HOCHSCHILD HOMOLOGY OF HOPF ALGEBRAS AND FREE
YETTER-DRINFELD RESOLUTIONS OF THE COUNIT

JULIEN BICHON

ABSTRACT. We show that if A and H are Hopf algebras that have equivalent tensor categories of
comodules, then one can transport what we call a free Yetter-Drinfeld resolution of the counit
of A to the same kind of resolution for the counit of H, exhibiting in this way strong links
between the Hochschild homologies of A and H. This enables us to get a finite free resolution
of the counit of B(E), the Hopf algebra of the bilinear form associated to an invertible matrix E,
generalizing an earlier construction of Collins, Hartel and Thom in the orthogonal case E¥ = I,,.
It follows that B(E) is smooth of dimension 3 and satisfies Poincaré duality. Combining this
with results of Vergnioux, it also follows that when F is an antisymmetric matrix, the L2-Betti
numbers of the associated discrete quantum group all vanish. We also use our resolution to
compute the bialgebra cohomology of B(FE) in the cosemisimple case.

1. INTRODUCTION

Let n € N* and let A,(n) be the algebra (over the field of complex numbers) presented by
generators (u;j)1<i j<n and relations making the matrix v = (u;;) orthogonal. This is a Hopf
algebra, introduced by Dubois-Violette and Launer [15] and independently by Wang [45] in the
compact quantum group setting. The Hopf algebras A,(n) play an important role in quantum
group theory, since any finitely generated Hopf algebra of Kac type (the square of the antipode is
the identity), and in particular any semisimple Hopf algebra, is a quotient of one of these. They
have been studied from several perspectives, in particular from the (co)representation theory
viewpoint [1, 4, 7] and the probabilistic and operator algebraic viewpoint [2, 3, 41, 40, 44].

The homological study of A,(n) begins in [13], where Collins, Hértel and Thom define an
exact sequence of A,(n)-modules

0 = Ay(n) — My(Ap(n)) — Mn(Ay(n)) —s Ao(n) -5 C =0 (%)

thus yielding a resolution of the counit of A,(n) by free A,(n)-modules. From this exact
sequence, they deduce some important homological information on A,(n):

(1) Ay(n) is smooth of dimension 3,
(2) Ao(n) satisfies Poincaré duality,
(3) The L?-Betti numbers of A,(n) all vanish.

An inconvenient feature of [13] is that the verification of the exactness of * is a very long
computation involving tedious Grobner basis computations. It is the aim of the present paper
to propose a simpler and more conceptual proof of the exactness of the sequence %, together
with a generalization to a larger class of Hopf algebras.

Our starting point is the combination of the following two known facts.

(1) For g € C*, there exists a resolution of the counit of O(SL,(2)) having the same length
as the one of the sequence  (see e.g. [21]).

(2) For g satisfying ¢ +¢~! = —n, there exists an equivalence of tensor categories of comod-
ules MOBL(2) ~® AfA(n) (4],

Therefore, although one cannot expect that a tensor equivalence between categories of comod-
ules induces isomorphisms between Hochschild homologies, it is tempting to believe that it
is possible to use the above monoidal equivalence to transport a resolution of the counit of
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O(SL4(2)) by free modules having appropriate additional structures (in particular a comodule
structure) to get a resolution of the counit of A,(n) having the same length.

The appropriate structure we find is that of a free Yetter-Drinfeld module, see Section 3 for
the definition. These are Yetter-Drinfeld modules that are in particular free as modules. We
show that if A and H are Hopf algebras that have equivalent tensor categories of comodules,
then one can transport a free Yetter-Drinfeld resolution of the counit of A to the same kind of
resolution for the counit of H (with preservation of the length of the resolution).

Now let £ € GL,(C) with n > 2 and consider the algebra B(E) presented by generators
(uij)1<i,j<n and relations

EYWFEu=1I, =uEWE,

where v is the matrix (u;j)1<i j<n. The Hopf algebra B(E) was defined in [15], and corresponds
to the quantum symmetry group of the bilinear form associated to E. We have B(I,) = A,(n)

and O(SL,(2)) = B(E,), where
0 1
P ( —¢7' 0 )

We construct, for any £ € GL,(C), an exact sequence of B(E)-modules
0 — B(E) — My (B(E)) — Mn(B(E)) — B(E) = C =0 (xg)

See Section 5. For E = I,, the sequence is the one of Collins-Hértel-Thom in [13]. The
verification of exactness goes as follows.

(1) We endow each constituent of the sequence with a free Yetter-Drinfeld module structure.

(2) We use the previous construction to transport sequences of free Yetter-Drinfeld modules
to show that for E € GL,(C), F € GL,,,(C) with tr(E~1E?) = tr(F~'F!) and m,n > 2
(so that MBE) ~@ MBWE) [4])] the sequence xg is exact if and only if the sequence *p
is exact.

(3) We check that for any ¢ € C*, the sequence g, is exact (this is less than a one page
computation). Now for any E € GL,(C) with n > 2, we pick ¢ € C* such that
tr(E7'EY) = —g — ¢! = tr(E; 'E}), and we conclude from the previous item that xp
is exact.

Similarly as in [13], the exactness of the sequence xg has several interesting consequences. The
first one is that B(E) is smooth of dimension 3 for any E € GL,(C), n > 2 (recall [39] that an
algebra A is said to be smooth of dimension d if the A-bimodule A has a finite resolution of
length d by finitely generated projective A-bimodules, with d being the smallest possible length
for such a resolution).

The second consequence is that B(E) satisfies a Poincaré duality between its Hochschild
homology and cohomology. Since Van den Bergh’s seminal paper [39], Poincaré duality for
algebras has been the subject of many papers, in which the authors propose axioms that will
have Poincaré duality as a corollary, see e.g. [24] for a recent general and powerful framework.
Let us emphasize that the exact sequence xg enables us to establish Poincaré duality in a
straightforward manner, without having to check any condition such as the ones proposed in [9]
(where moreover noetherianity assumptions were done, while B(E) is not noetherian if n > 3).

A third consequence concerns bialgebra cohomology (Gerstenhaber-Schack cohomology [17,
18]), for which only very few full computations are known for non-commutative and non-
cocommutative Hopf algebras (see [37]). The fact that the exact sequence g consists of free
Yetter-Drinfeld modules enables us to compute the bialgebra cohomology of B(E) (and hence
in particular of O(SL4(2))) in the cosemisimple case.

