2 - - ~3
B, = (7)) X 0%, @ (S(xi@)l o (x§)<1>lxpe§1>) ® (S(x}\) e (x§)<1>zxpe3) .

C' is a right H°? ® H-module coalgebra, with right H°P ® H-action given by ¢- (h®@ h') =h-c -}/,
for all h,h' € H and c € C.

By the opposite versions of [7, Lemmas 3.6 and 3.7], we have that the category isomorphism F :
YD(H)G — M(HP @ H)Y, is given by the following formulas. F(M) = M as a right A-module,
and the right C-coaction is given by

Phr(m) =mey @may = (m-G3) o @ a - (m-33)a),
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for all m € M. Here ¢\ = ¢} ® ¢3 = S(i})ad3i @ 73 € H® A.

We present a description of the inverse G of F'. For a right (H°P ® H, A? C)-Hopf module M, with
right A-action - and right C-coaction p;, pjy,(m) = my @ may € M ® C, we define G(M) = M
as a right A-module, with right C-coaction p;; : M — M ® C, given by the formula

(4.2) Par(m) = mgy @ my = meory (63) 0y ® S(BX) M1y (B3) 1)

for all m € M. Here p) = p} @ p3 = XiS_l(f(iﬁ) ®Xi € H® A. G is the identity on morphisms.
The study of the Frobenius and separable properties of the forgetful functor F' : YD(H )g — My
reduces to the study of the Frobenius and separable properties of the forgetful functor

F: M(H®®H)S%: — Ma.

Thus necessary and sufficient conditions for the Frobenius property or the separability of F' can be
obtained by applying Propositions 2.1 and 2.5 to the Doi-Hopf datum (H°? @ H, A%, C).

4.1. Frobenius properties for Yetter-Drinfeld modules.

Proposition 4.2. Let H be a quasi-Hopf algebra, let C be an H-bimodule coalgebra and let A be
an H-bicomodule algebra. The forgetful functor F : YD(H)G — Mg is Frobenius if and only if C
is finite dimensional and there exists t = u; ® ¢; € A® C' such that

u; @ ¢ = ugug),, ® S(u-1))ciu
forallue A, and the map k: AR*C - A®C,

u®*e) = (e, X\SOHX )1 )2 - (ci)z - 03 (32)2p°S(6°F2))
- ~3 ~2 - ~3
UU19(20>171(X,\) () ® S(aé(X/\)2P2)fl (e)1 '9<21) ($2)1P1(X/\)(1>7

is an zsomorphzsm As before f= f1®f2 is the Drinfeld’s twist, p;, = pt®@p? = X251 (X!18) @ X3
and pr = p' ® p? = 2! ® 22BS(x3). Consequently, F is a Frobenius functor if C is a Frobenius
coalgebra in gMpg.

[0]<1>’

Proof. Recall that pgop =gl =¢'®¢* = X' ® S (aX3) X2 Therefore pH TOH _ (' @ph)®

(¢*> ® p?). Moreover, pr and qg satisfy the property

(4.3) p'h@p® =hayp' ©haoyp*S(he) , h' @ ¢* = ¢'ha1) ® S7H(h2)¢*hr 2y,
for all h € H. This allows us to compute that

Ty @ (T2)1(¢" @ p') ® (352)2(0° @ p*)(S™" ® S)(&72)
= R (XD @ (q19}5(91X2)1 ® 6% (#21(X2)w,, 1>p1)
® (XiS*% @S (0" X3)2 @ 03y, (52)2(X3) 1), PO T ) 0),))

075X © (a'91GSOF X)) @ 0y, (210" (X))

® (X287 ()P G2 S (0L (X)) 12 03 (32)20°S (0°3))
D 02X ® (SEOHEN) S @ 02 (3210 (X))

@ (28601 (X2)1p") 12 @ 6%, (32):0°S(9°F))
in A® (H°° ® H)®2. Here f~! = G' ® G? is a second copy of f~1. At (x), we used the equality
(4.4) ¢'91G' © 5™ (g")d* 92 G* = S(p*) @ S(p"),

(4.3)
(1.17)
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see [5, (4.13)]. The first part in the statement is an immediate consequence of Proposition 2.1,
applied to (H°? ® H, A?, C). The second part can be deduced easily from Proposition 2.3, using
the monoidal category isomorphism pMpy = Mporg - O

The natural question arises whether the converse of the final statement in Proposition 4.2 holds: is
C a Frobenius coalgebra in g My if F is Frobenius? Theorem 2.4 provides an answer to questions
of this type, but, unfortunately, it cannot be applied in our situation. We have an algebra map
e : H — k, but the associated map € : H — H°® ® H, é(h) = S(h1) ® hg, is not surjective.
However, in the case where C' = H, we obtain an affirmative answer to the question, using the
structure theorem for quasi-Hopf algebras. We need some preliminary results first.

