ON MODULE CATEGORIES OVER FINITE-DIMENSIONAL
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ABSTRACT. We show that indecomposable exact module categories over the category
Rep H of representations of a finite-dimensional Hopf algebra H are classified by left
comodule algebras, H-simple from the right and with trivial coinvariants, up to equi-
variant Morita equivalence. Specifically, any indecomposable exact module categories is
equivalent to the category of finite-dimensional modules over a left comodule algebra.
This is an alternative approach to the results of Etingof and Ostrik. For this, we study
the stabilizer introduced by Yan and Zhu and show that it coincides with the internal
Hom. We also describe the correspondence of module categories between Rep H and

Rep(H™).
CONTENTS
Introduction 1
1. Module categories 3
2. Yan-Zhu Stabilizers 15
3. Applications of the Yan-Zhu stabilizers to module categories 27
References 34
INTRODUCTION

The notion of fusion category is a far-reaching generalization of the notion of finite
group. It has been studied in connection with different problems in conformal field the-
ory, mechanical statistics, the theory of subfactors, and others, the common theme being
“quantum symmetries”. A comprehensive presentation of fusion categories is [ENO], see
also references therein. We refer to loc. cit. for definitions and notations used in the
present paper. There is a notion of “module category over a tensor category” known in
category theory since the sixties [Be]. Semisimple module categories over a fusion category
should play the same fundamental role as the representation theory of finite groups; see
[01, O2]. In the beautiful paper [EO], the notion of finite tensor category was introduced
and several properties of fusion categories were extended to finite tensor categories. Finite
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2 ANDRUSKIEWITSCH AND MOMBELLI

tensor categories are like fusion categories but without semisimplicity; a basic example
is the category of finite-dimensional representations of a finite-dimensional Hopf algebra.
The natural class of module categories over a finite tensor category is the class of exact
tensor categories [EO]. Let C be a finite tensor category. Then

e Any exact module category over C is a finite direct product of indecomposable
exact module categories.

e An indecomposable module category M over C is naturally equivalent— as a module
category— to the category of right A-modules in C, where A is an algebra in C
[02, EO]. Explicitly, A can be chosen as the internal End of any non-zero object
in M, cf. the proof of [O2, Thm. 1].

The purpose of this paper is to study exact module categories over the finite tensor
category C = Rep H, where H is a finite-dimensional Hopf algebra over algebraically
closed field k of characteristic 0. In [EO], the authors propose to classify indecomposable
exact module categories over C by classifying first simple from the right exact H-module
algebras. Indeed, any indecomposable exact module category over Rep H is equivalent to
the category g Mp of Hopf (H, R)-bimodules for some H-module algebra R. Instead, our
approach is through left comodule algebras: any indecomposable exact module category
over Rep H is also equivalent to the category g M of left modules over some H-comodule
algebra K. We feel that this approach is intuitively clearer. Both approaches are related
because of the correspondence between module categories over Rep H and Rep(H™).

Section 1 contains a general discussion of module categories arising from comodule
algebras. We show that indecomposable exact module category are classified by exact in-
decomposable left H-comodule algebras up to a suitable “equivariant” Morita equivalence,
see Theorem 1.25. Examples of indecomposable left H-comodule algebras are the coideal
subalgebras, thanks to a recent result of Skryabin, see Proposition 1.20.

Section 2 is devoted to the stabilizer introduced by Yan and Zhu and a generalization
thereof. We study this construction and prove a general version of the duality, Theorem
2.14, answering a question of Yan and Zhu [YZ, p. 3897]. We also generalize a formula
for the dimension of the stabilizer obtained by Zhu for semisimple Hopf algebras [Z].

In Section 3, we show that the Yan-Zhu stabilizer is the internal Hom and apply our
version of the Yan-Zhu duality to prove a finer classification of indecomposable exact
module categories in terms of comodule algebras, see Theorem 3.3. We also describe
explicitly the correspondence between module categories over Rep H and Rep(H*) using
the Yan-Zhu stabilizer, see Theorem 3.10.

Acknowledgements. We thank Sonia Natale for her interest in this work and many
important remarks, and Hans-Jiirgen Schneider for help with the proof of Prop. 1.20.
The idea of studying Hopf algebras through module categories was suggested to the first
author by Maxim Kontsevich at the XIV Coloquio Latinoamericano de Algebra, La Falda
(2001). We are grateful to him for this idea.
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1. MODULE CATEGORIES

1.1. Preliminaries. Let k be an algebraically closed field of characteristic 0. All vector
spaces, algebras, unadorned ® and Hom, are over k. As usual, V* = Hom(V,k) is the
dual vector space of a vector space V, and (, ) : V* x V — k is the evaluation. If V is
finite dimensional, we identify (V ® V)* with V* ® V* via

(a® B,v@w) = (a,v){B,w),

a,B eV v,we V. If Aisan algebra, then 4 M, resp. M 4 denotes the category of finite-
dimensional left, resp. right, A-modules. If C is a coalgebra, then “ M, resp. M denotes
the category of finite-dimensional left, resp. right, C-comodules. The kernel of the counit
of C is denoted CT. We shall use Sweedler’s notation for the coproduct and coactions:
A(e) = ¢1)®cqp) if c € C. Also, if A: M — C®M is a left coaction, A\(m) = m_1)@mq).

Let H be a finite-dimensional Hopf algebra with multiplication u, comultiplication A,
counit ¢, antipode S. We denote Rep H instead of g M to emphasize the presence of the
tensor structure. We denote by L : H — End H and by R : H — End H the left regular
representation, resp. the righ regular representation, that is L,(b) = ab, R,(b) = ba for
a,b € H. Recall that H°P, resp. HP is the Hopf algebra with opposite multiplication,
resp. opposite comultiplication, and HP°P = (H°P)°P_ Clearly, (H*)°P = (HP)*.

We denote by —: HRQH* — H* and «——: H*®H — H™* the actions obtained by transpo-
sition of the right and left multiplications, and by ~—: H*®H — H* and —: HQH* — H*
the corresponding compositions with the inverse of the antipode. That is,

(1.1) (a = a,b) = {a,ba) = (@ — b,a),
(12) (b — Q, a> = (a,S_l(b)a>, <Oé ~a, b> = <Oé, bS_l(a)>7

a,b € H, o € H*. We denote by L : H — End(H*), respectively by L : H — End(H*),
the representation afforded by —, respectively by —. The analogous actions (and repre-

sentations) of H* on H are denoted by the same symbols. With respect to —, H* is a
H-module algebra. Note that

a— h = {a,hgy) hay, h — a = (a, hq)) h),

a— h= (o, S (h))) b2y, h—a={a,8 " (hw)) ha,
o € H*, h € H. Notice that
(1.3) (ht) — = (h ~— a(g))(t ~— a(l)).

If X,Y € gM then Hom(X,Y) is again a left H-module via
(1.4) (h-T)(x) =h@y - T(S(he) - ), xe X, he H T € Hom(X,Y).
Similarly, if W, Z € My then Hom(W, Z) is again a right H-module via
(1.5) (T h)(w) =T(w-8 ' (h)) -hay, weW,heH TecHom(W,2Z).
Lemma 1.1. [YZ]. Ifh,t € H, a, 3 € H* then
(1.6) (h— Ba= (h— S *(an)) — (Bag). O
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Let H be a Hopf algebra. A (left) H-comodule algebra is a (left) comodule that is
also an associative unital algebra such that the coaction and the counit are morphisms of
algebras. A (left) H-module algebra is a (left) module A that is also an associative unital
algebra such that the coaction and the counit are morphisms of algebras. This means that
h-(ab) = (hqy-a)(h()-b) and h-1 =¢e(h)1, for all h € H, a,b € A. Right module algebras
are defined similarly. If V€ gM (resp. V € Mpy) then the algebra End(V) is a left
(resp. right) H-module algebra. If H is finite-dimensional, the notions of “left H-module
algebra” and “right H*-comodule algebra” are equivalent.

Let R be an H-module algebra. An (H,R)-module is an R-module M inside the
monoidal category gM; in other words, M is a left H-module and a right R-module,
and the right R-action M®R — M is an H-module map. We denote by g Mp the
category of (H, R)-modules with morphisms the maps preserving both actions.

Let K be a left H-comodule algebra. In the same vein as before, we denote by g/\/l the
category of left H-comodules, left K-modules M such that the left K-module structure
K®M — M is an H-comodule map. Analogously, if S is a right H-comodule algebra,
then there is a category g M of right H-comodules, left S-modules with action being a
morphism of H-comodules.

Let K be a left H-comodule algebra. A left H-ideal I of K is a left ideal that is also an
H-comodule. Right and two-sided H-ideals are defined similarly. The following natural
notions are discussed in [EO, S].

Definition 1.2. We shall say that K is H-simple from the left, (resp. H-simple from the
right, resp. H-simple) if K has no non-trivial left (resp. right, resp. two-sided) H-ideal.
We shall say that K is H-indecomposable if there are no nontrivial two-sided H-ideals [
and J such that K =16 J.

We shall need later the following result.

Lemma 1.3. Assume that K is H-simple. If W #£ 0 is a left K-module, then the repre-
sentation

(1.7) p: K — End(H*@W), p(k)(a®@w) = k1) — a®k() - w,
18 faithful. Similar for module algebras.

Proof. Let I be the two-sided ideal Ker (p). We shall prove that I is a H-ideal. First,
notice that if k € I then

(1.8) < ’7,8_1(]6(_1)) > k(O) cw =0,

forall vy e H*, we W.
Let k € I. Then (k) € H®I iff (id®p)A(k) = 0 iff (S~'®p)A(k) = 0. Let a,3 €
H*,w € W. Evaluating (S™'®p)A(k) in (a®w) and the applying f®id we get

< 8,8 H(k(—) > plk()) (a@w) =< 5,8 (k) >< any, 8 (k1)) > a2)®k() - w
=< S_l(a(l)ﬁ), k‘(_l) > a(2)®k(0) S w.