The last consequence concerns L?-Betti numbers. Recall that the definition of L2-Betti
numbers for groups [29] can be generalized to discrete quantum groups (compact Hopf algebras
of Kac type) [25]. Combining the results in [13] with a result of Vergnioux [43] (vanishing of the
first Betti number of A,(n)), Collins, Hirtel and Thom have shown that the L2-Betti numbers
of A,(n) all vanish. Using similar arguments we show that the L?-Betti numbers of A,(.J,,,) all
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vanish, where J,,, is any anti-symmetric matrix. This completes the computation of the L2-Betti
numbers of all universal orthogonal discrete quantum groups of Kac type.

The paper is organized as follows. Section 2 is devoted to preliminaries. In Section 3 we
introduce free Yetter-Drinfeld modules and remark that the standard resolution of the counit of
a Hopf algebra is a free Yetter-Drinfeld resolution. In Section 4 we show how to transport free
Yetter Drinfeld resolutions for Hopf algebras having equivalent tensor categories of comodules.
In Section 5 we define and prove the exactness of the announced resolution of the counit of
B(E). Section 6 is devoted to the several applications we have already announced, and Section
7 consists of concluding remarks.

2. PRELIMINARIES

2.1. Notations and conventions. We assume that the base field is C, the field of complex
numbers (although our results, except in Subsection 6.4, do not depend on the base field). All
the algebras are assumed to be unital. We assume that the reader is familiar with the theory
of Hopf algebras and their tensor categories of comodules, as e.g. explained in [22, 23, 30]. If
A is a Hopf algebra, as usual, A, € and S stand respectively for the comultiplication, counit
and antipode of A. We use Sweedler’s notations in the standard way. The category of right
A-comodules is denoted MA. If M is an A-bimodule, then H.(A, M) and H*(A, M) denote
the respective Hochschild homology and cohomology groups of A (with coefficients in M).

2.2. Hochschild homology of Hopf algebras and resolutions of the counit. In this
section we recall how the Hochschild homology and cohomology of a Hopf algebra A can be
described by using suitable Tor and Ext groups on the category of left or right A-modules and
resolutions of the counit. This has been discussed under various forms in several papers (see
[16], [19], [21], [9], [13]) and probably has its origins in [12], Section 6 of chapter X.

Proposition 2.1. Let A be a Hopf algebra and let M be an A-bimodule. Define a left A-module
structure on M and a right A-module structure on M by

a—x=apg - v-S(aq)), T a=S(an) - ay)

and denote by M’ and M" the respective corresponding left A-module and right A-module. Then
for all n € N there exist isomorphisms of vector spaces

H, (A, M) ~ Tor(C.,M"), H"(A, M)~ Ext"(C., M")

The previous Ext-groups are those in the category of right A-modules. In lack of a reference
that would give exactly the isomorphisms of Proposition 2.1, we provide an explicit proof, which
is the object of the rest of the subsection. Writing down the proof also gives us the opportunity
to review the material involved in the statement of the proposition ([46]).

Proof. Let (A, €) be an augmented algebra, i.e. A is an algebra and ¢ : A — C is an algebra
map that we call the counit of A. We view C as a right A-module via ¢ and we denote by C.
this right A-module. Recall that the standard resolution of C. (the standard resolution of the
counit) is given by the complex of free right A-modules

e AL A AR A—A—0
where each differential is given by

A®n+l .y A®n
n .
@ @ a1 — (1) @ @ anp + Y (-1)/a1 @ ®aiaip © - @ appa
i=1

Given a left A-module M’, the vector spaces Tor*A((Cg, M') are given by the homology of the
complex obtained by tensoring any projective resolution of C. by — ® 4 M’. Thus using the
3



standard resolution of the counit, after suitable identifications, we see that the vector spaces
Torf((Ca, M) are given by the homology of the following complex

s Ao M L At Y S A M S M — 0

where the differential d : A®" @ M’ —s A®"~1 @ M’ is given by

n—1
da)®- ®a, @) =e(a1)a2® - ®an @z + Y (~1)'a1® - Qa1 @ Va, @
i=1
+(-1D)"a1 ® - @ap_1 Da,-x
Recall now that if A is an algebra and M is an A-bimodule, the Hochschild homology groups
H,.(A, M) are the homology groups of the complex

s MR AP Y et Y et 0

where the differential b: M @ A®" — M ® A®"~! is given by
n—1
br®ar ®- - ® ap) :x'a]_@“’@(ln—l—z:(—l)ix@al®---®aiai+1®...®an
=1

+(—D"ap - z2®a1 @ @ ap_1
Assume now that A is a Hopf algebra and let M be an A-bimodule. Consider the linear map
0: M@ A®" — A®" @ M’

TR @ @an > a2 @ @ ape) @T - (ayry e n(1))
It is straightforward to see that € is an isomorphism with inverse given by

071 A @ M — M ® A®"

a1 @ @ap @2 S(a1) - ap(1)) @ (A12) @ @+ ap(2))

and that dof = fob. Hence 6 induces an isomorphism between the complexes defining H, (A, M)
and Tor?(C., M’) and we get the first isomorphism H, (A, M) ~ Tor2(C., M’).

For the second isomorphism in Proposition 2.1, let us come back to the situation of an
augmented algebra (A,¢). Given a right A-module M”, the vector spaces Ext’(C., M") are
given by the cohomology of the complex obtained by applying the functor Homy(—, M”) to
any projective resolution of C.. Thus, using the standard resolution of the counit, we see that
after suitable identifications, the vector spaces Ext’ (C., M") are given by the cohomology of
the following complex

0 — Hom(C, M") 2, Hom(A, M") 2, Hom(A®™, M") 2, Hom (A®" 1 M™) 2,

where the differential 9 : Hom(A®", M") — Hom(A®" ! M") is given by
n

) a1 @+ ®ant1) =e(a1)flaz © - @ aps1) + ) (1) f(a1 © -+ ® 4jai11 @ -+ @ apy1)

i=1
+ (_1)n+1f(a1 K- an) s Op+1

If A is an algebra and M is an A-bimodule, the Hochschild cohomology groups H*(A, M) are
the cohomology groups of the complex

0 —» Hom(C, M) - Hom(A, M) -2 -« 5 Hom(A®", M) —%5 Hom(A®"+!, M) -2 ...