Lemma 4.3. Let H be a finite dimensional quasi-Hopf algebra and let v be its modular element.
H,, is the vector space equipped with left and right H-action and right H-coaction p given by the
formulas
h-h-h = p(h))hohh 5 p(h) = p(a')z?hy @ 23ho.
H,, is a quasi-Hopf H-bimodule. If X is a non-zero left cointegral on H then
¢: H,—"H, {(h) =S(h)—A
is an isomorphism in g M with inverse given by the formula
C—l(*h) _ <*h, S_l(q1t1p1)>5'_1(q2t2p2)7
where t is a left integral in H such that \(S~1(t)) = 1.
Proof. Recall from (3.16) that *H € y M. It follows from the comments made before Definition
5.3 in [18] that H,, is a quasi-Hopf H-bimodule and that ¢ is an isomorphism in g M. Our present

contribution is the explicit description of (. Using (4.3) and (3.17), one can verify that ¢ and (1
are inverses. 0

Let H be a quasi-bialgebra. Y D% will be a short notation for Y D(H ).

Lemma 4.4. Let H be a quasi-Hopf algebra. If the forgetful functor F : yDg — My is Frobenius
then H is finite dimensional and there exists an element t € H such that

(4.5) 1(h(2,1))S(ha)thz,2) = p(h)t,

for all h € H, where p is the modular element of H. Furthermore, the map Y : *"H — H,

(4.6) Y(*h) = (uw,yia' X7) ("h, X' S(y1 X7p") [P tayls 2230 S (y°2?)) S(ys X5p°) fH tayty 1y 2" X3
is an isomorphism and satisfies

(4.7) {1y h2,1))S(h) Y ("h)h2,2) = (11, h2,1)) T(S(h2,2))—"hh1),

forall*h € *H and h € H.

Proof. 1t follows from Proposition 1.3 that H is finite dimensional if F' is Frobenius. Then the
forgetful functor M(H°P @ H )gg — My is also Frobenius. Applying the first part of Theorem 2.4
to the algebra map p: H — k, we find t € H obeying pu(h(2,1))S(h1)the2) = u(h)t, for all h € H,
and such that T: *H — H,
Y(*h) = (u,yia' XT) ("h, XTS(y1 X7p") [P tayle 02507 S (4°2%)) S (y2 X59°) 1yt 1y ip' X5
is an isomorphism. Note that we made also use of the computation performed in the proof of
Proposition 4.2, applied to the Doi-Hopf datum (H°P @ H, H* H).
In order to prove (4.7), we compute that
* _ 2 1/v3 * 1o, 1y2.0y p2, 2 2,.2q(,3,.3
(s hi2,1)) S(h)Y(Ch)hz2) = (s yia (X h2)1)) ("h, X°S(y1 Xip7) f b2y 0y 20" S(y°3"))
S(ys X3p%h1) 11yt 1y@ip' (X ha)o
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(2.23,1.12) . ;
= (72 hz,2), X7) (Chy ha X' S((y' hio, )1 XT91) oyt 2y 230" S(y°2°))