MODULE CATEGORIES OVER HOPF ALGEBRAS 5

Evaluating the last expression in h®id, h € H we obtain
<S8 Ham)B), k1) >< a@), h > kg) - w =<8 ((h = a)B), k1) > k) - w
=< (h—= a)B,8  (k(_1)) > ko) - w.
The last expression is 0 by (1.8). Since a, 3,w and h are arbitrary, (S~'®p)A(k) =0. O

1.2. Freeness over comodule algebras. Let H be a finite dimensional Hopf algebra.
In this subsection we recall some important results obtained recently by S. Skryabin [S].

Theorem 1.4. Let A be a finite dimensional right H-comodule algebra. Assume that A is
H-simple. Then all objects in MY are projective A-modules. M € M is a free A-module
if and only if M/MQ is a free A/Q-module for at least one two-sided mazimal ideal Q of
A.

Proof. This is a particular case of [S, Theorem 4.2]. O
Clearly, similar statements hold also for other combinations like %/\/l

Theorem 1.5. Let A be a finite dimensional H-simple right H-comodule algebra. Let
M € Mf. Then there exists t € N such that M is a free A-module.

Proof. This follows from the proof of [S, Theorem 3.5]. O
Proposition 1.6. If K C H is a left coideal subalgebra then K is H-simple.
Proof. See the proof of [S, Theorem 6.1]. a

1.3. Tensor and module categories. In this paper, we stick to the following terminol-
ogy. We refer to [BK, O2] for more details.

o A monoidal category is a category C provided with a “tensor” functor ® : C xC —
C, a unit object 1 € C, associativity constraint a, left and right unit constraints [
and 7, all these subject to the pentagon and the triangle axioms.

e A monoidal category C is rigid if any object in C has right and left duals.

e A tensor category is a rigid monoidal category with C abelian and ® additive in
each variable (that is, ® is a bifunctor). We shall assume hereafter that both C
and ® are k-linear.

e The opposite monoidal category C°P to a monoidal category C is the same category
C but with X@PY =Y®X, agg”y’Z = a}}xx, [°P = r, r°P =], and the same unit.
If C is rigid, resp. tensor, then so is C°P.

e A monoidal functor between monoidal categories C and C’ is a functor F' : C — (',
provided with a natural isomorphism bxy : F(X ® Y) — F(X) ® F(Y) and an
isomorphism w : F(1) — 1 satisfying two natural axioms, namely

ap(x),Fv),Fz)(bxy ®id)bxgy,z = (id @ by,z)bx yezF (axy,z)
F(lx) = lF(X)(U ® id)be, F(Tx) = T‘F(X)(id &® u)bx,l.

e A tensor functor between tensor categories C and C’ is a monoidal functor F' : C —
C' which is k-linear.



(1.9)
(1.10)

(1.14)

ANDRUSKIEWITSCH AND MOMBELLI

[Be] A module category over a tensor category C is an abelian category M provided
with an exact bifunctor’ ® : C x M — M and natural associativity and unit
isomorphisms myyy : (X QY) M - X @ (Y M), ly : 1@ M — M such
that for any X, Y, Z €C, M € M.

(id @ my,zm)mx yezm(axy,z Qid) = mx,y,zeM MXey,2,M
(id & ﬁM)mX717y =rx ®id

A module functor between module categories M and M’ over a tensor category
C is a pair (F,c), where F : M — M’ is a k-linear functor and cx s : F(X ®
M) — X @ F(M) is a natural isomorphism such that the following diagrams are
commutative, for any X,Y € C, M € M:

(id x ® ev,m)ex yemF(Mx y,m) = Mx y,F(M) CXQY,M
éf(M) CLM = f(EM)
We shall denote (F,c) : M — M’. Note that (id,id) : M — M is a module

functor. There is a composition of module functors: if M” is another module
category and (G,d) : M" — M" is another module functor then the composition

(gof,e):/\/l—w\/t”, where e = d o G(c),

is also a module functor.

Let M; and M3z be module categories over C. We denote by Hom¢ (M7, M3) the
category whose objects are module functors (F,c¢) from M; to Ms. A morphism
between (F,c) and (G, d) € Home (M, Ms) is a natural transformation a : F — G
such that for any X € C, M € My:

dx maxenm = (id x®an)ex v

Two module categories My and My over C are equivalent if there exist module
functors F' : M; — My and G : My — M; and natural isomorphisms id »q, —
Fo@,id p, — G o F that satisfy (1.14).

The direct sum of two module categories M; and Ms over a tensor category C is
the k-linear category My x Ms with coordinate-wise module structure.

A module category is indecomposable if it is not equivalent to a direct sum of two
non trivial module categories.

Let Irr M be the set of isomorphism classes of irreducible objects in M and let the rank
of M be the cardinal of Irr M, denoted rk M. If M is a module category of finite rank
then M is a finite direct sum of indecomposable module categories, since rk(M; x Ma) =

rk(My) + rk(My).

Lthat is, exact in each variable
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1.4. Exact module categories over finite tensor categories. We are interested in
the following class of tensor categories introduced by Etingof and Ostrik.

Definition 1.7. [EO] Let C be a k-linear category. We shall say that C is finite if

e it has finitely many simple objects;

e cach simple object X has a projective cover P(X);
e the Hom spaces are finite-dimensional;

e cach object has finite length.

A finite tensor category is a tensor category C such that the underlying abelian category
is finite and the unit object 1 is simple.

The following definition seems to be part of the folklore of the subject.

Definition 1.8. A fusion category is a finite tensor category C such that the underlying
abelian category is semisimple.

If H is a finite-dimensional Hopf algebra then the category Rep H of finite-dimensional
representations of H is a finite tensor category; Rep H is a fusion category exactly when
H is semisimple.

It is natural to expect that the study of the module categories over a finite tensor
category C would be crucial in the understanding of C. As explained in [EO], one has to
consider a particular class of module categories.

Definition 1.9. [EO] A module category M over a finite tensor category C is exact if it
is finite and for any projective P € C and any M € M, P®QM is projective in M.

If M is a semisimple finite module category over a finite tensor category C then it is
exact, and the converse is true if C is fusion (tensoring by the unit object).

Remark 1.10. [EO, Rmk. 3.7] Any exact module category M is a Frobenius category,
that is any projective object of M is injective and vice versa.

Remark 1.11. A direct sum of finite module categories is exact (resp. semisimple) if
and only if each summand is exact (resp. semisimple). Therefore, any exact (resp. fi-
nite semisimple) module category over C is a finite direct product of exact (resp. finite
semisimple) indecomposable module categories.

Let C be an arbitrary tensor category. A natural way to produce module categories over
C is as follows. Let A be an algebra in C; then the category C4 of right modules in C is a
module category over C. The category 4C4 is monoidal with tensor product ® 4 and 4Cp
is a module category over 4C4.

Remark 1.12. Let F = (F,b,u) : C — C’ be a tensor functor and let A be an algebra in C.
(). A" == (A par,1a), where A = F(A), par = F(m)b™L, 14 = F(14)u™, is an
algebra in C’.
(ii). If M € C4 is a right A-module then F(M) € Cy is a right A’-module, with action
~'= F(~)b~ L.
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(iii). If M is a module category over C' with associativity m and unit ¢, then it can
be regarded as a module category over C with tensor action X@M := F(X)®@M, X € C,
M € M, associativity mx. y,n := mp(x),ry),m (b7 ®id) and unit £}, = {3 (u®id).

(iv). Let F : Ca — (') be the restriction of F', that makes sense by (i) and (ii).
Then (F,c) : C4 — (4, is a module functor with respect to the coaction in (iii), where
cx,m = bx m.

(v). If F is an equivalence of tensor categories then F is an equivalence of module
categories.

The concept of internal Hom allows to state a converse of this construction of module
categories.

Definition 1.13. Let M be a finite module category over C. Let Mi, My € M. Then
the functor X +— Hom (X ®Mj, My) is representable and an object Hom(Mj, My) rep-
resenting this functor is called the internal Hom of M; and M. See [EO, O1] for details.
Thus

Hom (X ®M;, Ms) ~ Home (X, Hom(M;, Ma))
for any X € C, My, My € M.

The “internal End” End(M) = Hom(M, M) of an object M € M is an algebra in C.
The multiplication is constructed as follows. Denote by evys : End(M)®M — M the
evaluation map obtained as the image of the identity under the isomorphism

Home (End(M), End(M)) ~ Hom(End(M)QM, M).
Thus the product p : End(M)®End(M) — End(M) is defined as the image of the map

evpN (Id & eUM) mm(M),m(MLM
under the isomorphism
Home (End(M)®End(M ), End(M)) ~ Hompa((End(M)®End(M))Q@M, M).

Recall, on the other hand, that M € M generates M if for any N € M, there exists
X € C such that Hom(X®M, N) # 0. It is known that W generates M iff its simple
subquotients represent all equivalence classes of simple objects in M, where “equivalence”
has the meaning in [EO, Lemma 3.8]. Hence all simple objects, and a fortiori all non-zero
objects, of an indecomposable (finite) module category are generators.

Theorem 1.14. [EO, Th. 3.17]; [02, Th. 3.1]. Let M be an exact module category over
C and let M € M that generates M. Then the functor Hom(M,__) : M — Cgna(ar) is an
equivalence of module categories.

In particular, if C is a finite tensor category and M is an indecomposable exact module
category over C then any non-zero M € M provides an equivalence of module categories

Remark 1.15. [EO, Lemma 4.2]. Keep the notation of the Theorem above. The functor
Hom sends subobjects of M to subobjects of Cgynq(ar); these are the right ideals of End(M).
Thus, if M is simple then End(M) has no non-zero right ideals.
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Example 1.16. [Z], [O1, Prop. 2], [D]. Let G be a finite group, H = kG. Then
all H-simple semisimple H-module algebras (up to Morita equivalence) are of the form
kG®y End(V), where H C G is a subgroup and V' is a projective representation of H.
The left H-action on End(V) is: (h.T)(v) := hT(h~'v) for all T € End(V),h € H,v € V.

1.5. Module categories over finite-dimensional Hopf algebras. Let H be a finite-
dimensional Hopf algebra. Let K be a left H-comodule algebra. Then x M is a left module
category over Rep H via the coaction A : K — H ® K. That is, ® : Rep H Xx xM — g M
is given by

XV = XV,

for X € Rep H and V € g M with action k - (z®@v) = k(_1) - 2@k - v, for all k € K,
reX,veV.