where the differential 6 : Hom(A®", M) — Hom(A®"*1 M) is given by

S(Nar1® - @apy1) =a1- flag®@ -+ @ang1) + > (1) fla1 ® -+ ® aiaip1 @+ ® any1)
i=1

+ (=) a1 @ ®an) - ansr
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Assume now that A is a Hopf algebra and let M be an A-bimodule. Consider the linear map
9 : Hom(A®™ M) — Hom(A®™, M")
frafo flan®- - ®ay) = S(ayy - an)) fayz) @+ @ an(2))

It is easy to see that ¢ is an isomorphism and that 0 o9 = ¥ o §. Hence ¥ induces an iso-
morphism between the complexes defining H*(A4, M) and Ext% (C., M") and we get the second
isomorphism H*(A, M) ~ Ext% (C., M"). O

2.3. The Hopf algebra B(E). Let E € GL,(C). Recall that the algebra B(E) [15] is presented
by generators (ui;)i<i j<n and relations

EY%W'FEu=1I,=uE"WE,

where u is the matrix (uz‘j)lgi,jgn- It has a Hopf algebra structure defined by
n
A(uw) = Zqu & Ukyj, €(u7;j) = (52']', S(u) = EilutE
k=1

For the matrix £, € GL2(C) in the introduction, we have B(E;) = O(SLy(2)), and thus the
Hopf algebras B(E) are generalizations of O(SL,(2)). It is shown in [4] that the isomorphism
class of the Hopf algebra B(F) only depends on the bilinear form associated to the matrix F,

and that for ¢ € C* satisfying tr(E~'E!) = —¢ — ¢~!, the tensor categories of comodules over
B(E) and O(SL4(2)) are equivalent.
The fundamental n-dimensional B(E)-comodule is denoted by Vg: it has a basis e’ ..., eZ

and right coaction a : Vg — Vg ® B(E) defined by a(ef) = Y-7_; ef ® ug;. For future use, we
record that the following linear maps

6:C— Vg Vg, 0: Ve — Vg
n n

1— Y Ej'ef ®el, ef — > Eyep”
ig=1 k=1

are morphisms of B(E)-comodules (where E~! = (E;l) and {eF*} is the dual basis of {eF}).
We now define some maps that will be used in Section 6.

(1) The sovereign character of B(E) is the algebra map ¢ : B(E) — C defined by ®(u) =
E-1E!. Tt satisfies 5% = ® xid @~ 1.

(2) The modular automorphism of B(E) is the algebra automorphism o of B(E) defined by
o(u) = ET'EluE~1E! ie. o0 = ®xid * .

(3) We denote by 6 is the algebra anti-automorphism of B(F) defined by § = S ® x ®, i.e.
O(u) = S(u)E"*E'E-'E!. We have Sof = o.

3. FREE YETTER-DRINFELD MODULES

In this section we introduce the concept of free Yetter-Drinfeld module, which will be essential
for our purpose. We begin by recalling the basics on Yetter-Drinfeld modules.

Let A be a Hopf algebra. Recall that a (right-right) Yetter-Drinfeld module over A is a right
A-comodule and right A-module V satisfying the condition, Yv € V| Va € A,

(v 4= a)o) @ (v 4= a)q) = v() < ag) ® S(a))vayas)

The category of Yetter-Drinfeld modules over A is denoted J)Dﬁ: the morphisms are the A-
linear A-colinear maps. Endowed with the usual tensor product of modules and comodules, it
is a tensor category.

An important example of Yetter-Drinfeld module is the right coadjoint Yetter-Drinfeld mod-
ule Acoaq: as a right A-module A.ynq = A and the right A-comodule structure is defined by

ad,(a) = ag) ® S(aq))as),Va € A
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The following result, which will be of vital importance for us, generalizes the construction of
the right coadjoint comodule.

Proposition 3.1. Let A be a Hopf algebra and let V be a right A-comodule. Endow V ® A with
the right A-module structure defined by multiplication on the right. Then the linear map

VRA—VRARA
V& a— vy @ apg) @ S(a(l))v(l)a(g)
endows V @ A with a right A-comodule structure, and with a Yetter-Drinfeld module structure.

We denote by V K A the resulting Yetter-Drinfeld module, and this construction produces a
functor

L:M* — yD4
Vi— VKA

Proof. This is a direct verification. O
Note that when V = C is the trivial comodule, then CX A = A.gaq-

Definition 3.2. Let A be a Hopf algebra. A Yetter-Drinfeld module over A is said to be free if
it is isomorphic to VX A for some right A-comodule V.

Of course a free Yetter-Drinfeld is free as a right A-module. The terminology is further
justified by the following result.

Proposition 3.3. Let A be a Hopf algebra. The functor L = — X A : M4 — yDﬁ is left
adjoint to the forgetful functor R : yDﬁ — MA. In particular if P is a projective object in
MA | then L(P) is a projective object in yDﬁ.

Proof. Let V € M4 and X € YD4. Tt is a direct verification to check that we have a natural
isomorphism

Hom ya(V, R(X)) — Homy,pa (VKA X)

fraf, foga) = f(v) < a

and thus L = — X A is left adjoint to the forgetful functor R. The last assertion is a standard
fact, see e.g. [46], Proposition 2.3.10. O

A left-right version of Proposition 3.3 was given in [10], Corollary 2.8. More generally, it is
worth to note that the existence of a left adjoint functor to the forgetful functor R : YD4 —
M4 follows from the general situations studied in [11].

Recall [27] that the category M# of right A-comodules has enough projectives if and only if
A is co-Frobenius (A is said to be co-Frobenius is there exists a non-zero right A-colinear map
A—C).

Corollary 3.4. Let A be a co-Frobenius Hopf algebra. Then the category yDﬁ has enough
projective objects.

Proof. Let V € yDﬁ and let P be a projective object in M4 with an epimorphism f : P —
R(V). We have a surjective morphism of Yetter-Drinfeld modules

L(P)=PRA -V
r®a— (f(x) « a)

with L(P) projective, and we are done. O

Notice that when A is a projective generator in M4 (A is then said to be quasi-co-Frobenius)

then AKX A is a projective generator of ny;‘, by Corollary 2.10 in [10].
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Definition 3.5. Let A be a Hopf algebra and let M € yDﬁ. A free Yetter-Drinfeld resolution
of M consists of a complex of free Yetter-Drinfeld modules

P=---PhWw—>FP—> - —P—=FP—=0

for which there exists a Yetter-Drinfeld module map € : Py — M such that
iPpy1 Py PPy S M0

is an exact sequence.