S((Y h2,1))2X50%) frt1yls 1) 20 hiz,2), X5

B b XS (W () )1 XS (0 (o) ) @3S (4 (o) )
(Y (h2) 2,12 XT)S((y' (h2)1)2X39%) f 141y (h2) 2,1)) 2,21 X3
. (*h, hlXls(y%X%pl)fz(S(h(Q,l)l)th(2,1)<2,2))2y(22,2)95%l?25(h(2,2)y3$3)>
(K, h(2,1)<2,1)yflei)’)S(y%nglﬁ)fl(S(h(2,1)1 )th(2,1)(2,2) )11/(22,1)515%171)(;
D eyt XH X S (X3 fPlay?, 0130 S (hayy’a®)
S(AX3) a3 e X3
= (1 h2,1) T (S(h2,2)) =" h=h1),
for all h € H and *h € *H, finishing the proof of the Lemma. (]
We will need the following formulas, see [18], and [5, (4.14)].
(4.8) 1@ SRV = [he @ 1JVA(S ™ (h1)),
(4.9) qr = [@* ® 1JVA(STH(d"),
(4.10) pr = A(S(P))U[P* @ 1], and
(4.11) S(gh)a'gi @ a’g3 = S(*) fH @ S(p") f*.
By the definitions of pr and py, and using (1.13) we obtain that
(4.12) Xipto Xop?*S(X?) @ X? = z'@22S(zdp!) ® 23p? and
(4.13) vl eyl ey = X{plSTH(X) @ X3p® e X

Theorem 4.5 generalizes [16, Theorem 4.2] to the quasi-Hopf algebra setting. Note that our approach
is different from the one in [16].

Theorem 4.5. For a quasi-Hopf algebra H, the following assertions are equivalent:

(i) The forgetful functor F : YDE — My is Frobenius;
(ii) H is finite dimensional and unimodular;
(iii) H is finite dimensional and Frobenius as a coalgebra in gMp.

Proof. (ii) < (ii1). If H is finite dimensional then H is a Frobenius coalgebra in g My if and only
if H is unimodular, see the proof of (iv) of Theorem 3.4.

(1) = (i1). It follows from Lemma 4.4 that H is finite dimensional, and that there exists t € H
satisfying (4.5) and such that T : *H — H defined in (4.6) is an isomorphism. For all *h € *H, we
have that

T(*h) (1.17,4.3)

(w72 X7) (*h, XlS(pl)f2(S(leQ)tygmzx(gQ,l))21725(935”3)((32,2))>
S fH(S(y' X))ty Xy 1))1p!
B X ) ChSTHP (X)) (0 S (0 XWX, 5)a%)p? Sy X))
q' (9" Sy X ) tya X{, 22°)1p",
Let (: H — *H be the isomorphism defined in Lemma 4.3. For all h € H, we have that
(T o Q)h) = (1,2 X2 ) (A S~Hg2S (X)) (0 Sy XY XD 2o S (hy* X3a®))
¢ (9" S(y' X s X7, 5y2*)1p"
A, LGS (X)VA(S L) Sy X2 B X3 oy a2 S(p1))oUS (hy X))
(X 12t) V(S () g Sy XY R XY, 5 225 (91)) U2

(4.9,4.10)
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(3.23,4.8) _ .
(3:14) (A S 1(qlg%S(Xl)1)915(91X2)fy2X(1 0T S(Z2h1ny?2,1)x?pl)>
. 1 2X3 1\ .2 2S X! 3h X3 3.2
<M’Z Y1 (1,1):C> 92 ( )22 2Y2A (2, 2)«'52]3
(1.17,4.11)

and

(1. ) (T 0 O (ha)'

<>\»Sil(fl)Xglﬁs(leQ)tsz(l Q)sz(z hlle(z 1)$1P )
<#a21y%X(31,1)$1> S(Xip') 2z ShzySX(m)sz )

(1.12)

(A, 57 (f ) zlpzs(leQ)tszu 2)T S(h 1,2)% y1X(2 1)$1Fj )>
(u, 2' h(1,1)y%X?1,1)331> S(Xip") f2hez’y 2X(2,2)$2P

B O STH (f h) XApS (2 y X O)(dy)a X 0y e S (220X 1 aph)
(1, (239" 1 X ') S(X1pY) FPhaz®y3 Xy o 75p°

(1.13,1.12) <)\,S_l(flhl)X%pQS(zlleQ)tzgy(Zm)Xgl,l)zw%xQS(z3y§X€’172)w2x§pl))
(1 23y0 0 X, wiet) S(X{ph) f2hoy® X5w’z5p?