We say that K is exact if x M is exact, see Definition 1.9. If K is semisimple then it
is exact but the converse is not true, see for example [EO, Th. 4.10]. However, if H is
semisimple then K exact implies x M semisimple, as said; hence K semisimple.

Remark 1.17. Assume that g M is an exact module category. Then g M is a Frobenius
category, that is any projective object of M is injective and vice versa, see Remark 1.10.
In particular K is an injective K-module, that is K is quasi-Frobenius.

We next turn to decomposability of x M. Recall the definition of H-indecomposable,
Definition 1.2; it is clear what “H-decomposable” then means.

Proposition 1.18. The following are equivalent:

(1) The module category xM is decomposable.
(2) The comodule algebra K is H-decomposable.

Proof. (2) = (1). Since I and J are H-ideals, the quotient algebras K/I and K/J
are left H-comodule algebras. The module categories g/rM and g,;M are non-trivial
submodule categories of kM. Given M € gM, let M1 = {m € M : I.m = 0}, My =
{m € M : Jm = 0}; clearly, My € gy M and My € g;;M. Decompose 1 = i+ j,
1e€l, € J. Let m € M; then m = im + jm. Since IJ C INJ =0, jm € My, and
similarly im € My, thus M = My + M. Also, if m € M7 N Ms, m = 0. This shows that
M = My & My, hence g M ~ K/IM X K/JM.

(1) = (2). Assume that g M ~ M; x My, where M; are H-module subcategories
of wM. If M € gM then there exist M; € My, My € My such that M = My & Ms. If
¢ : M — N is a morphism in g M then ¢(M;) C Ny, p(M2) C N».

Considering K € gM, there exist J € My, I € My such that K = J & [. Clearly I
and J are left H-ideals of K. Let j € J and let n; : K — K be the expansion of j, that is
n;j(z) = xj, x € K. Since 7; is a morphism of K-modules, n;(I) C I. Thus, IJ C I and
I is a two-sided ideal. Similarly, J is a two-sided ideal. Now given an arbitrary M € g M
with My € My, My € My such that M = My & Mo, then IM; C My and JMs C Ms, by
the same argument applied to the expansion of m, m € M. If I = 0 then 1 € J, hence
M = My and M is trivial. Note that these constructions are inverse to each other. [
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Proposition 1.19. If M is an indecomposable exact module category over the finite tensor
category C = Rep H, then there exists an indecomposable exact H-comodule algebra K such
that M is equivalent to kM as module categories.

Proof. By Theorem 1.14 there exists an H-module algebra R such that M is equivalent
to (Rep H)p =: gMp. Note that R°P is a H°P-module algebra. Let K = R°P#HP;
this is a H-comodule algebra. Explicitly, the multiplication and coaction are respectively
given by
(r#th)(r'#t) = (he) - )r#hat, A(r#h) = hq)y@r#th(g),
for r,7" € R, h,t € H. Then
A((r#h) (s#t)) = hayt)@(he) - s)r#he)ta)
= (h(1)®r#h(2)) (t(1)®8#t(2)) = )\(T’#h))\(S#If)

Let F : gMpr — M be the functor given by F(M) = M, with action (r#h)-m =
(h-m)-r,h€ H,me M, r € R. This is well-defined because the action M®R — M is a
morphism of H-modules. Clearly, F is an equivalence of abelian categories. We claim that
(F,c) is an equivalence of module categories where cx p : F(X @ M) — X @ F(M) is the
identity. Indeed, the only point that requires some checking is that cx ys is a morphism of
K-modules. So, let X be an H-module, M € yMp,x € X, me M, h€ H, r € R. Then

cxm ((r#h) - (z@m)) = (h- (x®@m)) -7 = h(yy - *@(hg) - m) - 13
(r#£h) - cx m(x @m) = hqy - 2 @(h@y#r) - m = hq) -2 @(h) -m) - 1.

Proposition 1.20. (i). If K is an H-simple comodule algebra, then K is ezxact.
(ii). If K C H is a left coideal subalgebra then K is ezxact.

Proof. (i). Let X be a finite-dimensional projective H-module and M € g M. We want to
show that X ® M is projective; it is enough to assume that X = H. But H @ M € %M,
hence it is projective as a K- module by Thm. 1.4. (ii) follows from Prop. 1.6 and (i). O

1.6. Equivalence of module categories. Let H be a finite-dimensional Hopf algebra.
Let R and S be left H-comodule algebras. We now study module functors between the
module categories p M and g M. For this, we first recall the following well-known theorem.

Theorem 1.21. Let A and B be finite dimensional algebras. If F': 4M — gM is a right
exact additive functor, then there exists a bimodule C' € pM 4 and a natural isomorphism

F~C®4y4. O

Proof. The proof goes entirely similar to the proof of [Wa, Thm 1J; or else it can be
deduced from [Wa, Thm 2]. O

To adapt this result to module categories, we introduce the following notion. First, if
P is a (S, R)-bimodule then H®P is a (S5, R)-bimodule by

s- (h®p)-r = S(,l)hT(,l)@)S(O) P70,
reR he H peP,seSs.
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Definition 1.22. An equivariant (S, R)-bimodule is a (S, R)-bimodule P provided with
a left coaction A : P — H®yP that is a morphism of (5, R)-bimodules. Morphisms
of equivariant bimodules are defined in the obvious way. The category of equivariant
bimodules is denoted g M.

We next prove that the category of module functors (F,c) : pM — gM is equivalent
to the category of equivariant (S, R)-bimodules.

Proposition 1.23. There is an equivalence of categories g./\/lK ~ HomRepH(RM, sM).

Proof. Let P be an equivariant (S, R)-bimodule. Let Fp = F : gpM — M be the functor
defined by F(V) = PegrV. Given X € RepH, V € pM we set cxy : POr(X®V) —
X®g(PRRV) by

(1.15) cx,v(PRRT @) = p(_1) - TR P(o)DRY, pePreXvelV.
This is well defined: if p e P, x € X, v € V and r € R then

ex,v(p-r@rr@v) = (p-1)(-1) 2@ (P 7)) @RV = (P(—1)T(~1)) - T @ D(0) " T(0) DRV,
nyv(p®RT (z®w)) = C)g\/(]?@pf(,l) “ T Q1) - v) = D(-1) - (T(,l) - ) ® P0)DRT (0) * V-

Similarly, c¢x, is a morphism in gM. It is an isomorphism, with inverse given by
c)_(’lv(x RPRRV) = p(0)®35_1(p(,1)) -x@u, forall p e P, x € X, v € V; and it is clearly
natural. The identities (1.11) and (1.12) are immediate. Hence (F,c¢) is a module func-
tor. Furthermore, if f : P — @ is a morphism of equivariant (.S, R)-bimodules then define
Fr:Fp— Foby Fryv = f®idy : PORV — Q®gV. Equation (1.14) holds since f is mor-
phism of H-comodules. Thus we have an additive functor # M — Hompgep i (rM, sM).

Conversely, let (F,c) : pM — M be a module functor. The functor F is exact, [EO,
Lemma 3.21], hence by Theorem 1.21 there exists P € gMp such that F(V) = PRgrV
for all V€ gpM. We define \ : P — HR,P by

Ap) = cu,r(pOIRL) := p_1)®po), P E P.

We first show that A\ determines ¢. Given X € RepH, V € rM, we consider the
expansions of z € X, and v € V, namely 0 : H — X, Y : R — V given by ¥ (h) = h-z,
nY(r)=r-vforall h € H, r € R. The naturality of ¢ implies that the following diagram
is commutative:

Por(H®kR) —2% Hey(PRgR)
id @nX @n) l ln?f ®id @ny

P®R(X®]kV) —_— X®]k(P®RV).

CX,V

Hence for all p € P

(1.16) ex v (p®rr @v) = (n; ©id pe1, ) e R(POR1V1) = p(_1) - T Dp(0) DRV
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We claim that P is an equivariant bimodule. For this, we first check that (P, \) is a left
H-comodule. By naturality of ¢ in the first variable, the following diagram is commutative:
Pop(HeRR) —% Hey(PoRR)
id peesid | | ssid sia
Popr(kegR) T; keg(PRRrR).

k

The axiom (1.12) says that cx rp = id p. This shows that A is counitary.
Again by naturality of ¢ in the first variable, the following diagram is commutative:

Por(H®kR) —2%  Hew(PRgR)
(1.17) id peasid | | acideid
PRr(HxHRkR) —— (HekH)®k(P®RR).
CHQH,R

If p € P then
(Agid p)A(p) = (A®id p) ch,r(P®1R1)
= cen,r(id pPOARI ) (pR1®1)
= (id g®cH,r)cHHoR(PO1R1R])
= (id p®ch,r)AN(p) @121
= (id g@A)A(p).
The first equality by definition of A, the second by commutativity of diagram (1.17), the
third by (1.11) and the fourth by (1.16). That is A is coassociative.
We finally check that A is a morphism of (S, R)-modules. If p € P, s € S, r € R, then

A(s-p) =ch,r(s- (p@1®1)) = 5 ey r(PRIB]) = s(_1)P(—1)®S(0) * P(~1)
Ap-r)=cur(p - ror(l®l)) = CH7R(p®RT(_1)®T(O)) = DP(-1)"(~1)@P(0)DRT (0)-

Here, in the first line we have used that cy g is a morphism of S-modules; and the last
equality of the second line comes from (1.16). O

As a consequence of this result we describe the equivalences of module categories be-
tween pM and g M. Recall that a Morita context for R and S, is a collection (P, Q, f, g)
where P € gMp, Q € gpMg, f : PQrQ = S is an isomorphism of S-bimodules and
g : Q®sP S R is an isomorphism of R-bimodules such that f(p&q)p’ = pg(qop'),
9(q®p)d’ = qf (prq') for all p,p" € P, q,¢' € Q.