In particular, a free Yetter-Drinfeld resolution of M is a resolution of M (as a right A-
module) by free A-modules. A basic motivation for considering this special kind of resolutions
comes from the fact that the standard resolution of the counit is in fact a free Yetter-Drinfeld
resolution. Before making this statement precise, we need the following construction.

For any n € N, we define the comodule A%" as follows:

A = C, A = CRA = Apq, A=A KA, ... AR+ — A¥n o4

It is straighforward to check that after the obvious vector space identification of A®" with A®™,
the right A-module structure of A®" is given by right multiplication and its comodule structure
is given by

ad™ : A¥ 5 A® @ A
a1 @ @ ap —> a12) @ - D Apz) @ S(al(l) o an(l))al(g) el (3)

Proposition 3.6. Let A be Hopf algebra. The standard resolution of the counit of A is a
resolution of C by free Yetter-Drinfeld modules.

Proof. Tt is a direct verification to check that for any n > 0, the map

AlZI(n+1) N AEn
n .
0@ Qa1 — (1) @ Qaner + Y (—1)'a1 @ ®aiain @ - @ apg
1=1

is a morphism of Yetter-Drinfeld modules. This gives the result since the Yetter-Drinfeld mod-
ules A¥(+1) are free by construction. O

We close the section by recording the following elementary result, to be used in Section 5.
The proof is left to the reader.

Lemma 3.7. Let A be a Hopf algebra, let V' be finite-dimensional A-comodule with coaction
a:V = V®A, with basis ey, ..., e,, and let (u;j) € M, (A) be such that a(e;) =Y ) er @ up;.
The linear maps
(I)%/:V*®V_>(C®A:Acoad
6: & ej — Ujj;

LV RVeVeV — (VeV)RA
e;®e; Ve ®e — e ® ey @ uy

are A-colinear.

4. EQUIVALENCES BETWEEN TENSOR CATEGORIES OF COMODULES

In this section we present the technical core of the paper: the fact that if A and H are Hopf
algebras that have equivalent tensor categories of comodules, then one can transport a free
Yetter-Drinfeld resolution of the counit of A to the same kind of resolution for the counit of H
(with preservation of the length of the resolution). The precise result is as follows.
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Theorem 4.1. Let A and H be some Hopf algebras. Assume that there exists an equivalence
of linear tensor categories © : MA ~@ M. Then © induces an equivalence of linear tensor
categories © : yDﬁ ~® yDg together with, for all V € MA, natural isomorphisms

O(VRA) ~O(V)RH
The functor O associates to any free Yetter-Drinfeld resolution of the counit of A
VXA: - V1 KAV, KA - - > VjKA—=0
a free Yetter-Drinfeld resolution of the counit of H
OV)XH: -0V 1) ¥XH—-0(V,)XH —--- - 0(V)) XKH =0

Proof. Let Ry : yDﬁ — M4 and Ry : ypg — M be the respective forgetful functors
with their respective left adjoint Ly : M4 — yDﬁ and Ly : M7 — yDg. The description
of yDﬁ as the weak center of the monoidal category M 4 (this is stated in [34], Appendix, the
proof is similar to the one given in [22] for modules over a finite-dimensional Hopf algebra)
ensures the existence of an equivalence of linear tensor categories 0 : VD4 ~ yDg such that
RH@ ~ OR4 as functors. Denote by ©~! a quasi-inverse of ©. Then we have, for any U € M
and X € yDg, natural isomorphisms

~

Homy,pin (OLAO ™ (U), X) = Homy,pa (LA~ (U), 67 (X))
~ Hom 4 (071 (U), RAO (X))
~ Hom 4 (071 (U),0 'Ry (X))
~ Hom u (U, Ry (X))

The uniqueness of adjoint functors ensures that oL 4071 ~ Ly, so that oL A~ LyO, as
required. The last assertion is then immediate. O

In the next section, in order to transport an explicit resolution, we will need to know the
explicit form of a tensor equivalence © : M4 ~® MH and of the associated tensor equivalence
O:YD4 ~ ypg (whose description will be independent from the description of the category
of Yetter-Drinfeld module as a monoidal center).

It was shown by Schauenburg [33] that equivalences of linear tensor categories MA ~® MH
always arise from Hopf A-H-bi-Galois objects. The axioms of Hopf bi-Galois objects were
symmetrized [5, 20], leading to the use of the language of cogroupoids [6], that we now recall.

First recall that a cocategory (of algebras over C) C consists of:

e a set of objects ob(C).
e For any X,Y € ob(C), an algebra C(X,Y).
e For any XY, Z € ob(C), algebra morphisms

(c
A%y 1 C(X,Y) —C(X,Z)®C(Z,Y) and ex:C(X,X)—C

such that some natural coassociativity and counit diagrams, dual to the usual associativity and
unit diagrams in a category, commute. In particular C(X, X) is a bialgebra for any object X.
A cogroupoid C consists of a cocategory C together with, for any X,Y € ob(C), linear maps

SX,Y :C(X,Y) — C(Y,X)

such that natural diagrams (dual to the invertibility diagrams in a groupoid) commute. In
particular C(X, X) is a Hopf algebra for any object X. A cogroupoid is said to be connected if
for any X,Y € ob(C), the algebra C(X,Y") is non-zero.

The following theorem is the cogroupoid reformulation of Schauenburg’s results in [33], see

[6].
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Theorem 4.2. Let C be a connected cogroupoid. Then for any X,Y € ob(C) we have linear
equivalences of tensor categories that are inverse of each other

MEXX) @ A YY) MEY) 1® AfCX.X)
Vi— Vmc(x’x)C(X, Y) V— VD(;(Y’y)C(Y, X)

Conversely, if A and H are Hopf algebras such that MA ~® MH | then there exists a connected
cogroupoid with 2 objects X, Y such that A=C(X,X) and B=C(Y,Y).

Here the symbol [ stands for the cotensor product of a right comodule by a left comodule,
see e.g. [30].

In order to extend the previous monoidal equivalences to categories of Yetter-Drinfeld mod-
ules, let us now recall Sweedler’s notation for cocategories and cogroupoids. Let C be a cocate-
gory. For a®Y € C(X,Y), we write

Z XY XZ zZY
Axy(a™") = a3y ®ap,
The cocategory axioms are
T Z XY XT o TZ zZy Z T XY
(Ax z®1) 0 Axy(a™") = afy) ®ap) @ay = (1@ A7y)oAxy(a™")

XY YY) XY

ex(aiy Jay =a™" =ev(agy Jajy

and the additional cogroupoid axioms are

XX)

Sxﬁy(aﬁf)aéf =ex(a™)l = aﬁ?Sy,X (aéif)

The following result is Proposition 6.2 in [6].