U2 ST ) XIS (2 XN (P X ) 1.0 PRS (P (42 X))
(1, 2 (y° XP) 1,1y P1)S(X{p") fPhoy® X3

WD ST ) X2 p2S (2 X2) 122 P2S (2))

(4.12,1.12) <M,ZIP1 2X3> S(Xllpl)f2h2y3X§

A STH S h)a? S (M, 1y e )3 P2S(2%))
(1, 23 P1afy oy ?p3) S(at) f2hoady®ps,

where pr = P! ® P? a second copy of pr. Taking h = «, we find that

{1, a1) (T o () (e

(1.18,3.18)

(4.5,1.12)

(4.3)

(4.13)

with
(4.14)

Let h=(To

(1.20)
) = (A ST Y e S (2 e, 1)y1p1)f2§P25(Z3)> (1, 2A Py ) y2p1) S(at)y x5y

A\ ST Ha)w X222 S (2 ey 1)y p ) t2s P2S((w?X7)227))
{w, (w X1)121P1$(12 y?p7) S(X'a)ow® X325y p3

A STH@)w! X222 S (2N (w? X)) 1)y a3 (WP XT) (2,1), P2 S (2% (0 XT) (2,2)))
(1, 23 (w? X1)(2 1) Pla} (1,2)Y 2p1)S(X et aw® X325y ps

(A, STHa)w' S(z wty'p! )3 P2S(2%))) (p, 21 Prwiyp}) aw’y’p)

(1, 21 P'p?) (X, S7Ha) S (21 p" )25 P2S (7))o = zar,

v = (1, 27 P'p?) (MSTH(a)S(2'p")tz3 P25 (2%)) € k.
¢O)7Y(a). Since p(ar)(Y o )(az) = ra = 2 Y((h), we have that u(a;)as = xh, and

therefore 0 # p(a) = ze(h), and x # 0. We have now all the ingredients to prove that H is
unimodular, that is, p = . Observe that

(eoM)(*h) = (uyiz'X®) (*h, X'S(y' X?S~1(B))ty32° BS(y*2?))
= <u yip'p®) (*h, S(y'p")ty3p*S(y%)),

for all *h € *H. Thus (¢ 0 T)(A—S~!(a)) = x. Applying ¢ to (4.7) we obtain that

(,h)(eoX)("h) = (1, h1)) (€0 T)(S(h(2,2))—"h~—h1)
= (. heyyip'p?) (Ch,hi Sy e )ysp*S(hz2)y?))

for all *h € *H and h € H. Taking *h = A=S~1(a) = (i, @1)S(a2)—A, we conclude that

(b, h)x

= (mh)(eoT)(A=S"" (@) = (i, (ha)1y7p"p*) (X, b1 S(y'p )tysp” S((avha)2y®))
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N ) ,
P2V (1 3'%) (ST aho) i S(y'p ) pPS () = e(h)e,

for all h € H, and it follows that u = ¢ since x # 0.

(#4) = (i). If H is finite dimensional and unimodular, then H is a Frobenius coalgebra in g M, see
the proof of (iv) of Theorem 3.4. By Proposition 2.3, the forgetful functor M(HP ® H)%, — My
is Frobenius, and therefore F' is a Frobenius functor as well since M(H°P ® H )Zz and YD are
isomorphic. O

4.2. Separability for the category of Yetter-Drinfeld modules. We now focus on the sep-
arability of the forgetful functor F' : YD(H)S — Ma. Applying Proposition 2.5 and using the
isomorphism between the categories YD(H)§ and M(H°® @ H )ig, we obtain necessary and suffi-
cient conditions for the separability of F'. B

Proposition 4.6. Let H be a quasi-Hopf algebra, let A be an H-bicomodule algebra, and let C be
a finite dimensional H-bimodule coalgebra with dual basis ¢; @ ¢/ € C @ *C. Then the forgetful
functor F : YD(H ) — M4 is separable if and only if there exists a k-linear map A : C — A®*C,

Ke) =K' (c)® K (c) € A® *C, such that
—1 —2
A ( ) (0) ®S( (1))4A (C);U[,l]
—1 —-—2
= o)A (S(up1)) 'C'U[O]<1>)®A (S(up-1)) - e oy, ),

(33)0) X, 0%, f(sm@ Lo (33, X,0%) @ K(S@E0Y ! e - (1)), X,0%)
© S(FL)f? (3) X0 =R ()(#3380%)) 0 ~;®(915(@%>f3)~2®346j
—S(#)) 01) (4*S((#3,0%) 1) 72) A" (c)—a%(#3):0}) @ c

K2<s<5ci>f2-cg~(xk><1>zxi@3> (s@)eR (@) ez (B X@?’) Af

- 52 -1 ~ ~ S -
cer (B, X, 00K (S@) 2 2 (33) 1), %,0%) 01,0 p§s<93>)

B B
(#3) )X, 070 A (S(@3)f? - ¢ ($A)<1>2X O%) (010, U0y Do = ()14,

forallc e C andu € A. — and — are the left and right H-actions on *C' induced by the H-bimodule
structure of C, namely (h—*c—h',c) = (*c¢,h’ - c- h).