We shall say that a Morita context (P,Q, f,g) is equivariant if P is an equivariant
bimodule. We shall see that () turns out to be equivariant too. In this case we shall say
that R and S are equivariantly Morita equivalent.

Combining Morita theory with the Proposition 1.23, we get:

Proposition 1.24. The equivalences of module categories between rM and gM are in
bijective correspondence with equivariant Morita contexts for R and S.
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Proof. Let F : pM — gM be an equivalence of module categories. Then F' is, in
particular, an equivalence of abelian k-linear categories and gives rise to a Morita con-
text (P,Q, f,g) where F(M) = P®prM; furthermore P is an equivariant bimodule by
Proposition 1.23. Conversely, let (P,Q, f,g) be an equivariant Morita context. Recall
that @ ~ Homp(P,R) ~ Homg(P,S) and P ~ Hompg(Q,R) ~ Homg(Q,S). Then
F: pM — gM, F(M) = PerM, is an equivalence of k-linear categories; its inverse
is G: gM — rM, G(N) = Q®sN and the natural isomorphisms a : G o F' — id
B:FoG —id , are given by

a: QRsPRrM — M, a(q@pem) = q(p)m, M e pM, m e M,

B: PORQ®sN — N, Blpeqen) = q(p)n, N e sM,neN.

Here in the first line we have used the identification @@ ~ Hompg(P, R) and in the second,
P ~ Homg(Q,S). We next consider the left H-coaction on Q ~ Hompg(P, R) correspond-
ing to the right H*-action given by

(1.18) (=) =ap—S" () —v1), q€Q,pePyeH"
We claim that @ with this coaction is an equivariant (R, .S)-bimodule, which amounts to
(1.19)  (rgs) =v=0r~=v0)@—=72)E—v3):, ¢€Q,r€R,s€S,vyeH"
Evaluating both sides at p € P, we have

LHS of (1.19)(p) = (rgs)(p — S~ (v2))) <= v1) = [ra(s(p = S (v2))] = v
—yaNla(s(e = S (v3) = 1@))-
—ya)(q = v2)((s = 73))p)
Ty )[Q(((S —v@)p) = S (7)) — V@)
= (r = ya)la((s =75 S (vw)) e — S (7)) — 1)

Thus (1.19) holds. Finally, we show that o and 3 satisfy (1.14). For «, the commutativity
of

RHS of (1.19)(p) =

Q@sPOR(XOM) — "~ X © QusPORM
aX@MJ/ J{id xQan
XM - X ® M,
id X, M

qRPRTRM —— ¢ © P(~1) * T & P(0)OM ——> q(-1)P(~1) * T & ¢(0)DP(0) O™

I

a(p)(—1) - T ®q(p)) - m

?

q(p)(z @ m) q-1)P(~1) - T ® G0y (P(0)) M-
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needs the identity ¢(p)(—1)®q(p)©) = ¢—1)P(-1) ®q(0)(P(0)), that follows immediately from
(1.18). For g the argument is similar once the agreement of the analog of (1.18) for the
action on P and the original one is shown. O

Together with Propositions 1.18 and 1.19, Proposition 1.24 implies the first approach
to the classification of module categories over Rep H.

Theorem 1.25. Indecomposable exact module categories over a finite dimensional Hopf
algebra H are classified by H-indecomposable left comodule algebras up to equivariant
Morita equivalence. Il

Lemma 1.26. (i). Let Pr be a right R-module. Then Endgr(Pr) is a left H-comodule
algebra via A : Endr(Pr) — H®y Endgr(Pg), T — T(_\®T o), determined by

(1.20) (, T(—1)) To(p) = (&, T(poy) (-1)S ™ (p(-1))) T (P(0)) (0)
T € Endgr(Pr), p € P, a € H*. Furthermore, P is an equivariant (S, R)-bimodule where
S = EndR(PR).

(ii). Let (P,Q,f,g) be an equivariant Morita context. The application p : S —
Endgr(Pr), p(s)(p) =s-p for all s € S, p € P, is an isomorphism of H-comodules.

Proof. (i). We check that \ is well-defined, i. e. that T\_)®T ) € H®k Endg(Pg). If
a€ H* re R, pe€ P, then

(, T(_1y) To(r-p) =

Here the first equality holds by (1.20), the second because the coaction A of P is a morphism
of R-modules, the third because T is a morphism of right R-modules and the fourth
because of properties of S7!. It is immediate that \ is coassociative and counitary. It
follows directly from (1.20) that P is equivariant.
We now check that Endr(Pr) is a left H-comodule algebra. Let o € H*, T,U €

Endgr(Pr) and p € P then

(@, TyU(1)) T(0)(U 0 () = {exa), T'—1)){ex2), U-1)) T0) (U 0)(P))

= (), T-1)) @), UP©0) 1S 0-1))) T(0) (U (p0)) (0))

= (o, T(U (p0)) (0)) (1S~ (U (p(0)) (=2))U (p0)) (=1)S " (p(=1))) T(U (P(0)) (0)) 0)

= (a, T(U(p0)))S " (p(=1))) T(U(p0))) 0)

= (a, (TU)(-1)) (TU)0)(p)-

The fourth equality by properties of the antipode. Since this holds for arbitrary o € H*
then A(TU) = XN(T)A(U).
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(ii). By Morita theory, the application p above is a linear isomorphism. Let s € S,
p € P and a € H*. Then

(o, p(5)(P)(=1)) P(5)(P) (o) = (v, (5)(P(0)) (—1yS " (P(=1))) P(3)(P(0)) 0)
= (o, S-S (P(=2))) S(0) * P(0)
= (a, S(-1 >5(0) p.
Here the first equality holds by (1.20) and the second because A is a morphism of S-
modules. Hence (id ®p)As = Ap. O

Remark 1.27. The space of coinvariants of Endg(Pg) is Endg(Pr)®°H = Endg(PR). That
is T € Endg(Pg) satisfies T'_y®T gy = 1T if and only if T is an H-comodule map. In
particular, if P is a simple object in 7 Mg, then Endg(Pgr) has trivial coinvariants.

2. YAN-ZHU STABILIZERS
In this section, H is a finite-dimensional Hopf algebra.

2.1. Preliminaries. Let K be a left H-comodule algebra, and let W, U, Z € x M, with
corresponding representations py : K — End W, etc. It is convenient to consider the
linear map

L =Leid : H*®@ Hom(U,W) — Hom(H*®@U, H*®@W) ~ End(H™*)® Hom(U, W),

that is
Lo f)(feu) = aBe [ (u),

for all o, € H*, f € Hom(U,W),u € U. We consider the left actions of H on
H*®@ Hom(U, W), H*®U and H*®W induced by the action — of H on H* (and triv-
ial on the second tensorand). In particular, Hom(H*®U, H*®W') becomes an H-module.
Lemma 2.1. The map L has the following properties:

(i) is compatible with compositions, i. e. the following diagram is commutative:

composition
-

Hom(H*®U, H*@W) x Hom(H*@W, H*®Z) Hom(H*®U, H*®Z)
(2.1) £®4 Tﬁ

p®composition
é

H*®@ Hom(U, W) x H*® Hom(W, Z) H*®@Hom(U, Z).

(ii) £: H*@ End W — End(H*®W) is a morphism of algebras.
(iii) £ is an injective H-module homomorphism.

Proof. (i) and (ii) are straightforward. Clearly £ is injective; it preserves the action of H
since L does. Indeed, for h € H, o, 3 € H*,

(h = La)(B) = k(1) = (La(S(h@)) — B)) = hay = (a(S(hz)) = B))
= (b)) = @)(h@)S(h()) = B) = Ln—a(B).
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The discussion above can be carried over for the right regular representation. Let us
consider the map

R =id®R : Hom(U, W)®H — Hom(U®H,W®H) = Hom(U, W)® End(H)

defined by R(f®h)(u®t) = f(u)®th, where h,t € H, f € Hom(U, W),u € U. We consider
the right action of H* on Hom(U,W)®H, UH, W®H induced by the right action —
of H* on H (and trivial on the first tensorand), cf. (1.5). Again Hom(U®H, W®H) is a
right H*-module.

Lemma 2.2. The map R has the following properties:

(i) R is compatible with compositions,
(ii) R : Hom(U, W)®H® — Hom(U®H, W®H) is a morphism of algebras, and
(iii) R is an injective H*-module map.

Proof. (i) and (ii) are clear. The map R preserves the action of H* since R does:

(R~ a)(t) = (Rt — S Ha@)) « aqy = ((t — S Hawp))h) « aq)
= (t — 8 Hag) @) (h — o) = t(h — a) = Ry_a(t),

if h,t € H, « € H*. Here we have used (1.3). O

2.2. Hopf modules. Recall that a right Hopf module over H is a right H-comodule M
with coaction p: M — M®H provided with a right H-action such that p is a morphism
of H-modules. Since H is finite-dimensional, a right Hopf module is the same as a vector
space M provided with a right action of H and a left action of H* such that

(2:2) a-(m-h)=(aq) -m) (g — h),

he H o€ H*, m € M. If M is a right Hopf module then the action of H induces
an isomorphism M ~ M“H"@H by the Fundamental Theorem of Hopf modules [Mo,
Th. 1.9.4, page 15]. Here M°H? = {m € M : p(m) = m®1} = {m € M : am =
(a, Ym Vo € H*}.