Proposition 4.3. Let C be cogroupoid, let X,Y € ob(C) and let V' be a right C(X, X)-module.
(1) V®C(X,Y) has a right C(Y,Y)-module structure defined by

(0@ aXY) e BYY =0 bEX © Syx (B )aXY B

Endowed with the right C(Y,Y')-comodule defined by 1® A?w V®C(X,Y) is a Yetter-
Drinfeld module over C(Y,Y).

(2) If moreover V is Yetter-Drinfeld module, then VUex x)C(X,Y) is Yetter-Drinfeld sub-
module of V®C(X,Y).

We now can write down the explicit form of the tensor equivalence between categories of
Yetter-Drinfeld modules induced by a tensor equivalence between categories of comodules.
Theorem 4.4. Let C be connected cogroupoid. Then for any X,Y € ob(C), the functor

C(X,X) cyY)
YDex'x)y = YPevy)

Vi— VOex,x)C(X,Y)
15 an equivalence of linear tensor categories. Moreover we have natural isomorphisms
(VDC(XX)C(X, Y)) XC(Y,Y) — (VRC(X, X)) Oex,x)C(X,Y)
v@a® @b — 0 @by © Sy x (b )a™ by
Proof. The fact that this indeed defines an equivalence of tensor categories is proved in [6],
Theorem 6.3. The announced natural isomorphism is the one induced by the uniqueness of

adjoint functors as in the proof of Theorem 4.1. For the reader’s convenience, let us write down
explicitely the inverse isomorphism. Let
§v 1 (VRC(X, X)) Oex,x)C(X,Y) —
(VOe(x,x)C(X,Y)) KC(Y,Y)) Oeryyy (C(Y, X)De(x,x)C(X,Y))
v®aX* @b — v @ o}y @ al) ® Sxy(a(y) ol agy @B
9



The explicit inverse of the morphism in the statement is then (id ® (ey f))&y, where f is the
inverse isomorphism to Ay : C(Y,Y) — C(Y, X)Oe(x,x)C(X,Y), see the proof of Lemma 2.14
in [6]. O
We end the section by recalling that B(FE) is part of a cogroupoid. Let E € GL,,(C) and let
F € GL,(C). Recall [4] that the algebra B(E, F') is the universal algebra with generators w;;,
1 <i<m,1 < j <n, satisfying the relations
FY%WEu=1,:; uFWE-=1I,.

Of course the generator u;; in B(E, F') is denoted ugF to express the dependence on E and F,
when needed. It is clear that B(E, E) = B(E).

We get a cogroupoid B whose objects are the invertible matrices E € GL,(C), where the
algebras B(E, F') are the ones just defined and where the structural morphisms are the algebra
maps defined as follows

A% B(E, F) — B(E,G) ® B(G, F)

quk ®uk1

Sp.r:B(E,F) — B(F,E)®
ur— E7WWF
and where g is the counit of B(E).
When B(E, F) # 0 (i.e. when tr(E~'E!) = tr(F~'F!) and the matrices F, F have size > 2,
see [4]), we know, by Theorem 4.2 and Theorem 4.4, that the cotensor product by B(E, F)
induces equivalences of tensor categories

MEE) 28 pEE) | ypBE) o ypBH)

The following B(F)-comodule isomorphisms will be used in the next section.

Ve — VEDB(E)B(E F), Vi; QR Vp — (VE* ®VE)DB(E)B(E F)
€; '—>Z€k®uk1 , ef*@ef»—)Ze ®ef @ Spp(u FE)ugF
% Tl

5. A RESOLUTION OF THE COUNIT FOR B(E)

In this section we write down the announced resolution xg for the counit of B(E).

5.1. The resolution.

Theorem 5.1. Let E € GL,,(C), n > 2, and let Vg be the fundamental n-dimensional B(E)-
comodule. There exists an exact sequence of Yetter-Drinfeld modules over B(E)

0 — CRB(E) 2 (Vi@ Vi) RB(E) 22 (Vi @ Vi) RB(E) 25 CRB(E) — C — 0
which thus yields a free Yetter-Drinfeld resolution of the counit of B(E).
Of course the first thing to do is to define the maps ¢1, ¢, ¢3 in Theorem 5.1.

Definition 5.2. Let e{E, O s 5 be the canonical basis of Viz. The linear maps 1, ¢o, ¢3 in
Theorem 5.1 are defined as follows.

¢1: CRB(E) — (Vi ® Vp) K B(E)
=Y e @el @ (B'E™")y — (Bu(E") )y) «
i
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p2: (Vp® VE) XB(E) — (Vi ® V) X B(E)

®e @z — ef *®e; ®x—|—2€k @ef @ (u(BY) VB
el

¢3: (Vp@Vy)XB(E) — CX B(FE)
6ZE*®€]E®-@'—>(UZJ 52])
When E = I,,, the maps ¢1, ¢2, ¢3 are those defined in [13].

5.2. Proof of Theorem 5.1.
Lemma 5.3. The maps ¢1, ¢2, ¢z in Theorem 5.1 are morphisms of Yetter-Drinfeld modules.

Proof. This can be checked directly, but for future use we describe ¢1, @2, ¢3 as linear com-
bination of maps that are known to be morphisms of Yetter-Drinfeld modules. Let ¢}, ¢} be
defined by the following compositions of B(E)-colinear maps

¢ CA VeV 25 Vi Ve Y (Vi @ V) K B(E)

1 Vo Ve Ve o Ve P V0 Vi 0 Ve 0 Vi 5 (Vi @ Vi) BB(E)
where u is the unit map C < B(E), the maps ¢, § were defined in Section 2 and ®%, was defined
in Lemma 3.7. We have ¢; = (5’1 — qg’l’ (where the notation ~has the same meaning as in the
proof of Proposition 3.3) hence ¢; is a Yetter-Drinfeld map. Define now ¢/ by the composition
of the following colinear maps

SV Ve L Ve Ve Ve Ve o5 VE®VE®VE®VE—>(VE®VE)@B( )

We have ¢9 = id + q5’2, hence ¢9 is a Yetter-Drinfeld map. Finally we have ¢3 = CD%/ - qﬁg,
where ¢4 is the evaluation map Vj}; ® Vg — C — C X B(E), and hence ¢3 is also a morphism
of Yetter-Drinfeld modules. U

Lemma 5.4. The sequence in Theorem 5.1 is a complex.