Proof. The follows from Proposition 2.5 (vii) after we show that
- o1 _ _ - N ~2
()0 X,0% © (57 (F) 24 (57 0 9) ((° © AHSEO s} © (), , (X0):0,)
~ ~ >3 ¢ _ _
(S@)F2 @ (1), X,0%) @ (ST (F) 2¢*) (S @ 8) (' @)
~ - 52 3~ ~ - ~
(S@EXOY)1 1 @ @)y, (Xp)le%ml)) = (234,070 0y, ® (S(#))a" (3)101
®915(@%1)j2)‘ﬁ@3> ® (CIQ(‘%%\)Z@% ® 925((j§\(j,1)@%()>)(1>95,23))
in A® (H°P ® H)®?. Note that the Drinfeld twist in H°P is S~1(¢?) ® S~1(g%), where g ® g2 is the
inverse of the Drinfeld twist f in H. The above equality follows from a straightforward computation

using (1.17), the axioms of a quasi-Hopf algebra and of a bicomodule algebra over a quasi-bialgebra,
and the formula

(4.15) FASTHEF fop?) @ FUfip! = ' @ S(e?),

which is a consequence of (1.21) and of the fact that f13S(f?) = S(a). We leave the verification of
the details to the reader. g
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The conditions in Proposition 4.6 are rather complicated. However they are fulfilled if C is a
coseparable coalgebra in g My, see Proposition 2.6. We will show that the converse is also true in
the particular case when C' = A = H. It will turn out that the structure theorem for quasi-Hopf
algebras plays a crucial role in the proof, indicating that it is not possible to make a generalization
for arbitrary H-bimodule coalgebras C. We also emphasise the fact that this result is also new in
the case where H is a classical Hopf algebra. We first need some preparatory results.

Lemma 4.7. Let H be a finite dimensional quasi-Hopf algebra and let X be a left cointegral on H.
Then the following relations hold, for all h,h' € H,

(4.16) A @Cho UM U = (uat) (A, ST (F)RS(E?)) 2,
(4.17) B UDR U = (a2 (A S™H(FY)Rsp2hS(32)) S(hipt) f2a®.
Proof.
A haU2)a U 2 ST flp U 28 (F2 fp?) U
L0, v2< (f) )2U%) J2VH(S (R
CIV ety (A STHYRS () £
W RaU2) haU' P2 (0 W q2p2haU2) S(p")qp2hy U
P22\, a2 (hyp®h)2U2) S(hsp)a? (hyp®h) U
ULV ety (A ST R hS(a2)) S(hpt) £,
as stated. O

Lemma 4.8. Let H be a finite dimensional quasi-Hopf algebra and let p be the modular element
of H. Consider the isomorphism ¢ : H, — *H from Lemma 4.3. We can define Yetter-Drinfeld
module structures on H,, and *H such that ¢ is an isomorphism of Yetter-Drinfeld modules. These
structures are given by (4.21,4.22) and (4.18,4.20).

Proof. The first aim is to make *H into a Yetter-Drinfeld module. This goes in several steps.
1) By Proposition 2.5 (v) we know that H ® *H € M(H? ® H) » via the structure given by
(h ® *h) -h= hh(271) ® S( 272))9 h+—h; and

p(h®*h)
= WXV @ (9802 (ah n XPVD))at o) XY S () 25T (F2 S (@Y ) f3p7))
(925(4" (@, ) X2VEN) = hemSTH S (@Y ) flph) ) @

D 06 (oS XY (e )
(42S(ada' X2VE 1)~ hea?a3Yy ) & by,
for all h,h e H and *h € *H.
2) H®*H is a left H-module via h- (A®*h) = hh®*h. Consequently M @y (H®*H) € M(H?®
)H27 for every M € My, and the fact that M ® *H is naturally isomorphic to M @y (H ® *H),

entails that M ® *H € M(H® ® H)Hz. The structure maps are the following:
(m ® *h) -h = mh(g 1) ® S(h(gg))‘\*h#hl,
pm@ k) = maiX'VZ @ ('S(PXFVE ) XY koS (at)glady))

(#Slata XV )~ a2y o b
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forallme M, he H and *h € *H.