Lemma 2.3. End(H") is a right Hopf module over H with actions

(2.3) (a- 1)(B) = f(Boyz)) S (aqy),
2.4 (f-n)(B) = f(h—B),

heH,af cH fcEnd(H*). Furthermore the space of coinvariants End(H*)*°H is
the image of the left reqular representation L : H* — End(H™).
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Proof. Clearly, (2.3) and (2.4) are respectively a left and a right action; we check (2.2):
((aqy - f) - (a@) = h) (B) = (04(1) : f)(( a@) = h) =)

= f((hay = B) () MmGQQS Haq)
= f ((hy = B) (h@) = a@)) S o)
= f(h— (ﬂa 2))S ey )

= (f - h)(Ba))S ™ (aq))
= (e (f-1))(B).
We prove the last statement: given f € End(H*), f € End(H*)°H iff a- f = a(1)f for
all o € H* iff f(Ba) = f(B)a for all o, € H* iff f =L, for vy = f(1) € H*. O

If K is a finite-dimensional Hopf algebra, a right Hopf module over K°°P is the same as
a vector space M provided with right actions of K and K* such that

(2.5) (m-k)-v=(m-vq)) (k—=2),
k € K, v € K*, where all notations are in terms of K. We shall also need the following.
Lemma 2.4. End(H) is a right Hopf module over H*°P with actions

(2.6) (f - R)(t) = S(h)) f(R2)t),

(2.7) (f-a)(t) = fla—1),

h,t € H, a € H*, f € End(H). Moreover the space of coinvariants End(H)®H" " js the
image of the right reqular representation R : H — End(H). O

2.3. The Heisenberg double. Recall that the Heisenberg double H(H™*) of the Hopf
algebra H* is the vector space H*®H with the multiplication (a®h)(a/'®h") = a(hq) —
o')@hyh'. Here, and in the next proposition, h,h',t,u € H, a,a’, 3 € H*.
Proposition 2.5. (i). There is an isomorphism of algebras Uy : H(H*) — End H given
by U1 (a®h)(t) = a — (ht).

(ii). There is an isomorphism of algebras Vo : H(H*) — End(H*) given by
Uy (a®@h)(B) = alh — f).

(i1i). The isomorphism of algebras ¥ : End H — End(H*), ¥ = \112\111*1 satisfies

( ) \I](Za):Laa

(2.9) V(L(H)) = L(H),
(2.10) V(L(H")) = R(H),
(2.11) V(R(H)) = L(H).

Proof. We check (i):
U1 (a®h) Uy (d/@h)(t) = U1 (a®h)(d — (K't) = a — (h(a/ — (K't)));
U1 ((a®@h)(a'@h'))(t) = Ui(a(hq) = o )RRl )(t) = (alhq) = ) — (b))
= a— ((hq) = &) = (hp)h'D)).
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Then (i) follows from the identity k(o' — u) = (ha) — ) — (h2)u), that we prove next:

(hay = ') = (hayu) = (hay = o/, 8 hayum)) hiyue)
= (o, 8 (u@))S (b)) hay) ey

It is well-known that the Heisenberg double is a simple algebra, hence ¥ is an isomorphism
by a dimension argument. We check (ii):

Us(a@h)Ws(a'@h)(8) = Ta(a®h)(a/ (K = B)) = a(h = (d/(h" = 8)))
= a(hqy = ) (hh' = B) = Ua(a(hp) = o )@ho)h')(6)
= U ((ach) (' @h)) (5).
Since ¥q(a®1l) = L, and ¥y(a®l) = L,, (2.8) holds. Since ¥i(s®h) = L, and
Uy(e®h) = Ly, (2.9) holds. Equation (2.10) follows from (2.8) and L(H*)' = L(H*).

Similarly (2.11) follows from (2.9) and L(H)" = L(H). Here A’ means the centralizer of a
subalgebra A of End V', see page 21 below. 0

2.4. Definition of Yan-Zhu Stabilizers. Let K be a left H-comodule algebra. We
recall the construction of the stabilizer from [YZ]. Let us consider H* as an H-module
via —, see (1.2); and correspondingly H*®W as a K-module via A. That is,

(2.12) k- (ﬁ@w) = k(—l) — ﬂ@k(o) - w,
ke K, (€ H*, we W. Recall the map L considered in subsection 2.1.

Definition 2.6. [YZ] The Yan-Zhu stabilizer of the K-modules W and U is
Stabg (U, W) := Homg (H*®U, H*@W) N L(H*® Hom(U, W)) C Hom(H*®U, H*@W).
In particular, the Yan-Zhu stabilizer of the K-module W is

Stabg (W) := Stabg (W, W) = Endg (H*@W) N L(H*® End ).

The algebra Staby (W) can be identified with a subalgebra of H*® End(W), since L is
injective. Similarly, Stabg (U, W) can be identified with a subspace of H*® Hom (U, W).
We shall do this without further notice.

Proposition 2.7. Stabg (W) is a right H*-comodule algebra and W is a left Staby (W)-
module.

Proof. By (2.1), the composition induces a map
(2.13) Staby (U, W) x Stabg (W, Z) — Stabg (U, Z).

In particular, Stabg (W) is a subalgebra of End(H*®W). Since End(H*®W) is an H-
module algebra and L(H*® End W) is an H-submodule, it remains only to show that
Endg (H*®@W) is also an H-submodule. But, more generally, Homg (H*®U, H*Q@W) is
an H-submodule of Hom(H*®U, H*®W') because — and — commute. Hence Stabg (W)
is a left H-module algebra, thus a right a H*-comodule algebra. The vector space W is a
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left Stabg (W)-module, with representation given by the composition
Stabx (W) —— H*@End(W) 2% ke End(W) = End(W). O
The following Lemma will be useful later.

Lemma 2.8. Let ), Lo, ®f; € L(H*®Hom(U, W)); we shall omit the summation symbol.
Then Lo, ®f; € Homg (H*®@U, H*@W) if and only if

(2.14) Z(Oﬁ,t) filk - w) = Z(Qms_l(k(—l))w oy - fi(w),

i i
forallte Hwe W, ke K.
In other words, (2.14) characterizes when ) . L, ® f; € Stabg (U, W).

Proof. If Lo, ®f; € Homg (H*®@U, H*®@W) then

(2.15) (Lo @ fi) (k- (FRw)) = k - (Lo, @ i) (BOw)

for all § € H* k € K,w € W. Equation (2.15) translates into

(2.16) Ozz'(k(,l) — ﬂ)@fi(k(o) -w) = k(—l) — (azﬂ)@)kz(o) . fl(w)

Evaluating (2.16) in ¢ € H and choosing = ¢ we get (2.14). Conversely, (2.16) follows
from (2.14) using that h — (af) = (he) — a) (hq) — B),for h€ H, o, 3 € H™. O

As a consequence of the above characterization of elements in the stabilizer, we have
the following result.

Corollary 2.9. There is an isomorphism Stab (U, W) " = Homy (U, W). In particu-
lar the stabilizer Stabg (W) has trivial coinvariants if W is an irreducible K-module.

Proof. The maps
¢ : Stabg (U, W)°H" — Hompg (U, W) and o : Homg (U, W) — Stabg (U, W)«
given by ¢(a;®f;) = (i, 1) fi, ¥(f) = e®f, are the desired isomorphisms. O

We now state another characterization of the stabilizer Stabg (U, W) given in [YZ] in
terms of Hopf modules. We consider End(H*)® Hom(U, W) as right Hopf module over H
with structure concentrated in the first tensorand, ¢f. Lemma 2.3. We stress that these
are not the same actions as before.

Proposition 2.10. Keep the notation above.

(1) Homg (H*®U, H*®@W) is a Hopf submodule of End(H*)® Hom(U, W),
(2) Homp (H*®U, H*@W)°H = Staby (U, W) and

Homp (H*®QU, H*@W') = Stabg (U, W) o (L(H)®id ) ~ Stabg (U, W)®H.
Here o means composition. In particular,

(2.17) Endg (H*®W) = Stabg (W) o (L(H)®id ).
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Proof. (1). We have to check that Homg (H*®U, H*®W) is stable under the actions
induced by (2.3), (2.4). Let k € K, a,8 € H*, w € U, h € H. Let also ), fi®T; €
Homg (H*®QU, H*®@W), where f; € End(H*), T; € Hom(W U); for simplicity we omit the
summation symbol in the following. Then
(o (fi®T3)) (k - (Bow)) = (o fi)(k(-1) — B)®Ti(k(o) - u)
= fil(k_1)y = B)a)S  au))®T; (k) - u)
= fil(k(-1) = a(2)) — Baz)S™Haw)@T; (k) - v)

(
= fil{k(_2), a@) k(1) — Bag)S ™ a 1))®T (k?(o) u)
= ((k(-) ;a@)ﬁfi(ﬁa S Haw) @k n<u>
= ((k(—l) —ag) = 8 Haw)) — (fil 50‘ S o)) ®k() - Ti(u)
= k(1) — (filBag)S ™ aw))®ko) - Ti(u

= k- ((a - (fi®Ti))(ﬁ®W)>-
Here the first two equalities, the fourth and the last are by definitions; the third and
the sixth by (1.6); the fifth, because ), f;®T; € Homg (H*®U, H*®@W); the seventh, by
elementary properties of the antipode. Next, (f;®T;) - h preserves the K-action since —
and — commute. Thus, (1) holds.
(2). We have
Homy (H*®U, H*@W)“ ! = Homy (H*®U, H*®W) N (End(H*)® Hom(U, W))
= Homg (H*®U, H*@W) N End(H*)*° @ Hom(U, W)
= Homg (H*®@U, H*@W) N L(H*)® Hom(U, W)
= Stabg (U, W).

The last statement follows from the Fundamental Theorem of Hopf modules. O

coH

2.5. Yan-Zhu duality. Let now S be a right H*-comodule algebra. Let V, X,Y be left
S-modules. We adapt the construction of the Yan-Zhu stabilizer in the new setting. We
consider H as a left H*-module via — and V®H as S-module via the right coaction, that
is
(2.18) s (v®h) = 5(0) - V®s(1) — h,
where s € S,v € V and § : § — S®H, §(s) = 5(9)®s(1). Recall the map R considered in
subsection 2.1. Then the Yan-Zhu stabilizer of the S-modules V and Y is

Stabg(V,Y) := Homg(V®H,Y®H) N R(Hom(V,Y)®H).

In particular, the Yan-Zhu stabilizer of the S-module V is Stabg(V) := Endg(V®H) N
R(End(V)®H). We consider Hom(V,Y)® End(H) as right Hopf module over H*®°P with
structure concentrated in the second tensorand, ¢f. Lemma 2.4. Adapting the proofs of
Propositions 2.10 and 2.7, we have:

Proposition 2.11.
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(1) Homg(V®H,Y®H) is a Hopf submodule of Hom(V,Y)® End(H),
(2) Homg(VRH,Y®H)®°H ™ = Stabg(V,Y),
(3) Homg(V@H,Y®H) = Stabg(V,Y) o (id @L(H*)) ~ Stabg(V, Y )@ H*.