Proof. Tt is straighforward to check that eo¢3 = 0 and that ¢30¢ps = 0. The identity gpao¢; =0
follows from the observation that qb’ qS’ qﬁ” and qb’ d)” gzﬁ/ O

Lemma 5.5. Let E € GL,,(C), F € GL,,,(C) with m,n > 2 and tr(E~'E") = tr(F~1F'). Then
the sequence in Theorem 5.1 is exact for B(E) if and only if it is exact for B(F).

Proof. We know from [4] and Theorems 4.1 and 4.4 that we have an equivalence of tensor

categories ypggg ~® yDgEg that preserves freeness of Yetter-Drinfeld modules. Let us check
that this tensor equivalence transforms the complex of Yetter-Drinfeld modules of Theorem 5.1
for B(E) into the complex of Yetter-Drinfeld modules of Theorem 5.1 for B(F'). First consider

the following diagram.

o

C X B(F) (Vi ® Vi) R B(F)

| |

(COp(r)B(E, F)) R B(F) (Vi ® Ve)Opr)B(E, F)) K B(F)

- l

(CRB(E)) Up(g)B(E, F) — (Vi @ Vi) R B(E)) Op ) B(E, F)

The first vertical arrow on the left is given by the identification C ~ COpg)B(E, F') (this

identification follows from the fact that B(E, F') is a left B(F)-Galois object) and the second
11



one is that of Theorem 4.4 for the trivial comodule C. So the composition of the vertical arrows
on the left is

62" — 288 © Sepal ol

The first vertical arrow on the right is the one given at the end of Section 4, while the second
one is that of Theorem 4.4 for the comodule V; ® Vg. So the composition of the vertical arrows
on the right is

(Vp @ Vp) WB(F) — (Vg ® Ve) B B(E)) Up(g)B(E, F)
FE) EF_EF

ef*@ef@a:FF %ZekE*®6F®$g§®SFE(:C5')E)SFE(uik up; )
k.l

The vertical arrows are compositions of isomorphisms so are isomorphisms. It is a direct verifica-
tion to check that the previous diagram is commutative. Similarly one checks the commutativity
of the following diagrams.

o

(Vi@ Vi) X B(F) (Vi@ Vi) XB(F)

| |

(Vg ® Ve)Oge)B(E, F)) K B(F) (Vi ® Ve)Opr)B(E, F)) KR B(F)

J’ #F®id l

(Vg @ Vi) R B(E)) Ope) B(E, F) — (Vg @ Vi) W B(E)) Up(e)B(E, F)

oF

(Vi ® Vi) R B(F) CX B(F)

| |

(Vi ® Ve)Opr)B(E, F)) K B(F) (COp(r)B(E, F)) K B(F)

l #F@id l

(Vg © Ve) K B(E)) Ope)B(E, F) — (CR B(E)) Up k) B(E, F)

CX B(F) J C

|

(COpr)B(E, F)) R B(F)

J/ e®id

(CXB(E))Opr)B(E, F) — COgg)B(E, F)

The vertical isomorphims are those previously defined. Thus we conclude that the complex in
Theorem 5.1 is exact for B(E) if and only if it is exact for B(F'). O

Lemma 5.6. Let ¢ € C*. The sequence of Theorem 5.1 is exact when E = Fj.

Proof. Put A = B(E,;) = O(SL4(2)). As usual we put a = u11, b = uj2, ¢ = ug1, d = ug. We
will frequently use the well-known fact that A and its quotients A/(b), A/(c) and A/(b,c) are
12



integral domains, see e.g. [8], I.1. For x € A, we have

P1(z) =€ @e1@((—¢ 4+ qd)z) + el Qe ® (—cx) + €5 ® €1 @ (—bx) + €5 R ea @ ((—q + ¢ 'a)z)

P(el@er®@r)=el®e1@r+e;Re; ®(—gbx) + €5 ® e ® ax
Pr(ef e @x) =€l ®ey@br+ef ey ®(1—q ta)x
P2(e3®e1@x) =e;3®e ® (1 —qd)zr+e3®ex ® cx

po(esRea®r) =i Rer @dr+ef Rea® (—q Ter) +elRea@a

d3(e]®er@x)=(a— 1)z, ¢3(e] ®ex®x) = bz,

P33 @e1 @) =cx, P3(ez®ea @)= (d— 1)z
The injectivity of ¢ follows from the fact that A is an integral domain and the surjectivity of
¢3 is easy (and well-known). Let X =}, . e; ® e; ® z;; € Ker(¢s). We have

X+ ¢o(—€el®e1 ®@w11) = €] ®ea @12+ €5 ® e1 @ (gbr11 + 21) + €5 ® ea ® (—awyy + T22)
and hence to show that X € Im(¢3), we can assume that z;; = 0. We have

bxia + cxor + (d — 1)xee =0
which gives (d — 1)za2 = 0 in the integral domain A/(b,c) and thus x9e = ba + ¢f for some
a, 8 € A. Then we have
X+pe]®ea®@qda—e50e1 Q0 —esRea®@ba) =e]Res@r+es30e Qy

for some z,y € A, and hence we also can assume that x99 = 0. Then we have bz + cxo; = 0,
which gives bx12 = 0 in the integral domain A/(c), and hence z12 = ca for some a € A, and
moreover 91 = —ba. Then we have

po(g lef @ @ate@e®@ca—q ley®es®aa) =X
and we conclude that Ker(¢s) = Im(¢p2).
Let X =3, el ®e; @ w5 € Ker(¢o). Then —gbx11 + (1 — gd)zo1 = 0, hence (1 — gd)x21 =0
in the integral domain A/(b) and hence x2; = ba for some o € A. Hence
X+1(a) =ef@er1@ (2114 (¢~ +qd)a) + €} ®ea® (w12 — ca) + €3 ®ea @ (w22 + (—q+q ' a)a)

and we can assume that xo; = 0. But then, using the fact that A is an integral domain, we see
that X = 0 since X € Ker(¢2). We conclude that Ker(¢s) = Im(¢1). O

We are now ready to prove Theorem 5.1. Let E € GL,(C), n > 2, and let ¢ € C* be such
that tr(E~'E!) = —q—q¢ ! = tr(Eq_lEé). Lemma 5.5 and Lemma 5.6 combined together yield
that the sequence in Theorem 5.1 is exact.

6. APPLICATIONS
In this section we present several applications of the resolution built in the previous section.
6.1. Smoothness and Poincaré duality.