3) k € My by restriction of scalars via e, hence k @ *H =~ *H € M(H? @ H)¥,, with structure
maps B

(4.18) *h<ah = S(ho)—"h—h

(419)  p(h) = (9'S(¢°YF)Y =h'—=S(a")a' 27V} ) (9?5 (2%¢'Y) =" he—qa3Yy ) @ hi,

for all *h € *H and h € H.

4) We have an isomorphism of categories F : YD — M(HP @ H)H,, see (4.1), and therefore

*H e YDE.

At this point, the proof is basically finished: ¢ can be used to transport the Yetter-Drinfeld structure
on *H to H,. It remains to compute the explicit structure maps. The right H-action on *H
s (4.18). The right H-coaction can be computed from the action and coaction (4.18-4.19) on
*H € M(H°P ® H)%, using (4.2). Using the fact that *H is an algebra in gz My and the equations

(1.12), (4.3) and (2.23), we find that this coaction is given by the formula
(4.20) p("h) = (9" S(¢*Y) Y =h'=X'V) (¢’ S(X°¢' V) =" he=X?Y)) @ hi,
where h; @ h' € H ® *H is the finite dual basis of H.

Let us describe the structure on H,. The H-bimodule structure on H,, (see Lemma 4.3) induces
the following right H-module structure on H,:

(4.21) h<h = p(S(h1)1)S(h1)2hhs,

for all h, h € H. The right H-coaction p: H,, — H, ® H is given by the formula
(4.22)

p(h) = h) @ hay = p(S(YFP° X 1)1 fla)SYFp* X o fra? M YP X? @ YIS(YPP') f2a Y5 X7,
for all A € H. The proof is finished after we show that ( is right H-linear and colinear with respect
to the structures (4.21,4.22) and (4.18,4.20). Since ¢ : H, — *H is an H-bimodule map, it follows

immediately that it is also right H-linear. For all h € H we have that
(4.20)

p(C(h)) (9" S(PYR)Y3—=h'— X'V (*S(hX3¢' V)= A—X?Y,) ® hy

D, X2V hS(X3Y2)U2S(h) hi @ XYL hS(X3Y2)), UX3Y?

B2, X2V S (h X3Y2))oU?) b @ XN (Y hiS(h X3Y ), U2 ho X3YP

U2 ety (ST XBRRY TS (@2l XPY)) b e XTS(X ) et ha X3Y

= (ua")S(@?m X7Y?) = A=STH (XY @ XTS(X ') frathe X5V

H (1 S(XEPY ) fle) S(XE0PY ) fleta XY 2 @ X1 S(XEp!) o hy X3V
=" ((ho)) @hay,

proving that ( is right H-colinear. O

Theorem 4.9. For a finite dimensional quasi-Hopf algebra H, the following assertions are equiv-
alent:
(i) The forgetful functor F : YD& — My is separable;
(ii) H is coseparable as a coalgebra in gMpy;
(iii) H is unimodular and cosemisimple.

Proof. (ii) = (i). If H is a coseparable coalgebra in g My, then the forgetful functor M(H®P ®
H )22 — My is separable, by Proposition 2.6. It follows that F' is separable since the categories

YD and M(HP @ H)¥, are isomorphic.
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(i) = (iii). If F : YDB — My is separable, then the forgetful functor M(H®P ® H), - My
is separable, and it follows from Proposition 2.5 (v) that there exists a left H-linear morphism

A:HoH — Ho*H, A(1&h) = X' (h)@A”(h) € H®*H, that is also a morphism in M(HP@ H) 1L,

and, a fortiori, in yDg7 satisfying
e(W)1 = K (S(@") P haaly ) X°V?) (S@2Y R (S(@)) [ haaly ) X2V )1yt 0! f iy ) X2V
(4.23) XKl(S(xl)f2h21‘?2,2)X3Y3)(2’2)951725(2/3)) S XYER (S(2) fPhotly 0y XPY ) o102 0 107,
for all h € H. For any M € My, the map Ap; : M @ H — M ® *H given by

Ayr(m@h) =mA' (h) @ A2 (h),

for all m € M and h € H, is a morphism in yDg. The Yetter-Drinfeld structure on M ® *H is
described explicitly in the proof Lemma 4.8; the structure on M ® H is similar, and is given by the
formulas