Proof. (1). We have to check that Homg(V®H,Y®H) is stable under the actions in-
duced by (2.6), (2.7). Let s € S, a € H*, v € V, hit € H; and let )3, T;®f; €
Homg(V®H,Y®H), where f; € End(H), T; € Hom(V,Y); for simplicity we omit the
summation symbol in the following. First, (T;®f;) - « preserves the S-action since — and
— commute. Next,

s- ((T;&f;) - h)(vet)

Il
»
e
e
—~
4
&
@
=
—~
Sh
>
SN—
—
~
S~—

= ((T3®f;) - h) (s - (vdt)).
Here the only equality that needs explanation is the sixth, which is based on the following:
ag) — S(ha))@an) — hz) = {aw), STH(S(he)))S(ha)@{aw), S~ (h))S ()
= <a, 1>8(h(1))®h(2)
Thus, (1) holds. The proof of (2) is similar the the proof of proposition 2.10 part (2), and
(3) follows again from (2) and the Fundamental Theorem of Hopf modules. O

To state the next result (Yan-Zhu duality), we use the following notation: if A is a
subspace of End(W) then A" = Centgyqw)(A) is the centralizer of A in End(W). Clearly:

(2.19) If A=BoCand 1€ BNC then A'=B'nC".

If ¢ : End(W) — End(V) is an algebra isomorphism, then ¢(A") = ¢(A). If A is an
algebra and p : A — End(W) is a representation then p(A)’ is nothing but End 4 (W).

Let us fix a right H*-comodule algebra S and a left S-module W; therefore W is a left
Stabg(W)-module by proposition 2.7.

Proposition 2.12. There is an isomorphism of left H-module algebras

"

Stabsgangw) (W) =~ (pwen(S)),
where pwen is the representation of S explained in (2.18).

Proof. Since Stabg(W) is a left H-comodule algebra and W is a Stabg(W)-module— see
proposition 2.7— there is a representation pg+gw : Stabg(W) — End(H*®W), given by
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(2.12). Recall the isomorphism of algebras ¥ : End H — End(H*) given in proposition
2.5. We claim that

(2.20) (U1®id ) (pr-ew Stabg(W)) = Stabg(W).
This follows from the definitions and (2.11). Let now Y = (id®@V 1) : End(H*@W) —
End(W®H), where 7 : End(H*®@W) — End(W®H™) is the usual transposition. Then
(pwen(S))" = (Endg(WeH))'

= (Stabg(W) o (id @L(H*)))’

= Stabg(W)' N (id®@L(H*))

=TT (Stabg(W)) N YT ((id ®L(H*))">

= T (Centpa(aow) T~ Stabg(W)) N T (T (i[d@L(H*)))’

— Y (Endy1 geans ) (H*@W)) N T ([ @R(H"))

=T (Endgtabs(w)(H*@W) N L(H* End(W)))

=7 (StabStabS(W)(W)) )

Here the second equality holds by Proposition 2.11 (3); the third by (2.19); the fourth,
because T is an algebra isomorphism; the fifth is a restatement; the sixth is by (2.10); the
seventh follows from (2.20) and the last is by definition. The left H-action on End(W®H)
is given by h- (T®f) = T®Lh(1)fLS(h(2)), forall h € H, T € End(W), f € End H. The
map Y is an H-module map since for all h € H, o € H*

U h- La) = U (Ly—a) = Ly—a = Ly LaLs(hgy) = b+ V' (La).

(1) 2)

The second equality by (2.8), the third follows from the identity
(héa)—,t:h(l)(a—/(S(h(g)))t), h,tEH,OzEH*.

Il

If A is a quasi-Frobenius algebra and M is a faithful finitely generated A-module then
(A; M) has the double centralizer property, see [CR, Th. 15.6]. In view of this, and as a
consequence of proposition 2.12, we have:

Corollary 2.13. Assume that

(1) S is a quasi-Frobenius algebra, and
(2) pwon : S — End(W®H) is injective.

Then Stabggap,g(w) (W) is isomorphic to S as H*-comodule algebras. O

Here is the main result of this Section, proved in [YZ] assuming that H and K are
semisimple.

Theorem 2.14. Let S be an H-simple left module algebra. Then Stabgiapg (W) is
isomorphic to S as H-module algebras. O
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Proof. We need to analyze the hypotheses in corollary 2.13. The injectivity of pwerr
is disposed with Lemma 1.3. Now S is exact by Proposition 1.20, which follows from
Skryabin’s Theorem 1.4. Hence, S is quasi-Frobenius by Remark 1.10. O

2.6. Dimension of Yan-Zhu stabilizers. We prove in this subsection a formula on the
dimension of the stabilizers, generalizing [Z, Cor. 2.8]. We begin by a technical Lemma.
Let K be a finite-dimensional H-simple left H-comodule algebra. Recall the action of H
on H* given by —.

Lemma 2.15. If W is a left K-module then H*QW is an object in %M

Proof. The left H-comodule structure 6 : H*@W — HQH*QW is given as follows. If
a € H*,w € W then §(a®@w) = a(_1)® ap)®@ w where (3, o >a(0) =a8?(B), forall B €
H*. This left H-coaction corresponds to the right H* actlon given by the multiplication
composed with S2. Let us verify that the map § is a K-module map. Let k € K, o, 3 € H*
and w € W. Then

(2.21) 0(k - (a@w)) = (k1) — @)@ (k1) — @) ()@ k(o) - w
Evaluating 3 on the first tensorand of (2.21) we obtain
(2.22) (B, (k1) — @)—) (k1) — )@ k) - w = (k1) — @) S (B)® k() - w
On the other hand
(2.23) k- 6(aw) = k1)@ k1) — a@)® k) - w
Again, evaluating 3 on the first tensorand of (2.23) we obtain
(B k—ga(-1) k(- 1>ﬁ04< 0)® k() - w
<5( k(2 By 1)) k(1) — @)@ ko) - w
= (B(1) k(-2)) (/f(—1) — (@8*(B(z))) @ k() - w
= (k1) = STAS*(B)y) — (aS*(B)2)@ k) - w
= (k1) — A)S* (D)@ k(o) - w.
The last equality follows from (1.6). Since [ is arbitrary 6(k - (a®@w)) =k - d(a®w). O
The next formula was obtained in [Z, 2.8] for H a semisimple Hopf algebra and U = W.

Proposition 2.16. Let K be an H-simple left H-comodule algebra and U, W two left
K-modules. Then

(2.24) dim K dim Stabg (U, W) = dim U dim W dim H.
Proof. Let M = H*QW, N = H*®U. By Theorem 1.5 and Lemma 2.15, there exists

t,s € N such that M* and N*® are K-free, say M ~ K% and N° ~ K¢ as left K-modules
for some natural numbers d, c. Hence

(2.25) tdim H dim W = ddim K,
(2.26) sdim H dimU = cdim K.
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Proposition 2.10 (2) implies that
(2.27) dim Stabg (U, W) dim H = dim Homg (N, M).

Since M* ~ K% N°® ~ K¢, it follows that Homg(N®, M*) ~ Homg (K¢ K?). There-
fore tsdim Homg (N, M) = dcdim K. This equation combined with (2.27) implies that

dedim K
dim Stabg (W) dim H = G The result now follows from (2.25) and (2.26). O

ts

As an immediate consequence of (2.24) we obtain the following variation of [S, Prop.
5.4]. See also [Z, Corollary 2.7].

Corollary 2.17. Let K be an H-simple left H-comodule algebra. If W, U are left K-
modules then dim K divides dim W dim U dim H.. U

Skryabin shows in [S, Prop. 5.4] that dim K dim Endg W divides dim W dim U dim H
under the assumption W irreducible, with a different proof.

2.7. Examples of Yan-Zhu stabilizers: Hopf subalgebras and left coideal subal-
gebras. Let us compute the Yan-Zhu stabilizers in some examples.

Example 2.18. Let G be a finite group and H be the group algebra of G. Let F be a
subgroup of G and o € Z?(F,k*) be a normalized 2-cocycle. The twisted group algebra
ko F is a left H-comodule algebra via ¢ : k,F' — HRk,F, 6(f) = f@f, for all f € F.

For any left k,F-module V the space End(V) is a left kF-module via (f - T)(v) =
f-T(f~'-v), T €End(V), f € F,v € V. The space kGRyr End(V) is a left H-module
algebra and there is an isomorphism of left module algebras

(2.28) StakaF(V) > kGRkp End(V)

Proof. If g € G, T € End(V) we denote by g®T the class of g®7T in kGRyr End(V). Let
{z;}icr be a complete set of representatives of the right cosets. The H-module algebra
structure in kG®xr End(V) is as follows; the action of G is on the first tensorand, and
the product is given by

@@ T) (558 70) = 6, (mE T 0),
forall 7,5 € I,T,U € End(V). We claim that the maps
¥ : Staby, p(V) — kGRxr End(V), 0 :kG@yrEnd(V) — Staby, (V)
defined by

(o T5) Zaj J:Z® 0(gRT) = Z(ng 1f - T,
fer

are well defined algebra isomorphisms, one the inverse of each other. Indeed if A € F' then

O(gh®T) = > Spp-1g1@f -T=> 6 1@fh-T = 0(gRh-T).
feFr fer
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That is, 0 is well-defined. Let T, U € End(V) and «;®7T}, Br,@U), € Staby, (V) then

(@@ T)0(x;0U) = > (5;,-18f - T)(6),-1@h-U)
f.heF !