Theorem 6.1. Let E € GL,,(C) with n > 2. The algebra B(E) is smooth of dimension 3. In
particular Hy,(B(E), M) = (0) = H"(B(E), M) for any B(E)-bimodule M and any n > 4.

Proof. Put A = B(E), and consider the algebra map A’ : A — A° = A® AP, a — aq) ®
S‘l(a(z)). It induces an exact functor My — Mye, M —— M ®4 A€ that sends free A-
modules to free A°-modules and the trivial module C. to the trivial bimodule A (since A° is
free for the left A-module structure induced by A’; see e.g. Subsection 2.2 in [9]). Thus A has
a length 3 resolution by finitely generated free A®-modules and is smooth of dimension d < 3.
Moreover using Proposition 2.1 and Theorem 5.1, we see that Hs(B(E),sCg-1) ~ C (see more
generally the next subsection), so the resolution in Theorem 5.1 has minimal length and we
conclude that A is smooth of dimension 3. O

We now show that Poincaré duality holds for the algebras B(E).
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Proposition 6.2. Let M be a right B(E)-module. Then for any n € {0,1,2,3} we have
isomorphisms

Ext%(E)((CE,M) ~ Torfﬁi) (Ce, M)

where 6 is the algebra anti-automorphism of B(E) defined by 0(u) = S(u)E~'E'E-'E! and
where ¢M has the left B(E)-module structure given by a -z := x - 6(a).

Proof. After applying the functor Hom4(—, M) to the resolution of Theorem 5.1 and standard
identifications, the complex to compute the Ext-groups on the left becomes
¢4 ) ¢
0-M-—=3VQQVIM —=V*VeM—M—0
where V = Vg and with
$h(x) = e ®e; @ (uj — 5ji)

1,7
Phiel ®e; @) =¢f ®e; @+ Z er®e @z ((u(E) ), Ex))
k.l
¢i(ef @ej@a) =z ((B'E™")ji — (Bu(E") ™))
Consider now the isomorphisms ¢ : M — A®4 (M), x — 1 ®4 x, and

[VQVOM -V QVRA®R4s (M), 0Qv@xr—¢® folv) @1 @4

where fj is the automorphism of V whose matrix in the canonical basis is (EY)"'E. The
following diagrams commute
%5 5 91
0 M V*eVeM V*eVeM M 0

} ) ) }

OH‘A(@A(GM)@;dV*(@V@A@A(GM)MV*(@V@A@A(BM)¢M1'A®A(GM)*>O

and hence since the homology of the lower complex gives the Tor-groups in the proposition, we
get the result. O

Corollary 6.3. Let M be a B(E)-bimodule. Then for anyn € {0,1,2,3} we have isomorphisms
H(B(E), M) ~ Hy_o(B(E), M)

where o is the modular automorphism of B(E) given by o(u) = E-'EtuE~1E".

Proof. We know for Proposition 2.1 that

H3_n(B(E), ,M) = Tory ") (C., (,M))

—-n

where the left B(E)-module structure on (,M)" is given by a — 2 = o(a(z)) - 2 - S(a(yy). On the
other hand we have by Proposition 2.1 and Proposition 6.2,

H"(B(E), M) ~ Ext}y 5, (Cz, M") ~ Tor") (C., d(M"))

The left B(E)-module structure on ¢(M") is given by
a~x=x<+0(a)=S0(a)q) z0(a)q)
= S0(a(z)) -z - S(ap)) = olaw)) - =- S(aq))
=a—x

We conclude that ¢ M") = (,M)" and we have our result. O

See [9] for more examples of (noetherian) Hopf algebras satisfying Poincaré duality.
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6.2. Some homology computations. In this short subsection we record the computation of
the Hochschild homology of B(E) when the bimodule of coefficients has dimension 1 as a vector
space.

Proposition 6.4. Let o, 8 € Home_a4(B(E),C). Put v = B~ %, where B~1 = B0 8 is the
convolution inverse of 3. Then

0 ifa#Bxd?
C ifa=p*xd?

0 ifa#p

o el ). M:{

Ho(B(E), oCs) ~ {

 AM € My(C) | tr(Mr(u)") = tr(M)}

Hy(B(E), Cp) ~ (M + E'Miy(u)(EY) L, M € My,(k)}

M € M, (C), M + E*M'~(u)(EH)"1 =0
HQ(B(E), ozcﬂ): {* n( )t — 7( )( 371 }
(A6 @e @ (B'E™Y)ij — (Ey(u)(EY)™1)i)), A € C}
The proof is a direct computation by using Proposition 2.1 and Theorem 5.1. The computa-
tion of the cohomology groups follows by using Poincaré duality.

6.3. Bialgebra cohomology of B(E). The cohomology of a bialgebra was introduced by
Gerstenhaber and Schack [18, 17]: it is defined by means of an explicit bicomplex whose arrows
are modelled on the Hochschild complex of the underlying algebra and columns are modelled
on the Cartier complex of the underlying coalgebra. If A is a Hopf algebra, let us denote by
H{(A) the resulting cohomology. Taillefer [36] proved that

Hy (A) 2 Extly 1) (A, A)

where M(A) is the category of Hopf bimodules over A. Combined with the monoidal equivalence
between Hopf bimodules and Yetter-Drinfeld modules [32], this yields an isomorphism
Hy(A) = Ext;pﬁ((C, C)

Bialgebra cohomology of algebras of polynomial functions on linear algebraic groups was studied
by Parshall and Wang [31], with a complete description in the connected reductive case. It
seems that only very few full computations of H;(A) are known in the non-commutative non-
cocommutative case, see [37] and the references therein. The following result gives in particular
the description of the bialgebra cohomology of O(SL,(2)) for ¢ generic, i.e. ¢ = £1 or ¢ not a
root of unity.

Theorem 6.5. Assume that B(E) is cosemisimple, i.e. that the solutions of the equation
tr(E~1EY) = —q — ¢~ are generic. Then we have

0 #fn#0,3
Hg(B(E)):{C z'f‘niO?)