(m ® h) -h=m- h(271) ® S(h1)ﬁh(272),
p(m @ h) =m - 21X Y () 21) @ S(@®Y 7 (p1)1) FHhnaly 1y XPY5 (07) (20)
®S(x'p") [P howly ) XY?p3 € M © H® H,

for all m € M and h,h € H. Taking M = k as a right H-module by restriction of scalars via &, we
obtain a morphism Ay : H — *H, Ai(h) = s(Kl(h))Kz(h), in YD, The structure of *H in YD

is given by the formulas (4.18, 4.20). H € YD with structure

h<ah = S(hi)hhs 5 p(h) = S(@*Y'p{, 1) [T haaiY2pt, o) @ S(x'ph) fPhoa3Y *p3.
Recall from Lemma 4.8 that we have an isomorphism ¢ : H, — *H in yDg, and consider the
composition y = (oA, : H — H, in ypg. The right H-linearity of y is expressed by the

formula

X(S(h1)hh2) = p(S(h1)1)S(h1)2x(R)ho.
Taking /i = «, we find that e(h)x(a) = p(S(h1)1)S(h1)2x(@)hs, for all h € H. Applying e to both
sides of this equation, we find that

(4.24) e(h)d(ar) = p(S(h))V(ev),
for all h € H, with ¥ = ¢ o x. The right H-colinearity of x comes out as
NSV B 1)) F itV 202, o)) @ S(atp!) P2oady v
= u(SYFP?X 1)1 fiah)S(Yap® X o faa®x (M1 YP X2 @ YIS(YEp!) f22 x (h)2Ys X,
for all h € H. Applying ¢ ® H to this equality we obtain that
(4.25) p(S(Yzp?) fHYES(YEpH) fAx(R)Y? = 9(S (@Y ply 1)) fH natY ?ply ) S (@' pt) f2hozsY *p3,

for all h € H. Let h = S(q?)hq3 in (4.25), and multiply both sides of it to the left by q'. Using the
formulas Y2plS— 1Y) @ YEp? @ V3 = ylp! @ y?p? @ y3p3, (1.12), (1.17) and (2.23) we deduce that

w(SW) S Axm)y® = 9(S@*Y ) f iy ?)S(ah) fhea3Y ?,
for all h € H, or, equivalently,
X(h) = u(g'S(Z*)9(S(2*Y™") frinatY?)g?S(x' Z1) f2haalY 2 Z2°.
In particular,

(1.20

1.18
x(@) "2 (g S(Z2)9(S (@Y )y alY g S (2 21 Pady 22202

(g1 S(22)) %S (2" )0z,
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which implies that ¥(a) = ex(«) = e(a) # 0. Therefore, (4.24) is equivalent to e(h) = u(S(h)), for
all h € H, and this is clearly equivalent to = €. Thus we have shown that H is unimodular, and,
in particular, that x(a) = a. Applying ¢ to (4.23) we find that

-2 -1 ~ 1L
A™(S(ah) f2hoa3Y ®)(BS (YA (S(xh) fPhoa3Y ) ipt) frhuaiY A (S(at) fPhax3Y ?)2p?) = e(h),
for all h € H. Take h = «; using (1.20) and (1.18), a similar computation shows that

e(a) = A (a)(BS(R' (a)1p")ak (a)op?) = e(A ()R () (BS(p")ap?) "2 Ak (@) (B).
Now Ay, = ¢y and x(a) = @, 50 0 # £(a) = Ax(@)(8) = ¢(@)(8) = A(BS(a)"2VA(S 1 ()B),
which implies that H is cosemisimple.
(73) < (7it) follows from Proposition 3.6. O

Remark 4.10. Replacing H by H°P, we obtain necessary and sufficient conditions for the Frobenius
property and separability of the forgetful functor F : y YD — g M. Unimodularity (resp. uni-
modularity and cosemisimplicity) of H and H°P are equivalent, and therefore F : HyDH — gM
is Frobenius (resp. separable) if and only if H is unimodular (resp. unimodular and cosemisimple).
If H is finite dimensional, then y YD =~ p(m)M, where D(H) is the quantum double of H, see
[17]. So our results imply that the algebra extension H — D(H) is Frobenius (resp. separable) if
and only if H is unimodular (resp. unimodular and cosemisimple).
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