=055 Y 81 ®(f - T)(f - U) = (2,2 T)(2;0V)),
feF

Y (a;@T;) ) (Br@Uy) Z% ) (@i®T5) (2, @Uy)

=Z%@wwm@@@)

= ¥((@T5)(Br@Uk)),

thus 6 and ¢ are algebra morphisms. Now let us compute 6 o 1) and v o 6:

0(¢(o;@T5)) = Zaj(xfl)Q(xz@Tj) = > aj(z; ) (6, 10f - 1))

i,fer

= Z aj(fr;h) (0 71®T Za] (049T5) = a;®T;.

i,fEF geG

The third equality by (2.14). On the other hand if g = z;h, h € F then

P(OGRT)) = (b 1@f T)= > g1z 2i@f T =a;0h-T = gaT.
fer i,feF

g

Example 2.19. Let H be a finite dimensional Hopf algebra and K C H be a left coideal
subalgebra, and therefore K is a left H-comodule algebra via the comultiplication. Denote
K = H/S7Y(K*)H. The canonical projection 7 : H — K is an H-module coalgebra map.
The transpose of 7 is an injective algebra homomorphism K" < H*. Via 7* the space
K" can be identified with the subalgebra of H* consisting of elements a € H* such that
a(z) = 0 for all z € S~H(K+)H; clearly this is a right coideal subalgebra of H*. Let V = k
be the trivial K-module. Then there is an isomorphism of right H*-comodule algebras

(2.29) Stabg (k) = K~

Proof. Since End(V) ~ k we will identify Stabg (k) with a subalgebra of H*. If o €
Stabg (k) identity (2.14) implies that £(k) < a,t >=< o, S~} (k)t >, forany t € H, k € K.
Thus if (k) = 0 then < o, S~ (k)t >= 0, and therefore a € K. Reciprocally, if o« € K
then a(S~1(k)t — e(k)t) = 0, since S~1(k)t — e(k)t € STH(KT)H, and (2.14) is fulfilled.
This implies that o € Stabg (k). O
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2.8. Examples of Yan-Zhu stabilizers: Yan-Zhu Stabilizers for Hopf Galois ex-
tensions. In this subsection we shall give another expression for the Yan-Zhu stabilizer
in the case that K is a Hopf-Galois extension over a Hopf subalgebra H' of H. First we
recall the notion of Hopf-Galois extensions.

Let H' be a finite dimensional Hopf algebra.

Definition 2.20. Let K be a left H'-comodule algebra. Set R = K®H' The canonical
map : K@pK — H®K is defined by f(r ®y) = z(_1)@z gy, for all z,y € K. K is
called a Hopf-Galois extension of R over H' if 3 is bijective.

Following [Sch] if K D R is a Hopf-Galois extension denote 3~'(h®1) := hlll@hl2
K®grK, for all h € H'. The next result is due to H.-J. Schneider, see [Sch, Rmk 3.4].

Lemma 2.21. Let K D R be a Hopf-Galois extension, then for all h,t € H', k € K,
r € R we have that

(2.30) ril@nl = Blgnlly,
(2.31) (th)Men)? = (Mplgpl2¢2l
(2.32) RURE = c(h)1k,
(2.33) h @10 = by Mehq) BheMah g P,
(2.34) kel = kyMek Pk,
(2.35) 10k = k(S (k1) @8 (k1))
(2.36) hiy@hmMehp? = s )erlen? ).
Proof. Equations (2.30), (2.31), (2.34) and (2.35) follows by applying (. Since (e®id )5 =
m, equation (2.32) follows. To get (2.33) apply (id ®3)(6®id) on both sides. Finally,
equation (2.36) follows from colinearity of 3. More precisely,
68 = (id n®P)3,
where § : HOK — HOK®H, 6 : KopK — K@rK®H are defined by
§(h®y) = hay®@yo® S (1)), (z®y) =2 Yn@S (y—1),
for all z,y € K,h € H. [l
The following result is [Sch, Corollary 3.5].

Lemma 2.22. Let W be a left K-module. Endg(W) is a left H -module with respect to
the action defined by

(h-T)(w) := KMT (AP ),
for all T € Endg(W), h € H, w e W. We have also that Endg(W)"' = Endg (W).

Proof. For any h € H', T € Endr(W), h-T is an R-module map by equation (2.30).
Equation (2.31) implies that it is in fact an action. Equation (2.32) and (2.33) implies
that Endg (W) is a module algebra over H'. Using equation (2.34) one can easily prove
that the invariants of Endg(W) are those who preserve the action of K. H
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Let H' be a Hopf subalgebra of H. Consider H as a left H'-module via the left regular
representation. Let (z;); € H, (8;); C H* be dual basis.

Theorem 2.23. Let K D R be a Hopf-Galois extension of H'. Let W be a left K-module,
then

(1) Homp (H,Endg(W)) is a right H*-comodule algebra, and

(2) Stabg (W) = Hompy:(H,Endg(W)) as right H*-comodule algebras.

Proof. (1) The product is given by the convolution, that is if T, U € Homp:(H, Endg (1))
then (TU)(h) = T(h))U(h()), for all h € H. The identity is given by . The left H-
module structure (h-T)(z) = T(zh), h,x € H, T € Homp:(H,Endg(W)) induces a right
H*-comodule structure and becomes into a right H*-comodule algebra.

(2) Let ¢ : Stabg (W) — Hompy/(H, Endr(W)), ¢ : Hompy/ (H, Endg(W)) — Stabg (W)
be given by

d(ai@fi)(h)(w) = a;(h) fi(w), P(T) = Zﬁj@’T(%’),

for all a;®f; € Stabg (W), h € H,w € W. Let us verify that these maps are well defined.
Letre R, te€ H,he H and w € W. Then

Sai@fi) (h)(r - w) = ai(h) fi(r - w) = i(ST (r—1yh))r(o) - filw) = as(h) - fi(w),

the second equation by (2.14) and the last one because r € R = KH '. This proves that
d(a;@f;)(h) is an R-module map. We have also that

t- (i@ fi) (h)(w) = Mg(ci@ f;) (W)t - w) = as(h) 1) - (1P w)
= ozi(Sfl(tm(fl))h) t[I]tD](O) - fi(w)
= ai(tiyh) tay ey - fi(w) = ai(th) fi(w).

The third equation by (2.14), the fourth by (2.36) and the fifth by (2.32). This proves that
d(a;®f;) is an H'-module map and therefore ¢ is well defined. The proof that ¥(T) €
Stabg (W) is done using (2.35) and (2.14). That ¢ is an algebra map and a right H*-
comodule morphism is a straightforward computation. The identities ©¢ = id, ¢y = id
are checked without difficulties. U

3. APPLICATIONS OF THE YAN-ZHU STABILIZERS TO MODULE CATEGORIES

3.1. Internal Hom. We keep the notation of the preceding section.
Proposition 3.1. Hom(U, W) = Stabg (U, W), and the bilinear map
Hom(U, W) x Hom(W, Z) — Hom(U, Z)

coincides with (2.13).
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Proof. Let us identify H*® Hom(U, W) with Hom(H®U, W) in the natural way. Let
X € Rep H. There are natural linear inverse isomorphisms

G : Hompy (X, H*®@ Hom(U,W)) — Hom(X @ U, W),
F :Hom(X @ U, W) — Homp (X, H*® Hom(U, W)),
given by G(¢)(z ®@u) = ¥(z)(1®u), F(¢)(z)(a®u) = ¢(a - r ®u). Here and in the rest of
the proof, ¢ € Hompy (X, H*® Hom(U,W)), ¢ € Hom(X @ U, W),z € X, a € H, u € U,
and also o € H*, k € K. Given v and x, we write symbolically ¢ (z) = 1 (x)1)®¢(7)2),
with ¢ (z)(1) € End( *), ¥(x)(2) € Hom(U, W). Note that
L((x)) (@ u)(a) = (o, a@)(x)(aq)@u).
We claim that F(Homg (X ® U, W)) = Hompy (X, Stabg (U, W)), up to identification
via L. Indeed, ¢ € Hompg (X ®@ U, W) iff ) = G(¢) satisfies
(3.1) k- (d(z)(a®u)) = (@) (k(-1)a®k @) - u).
Let us denote by p either pg«gw : K — End H*Q@ End W ~ End(H*®W) or pp+gu.
We compute on one hand
[ (z)p(k)(a@u)] (a) = [¢(z) (k1) — a®k ) - u)] (a)
= (k1) = @, a02))9(x) (aq) @k () - u)
= (o, 87 (k(1))a@)¥(x)(an) @k() - ),

= .
and on the other
lo(k)p () (a@u)] (a) = [k(1) — P(z) ) (@ )®k(o) P(x)(2)(w)] (a)
= [¥(2) (1) (@)®k o) - () 2) ()] (S} (k(-1))a)
=(a,S 1(/’f( 2))a(2)> [?l) 2) (S (k(_1))aq)®u)]

= KXs.
If X; = Ky then taking a = ¢ we get (3.1). Conversely, it is not difficult to see that
(3.1) implies X; = K.
Now the claim says that Homg (X ® U, W) ~ Homp (X, Stabg (U, W)); so that the
functor X — Homp (X ® U, W) is representable by Stabg (U, W). Furthermore, it is not

difficult to see that the composition (2.13) satisfies the defining property in [O1, Section
3.3], and the proposition follows. O

3.2. Exact module categories. We state our first application of Proposition 3.1.

Corollary 3.2. Assume that K is exact. Let W be a generator of kM. Then gM is
equivalent to g Msggap, (w) as module categories over Rep H.

Proof. This follows from Theorem 1.14 by Proposition 3.1. O

We now give a refinement of Proposition 1.19.
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Theorem 3.3. Any indecomposable exact module category over Rep H is equivalent to
kM for some H-simple from the right left H-comodule algebra K, with K©°H ~ k.

Proof. By Theorem 1.14, there exists a H-module algebra R such that
(3.2) M~ gMp

as module categories over Rep H. Because of [EO, Lemma 4.2], see Remark 1.15, we can
assume that R has no non trivial H-stable ideals. Hence M is exact as module category
over Rep(H*)P by Proposition 1.20. It follows that R is quasi-Frobenius by Remark 1.17.

Let W be a simple R-module and set K = Stabr(WW). We know that W generates
gMpg, see the remarks previous to Theorem 1.14. Also, K is H-simple from the right
because of Remark 1.15. Hence g M is indecomposable by Proposition 1.18, and exact by
Proposition 1.20. Again, W # 0 is a generator of x M. Observe next that

(3.3) KM > g Msggab e (w)
by Corollary 3.2. Now R = Stabgiap,w)(W) by Theorem 2.14 (Yan-Zhu duality). The
Proposition now follows from this, (3.2) and (3.3). O

3.3. The dual module category. Another important tool in the study of tensor cate-
gories is the notion of dual tensor category with respect to a module category. In some
sense this notion is the categorification of the notion of a centralizer of an algebra. The
dual tensor category has been intensively used in [ENO]. See also [O1], [O2].

Let C be a finite tensor category.
Definition 3.4. Let M be an exact module category over C. The dual tensor category

(with respect to M) is the category C}, := Home¢ (M, M) with the tensor product given
by the composition of module functors (1.13).

If NV is a module category over C then Home (N, M) is a module category over C}; via
the composition Home (M, M) x Home (N, M) — Home (N, M), see (1.13) again.

Proposition 3.5. Let N be an exact module category over C. Then

(1) Home (N, M) is an exact module category over Ci.
(2) The map N — Home(N, M) is a bijective correspondence between equivalence
classes of exact module categories over C and Cj,.

Proof. See [EO, Lemma 3.30] and [EO, Theorem 3.31]. O
Lemma 3.6. Let A € C be an algebra and assume that M = Ca is an exact module

category over C. Then

(1) The tensor categories C}, and (4Ca)°P are equivalent.

(2) The bijective correspondence between equivalence classes of exact module categories
over C and (4CA)°® arising from Proposition 3.5 (2) is explicitly given by Cp —
BCa, B any algebra in C.

Proof. See the proof of [EO, Lemma 3.30]. O
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Remark 3.7. If A = 1, then we conclude that the tensor categories C3, C°P are equivalent.
Hence the correspondence of exact module categories over C and C°P is just Cp — gC, B
an algebra in C.

3.4. Correspondence of module categories over Rep(H*) and Rep H. Let H be a
finite-dimensional Hopf algebra. In this subsection we study a bijective correspondence
between equivalence classes of exact module categories over Rep H and Rep(H*), and
show that this agrees with Proposition 3.5 (2). Roughly the correspondence is as follows.
If K is a H-simple left H-comodule algebra, then K°P is a left H*-module algebra and
therefore is a right H-comodule algebra. If V' # 0 is a right K-module, then the stabilizer
Stabgop(V) is a left H*-comodule algebra and the module category gia, op (V)M does not
depend on V. Therefore we have a map

KM — Stab gop (V)M

assigning module categories over Rep H to module categories over Rep(H™).

We begin by the following well-known Lemma. Recall that H* is a left H-module
algebra via —.

Lemma 3.8. There is a tensor equivalence Rep(H*) ~ p+«Rep Hy+.

Proof. We only sketch the proof. The functors F : Rep(H*) — g+Rep Hy+,
G : g+Rep Hy« — Rep(H*) are defined by G(V) = V7 = {v € V : h-v = e(h)v},
F(X)=X®H*" with the following structure. For all z € X, o, € H*,h € H

h-(z®@a) =a2®h —a, B-(z0a)=Pq) 20Ba, (z®a) f=r8af.

The next Proposition shows that there is a correspondence between module categories
over Rep H and Rep(H*). This result was first established by Ostrik for weak Hopf
algebras. See [02, Theorem 5.

Proposition 3.9. There is a bijective correspondence between equivalence classes of mod-
ule categories over Rep H and Rep(H*). Euxplicitly, if R is H-module algebra, then
Rep Hr — pg+Rep Hgr, where ® : Rep(H*) x g« Rep Hr — p+Rep Hp is given by
XV =F(X)®@p-V.

Proof. We know that the module category Vect ~ Rep Hy+. By Lemma 3.6 applied to
A = H*, we have (Rep H){/ect ~ (g+Rep Hy+)°P. Hence the application we are looking
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into is just the composition

mod Rep H mod (g-Rep Hp+)

Rem m 6 (2)

mod (Rep H)°

RepHRj\ m+Rep Hp
rRep H

combined with Lemma 3.8. O

The main result of this Subsection is an explicit description of this correspondence.

Theorem 3.10. The bijective correspondence between equivalence classes of exact module
categories over Rep H and Rep(H™*) settled in Proposition 3.9 coincides with the map

KM — stab op (V)M
K an H-simple left H-comodule algebra and V # 0 a right K-module.

In presence of Example 2.19, the Theorem “explains” the correspondence between
coideal subalgebras of H and H* described by Masuoka [M, 2.10 (iii)].

Proof. Let K be a H-simple left H-comodule algebra and let W be a left K-module. By
Corollary 3.2 there is an equivalence of module categories (F)c) : kM — Rep Hggap ()
We first claim that the functor F' induces an equivalence

(3.4) Rep(H™)gor =~ g+ Rep Hgtab (W)

of module categories over Rep(H™*). We first observe that indeed K°P is a left H*-module
algebra with left action given by a -z = <oz,5_1(x(_1))> T(g), for every a € H*, z € K.
Thus, we may consider the module category Rep(H™)gor over Rep(H*). Now, an object
M € Rep(H*)ger is a left K-module - : K®QM — M provided with a left H*-action
>: H*®@M — M such that

(3.5) a> (z-m) = (@), S (1)) z) - () >m)

Recall that H* is a left H-module via — and if M is a K-module then H*®QM € g M.
Step 1. The left action>: H*QM — M is a K-module map.

Proof. The map > : H*®@M — M is a K-module map if and only if

(3.6) k- (a>m) = (k1) — a)> (kg -m),
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for all « € H*,m € M,k € K. The right hand side equals to

= (o), k1)) aq)> (ko) - m)

= (), b(—2))(a2), S (k‘(—l))) k) - (a@y>m)
= (a(g),S_l(k(—1))k(—2)> k(o) - (oqy>m)
=k-(a>m).

The second equality follows from (3.5). O

Step 1 says that the map > : H*®M — M is in the category x M. Thus, applying the

functor F', we get the map F(H*®M) e F(M); we can consider the composition

O R,

-1
CH*

(3.7) H*®F (M) ——*, F(H*®M)

Step 2. Suppose M € Rep(H*)ger. Then

(1) The composition (3.7) is a left H*-action on F(M).
(2) F(M) is an object in g+ Rep Hsab, (w)-

Proof. (2) follows from (1), since the composition (3.7) is a morphism in Rep Hsap, . (w)-
Let us prove (1). The associativity of the action given by (3.7) is equivalent to

F() ¢t g (n®id pan) = F() et oy <1dH*®F( St M)

where p denotes the multiplication of H*. Since p : H*®H* — H* is a morphism in
Rep H the naturality of ¢ implies that

(3.8) (N®idF(M))CH*®H*,M =cH*.M F(ﬂ@idM).

Analogously, since >: H*®M — M is in g M the naturality of ¢ implies that

(3.9) (id g+ @F (>)) e meom = ca+m F(id g=@>).
Hence
F(>) ey (0®id pay) = F(0) F(p@id a) Cﬁ£®H*
= F(> (poid v)) ¢y H*®M(1d 1@ Cpp )
= F(o)F(id g-@p) ¢, g (1d H*® Cpp )
— F(5) et (d - ©F () (id - ® c57% 1)

The first equality by (3.8), the second by (1.11), the third because > is an action and the
last equality follows from (3.9). O

Step 3. Let X € Rep(H*), M € Rep(H*)gov. The map cx n : F(X®@M) - XQF(M)
is a morphism in g+ Rep Hggap o (w)- Here X is an H-module with trivial action.
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Proof. By definition the map cx as is a morphism in Rep Hgap, . (w)- Thus, we only must
show that cx ar is a morphism of H*-modules. This is equivalent to prove that

(3.10) exmF(O)cp xoum

= Ox@F(ea) et ) (id g @7@id pan) (A xgpan) (id #-©cx m).
Here, >x and >p; are the H*-actions on X, M respectively; 7 : H*®X — X®H™* is the
usual transposition; and 6 : H*@XQM — XQM is the left H*-action on X®M, that is
0 = (>x®py)(id g+@7®id pr) (A®id x®id ar). Let ¢ : H*®@X — X®H* be the morphism

of H-modules defined by ¢ = (id g+=®@p>x)(id g»@7p+x ) (A®id x ). By the naturality of ¢
implies that the diagram

id®cH*®X,M
_—

F(H*®X®M) H*@X®F (M)
(3.11) F(¢®id)l l¢®id
F(X@H*®M) ——— XQH*®F(M)

CXQH*,M

is commutative. Since the map >y : H* QM — M is a K-module map— Step 1- the
naturality of ¢ implies the commutativity of the diagram

F(X@H*®M) ="M, XoF(H*oM)
(3.12) F(id@w)l lid@F(bM)
F(X®M) ——  X@F(M).

CX %, M

Then, (3.10) equals to

(id x@F (>ar)c g pp) (¢®1d ) (id @cx,m)

(Car)cy
(id X®F<|>M)C;I£7M)(¢®id )CH*®X,MC;I£7X®M
(ear)ey:

(id x®F (0ar)eit pp)exon mF(6®id eyt xon
(id x®F (bar))ex, mrem F(¢@id )eit xon
ex M F(id @0 ) F(¢®id )t -

The second and the fourth equalities by (1.11), the third by (3.11) and the last by (3.12).
O

By Step 2 (2), the restriction F' : Rep(H")xor — g+ Rep Hggap () is well-defined. If
X € Rep(H*), M € Rep(H*)gor, then the map dx y : F(X®M) — (XQH*)Qpu-F (M)

CX,M

is defined as the composition F(X@M) —*— XQF(M) — (XQH*)®y-F(M). Here
X is considered as a trivial left H-module. Step 3 implies that dx s is a morphism in
m+ Rep Hggab(w)- This finishes the proof of (3.4). The Theorem now follows from the
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commutativity of the following diagram:

KM -~ o Rep HStabK(W) H* Rep HStabK (w)

Cor. 3.2 Prop. 3.9
N (3.4) l l

Stab sop (V)M 00:32 Rep(H™) gop
O
Corollary 3.11. Let K be a H-simple left H-comodule algebra. If V and W are left
K-modules then Stabg (V') and Stabg (W) are equivariant Morita equivalent. O
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