Proof. The assumption that B(E) is cosemisimple ensures that every object in M5 (£) is projec-

tive, so by Proposition 3.3 every free Yetter-Drinfeld module is a projective object in yDgEg and

the category yDgEg has enough projective objects by Corollary 3.4. The description of bial-

gebra cohomology as an Ext functor [36, 35| now shows that the bialgebra cohomology of B(E)

is given by the cohomology of the complex obtained by applying the functor HomyDB( B (—,C)
B(E)

to any projective resolution of the trivial Yetter-Drinfeld module C. Thus, using the resolution

of Theorem 5.1, the description of H;(B(E)) is a direct computation, that we leave to the

reader. O
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6.4. L?>-Betti numbers. Let A be compact Hopf algebra, i.e. A is the Hopf x-algebra of
polynomial functions on a compact quantum group [47], and assume that A is of Kac type (the
Haar state of A is tracial, or equivalently the square of the antipode is the identity). The L?-
Betti numbers of A have been defined in [25]. There are several possible equivalent definitions
[14, 25, 38] and the one we shall use is

B (A4) = dim pger Torf (Cz, AM)

where M is the (finite) von Neumann algebra of A, the left A-module structure on 4M = M
is given by left multiplication through the natural inclusion A C M, and dimaop is Liick’s
dimension function for modules over finite von Neumann algebras [28].

Now let F' € GL,(C) with FF € RI,. Recall [1] that A,(F) is the universal x-algebra
with generators (u;;), 1 < 4,5 < n and relations making the matrix u = (u;;) unitary and
u = FuF~!. The *-algebra A,(F) has a natural Hopf x-algebra structure (it is isomorphic, as
a Hopf algebra, to the previous B((F?)~!)) and is a compact Hopf algebra. Moreover A,(F) is
of Kac type if and only if F'* = £F. Thus in this case

Ao(F) =~ Ao(In) = Ao(n), or Ao(F) ~ As(Jam)

where for 2m = n, Ja, € GLa,,(C) is the anti-symmetric matrix

O I
JQm:(—I 0 )

Collins, Hértel and Thom have shown, combining the results in [13] with the vanishing of

%2)(140(71)) by Vergnioux [43], that all the L?-Betti numbers ﬁ,(f)(Ao(n)) vanish. Similar argu-
ments lead to the following result, which completes the computation of the L?-Betti numbers
of the A,(F)’s of Kac type.

Theorem 6.6. For any m > 1 and k > 0, we have ﬂ,(f)(Ao(ng)) =0.

Proof. For m = 1 it is already known [25] that the L2-Betti numbers of A,(J2) all vanish,
since A,(J2) is commutative. So we assume that m > 2. First, by Theorem 5.1, we have

£2)(AO(J2m)) =0 for k£ > 3. We have B(()z) (Ao(J2m)) = 0 by [26] and hence by Poincaré duality
and the fact that the L2-Betti numbers can be defined in terms of L?-cohomology [38] we have
§2)<AO(J2m)) =0= /8(()2)(A0(J2m)). Similarly by Poincaré duality we have 552)(A0(J2m)) =
}2) (Ao(J2m)). By [43], Theorem 4.4 and the proof of Corollary 5.2 (the proof of Corollary 5.2 in

[43] is valid for A, (Jay,) since it has the property of rapid decay [42]), we have 552) (Ao(Jom)) =0,
and we are done. O

7. CONCLUSION

We have shown that there might exist strong links between the Hochschild (co)homologies of
Hopf algebras that have equivalent tensor categories of comodules, although the ring-theoretical
properties of the underlying algebras might be very different. We cannot expect to have functo-
riality at the level of the computation of Hochschild (co)homology groups, the situation is rather
that if one of the Hopf algebras has a very special homological feature (a free Yetter-Drinfeld
resolution of the counit), then so has the other.

A similar situation had been observed in the work of Voigt [44] on the K-theory of free
orthogonal quantum groups: the existence of a tensor category equivalence does not seem
to imply functoriality at the level of K-theory groups, but is enough to ensure that one can
transport a special homological situation, namely the validity of the Baum-Connes conjecture.

We hope that the present paper will bring further evidence to convince the reader that tensor
category methods can be useful tools in the homological study of Hopf (C*-)algebras.

16



1]

REFERENCES

T. Banica, Théorie des représentations du groupe quantique compact libre O(n), C. R. Acad. Sci. Paris Sér.
I Math. 322 (1996), no. 3, 241-244.

T. Banica, B. Collins, Integration over compact quantum groups, Publ. Res. Inst. Math. Sci. 43 (2007),
277-302.

T. Banica, B. Collins, P. Zinn-Justin, Spectral analysis of the free orthogonal matrix, Int. Math. Res. Not.
IMRN 2009, no. 17, 3286-3309.

J. Bichon, The representation category of the quantum group of a non-degenerate bilinear form, Comm.
Algebra 31, No. 10 (2003), 4831-4851.

J. Bichon, Hopf-Galois systems, J. Algebra 264 (2003), 565-581.

J. Bichon, Hopf-Galois objects and cogroupoids, Pub. Mat. Uruguay, to appear.

J. Bichon, A. De Rijdt, S. Vaes, Ergodic coactions with large multiplicity and monoidal equivalence of
quantum groups, Comm. Math. Phys. 262 (2006), 703-728.

K.A. Brown, K.R Goodearl, Lectures on algebraic quantum groups, Advanced Courses in Mathematics CRM
Barcelona, Birkh&user Verlag, 2002.

K.A. Brown, J.J. Zhang, Dualising complexes and twisted Hochschild (co)homology for Noetherian Hopf
algebras, J. Algebra 320 (2008), 1814-1850.

S. Caenepeel, G. Militaru, S. Zhu, Crossed modules and Doi-Hopf modules, Israel J. Math. 100 (1997),
221-247.

S. Caenepeel, G. Militaru, S. Zhu, Frobenius and separable functors for generalized module categories and
nonlinear equations, Lecture Notes in Mathematics, 1787. Springer-Verlag, Berlin, 2002.

H. Cartan, S. Eilenberg, Homological algebra, Princeton University Press, 1956.

B. Collins, J. Hértel, A. Thom, Homology of free quantum groups. C. R. Math. Acad. Sci. Paris 347 (2009),
271-276.

A. Connes, D. Shlyakhtenko, L*-homology for von Neumann algebras, J. Reine Angew. Math. 586 (2005),
125-168.

M. Dubois-Violette, G. Launer, The quantum group of a non-degenerate bilinear form, Phys. Lett. B 245,
No.2 (1990), 175-177.

P. Feng, B. Tsygan, Hochschild and cyclic homology of quantum groups. Comm. Math. Phys. 140 (1991),
481-521.

M. Gerstenhaber, S. Schack, Bialgebra cohomology, deformations and quantum groups, Proc. Nat. Acad.
Sci. USA 87 (1990), 78-81.

M. Gerstenhaber, S. Schack, Algebras, bialgebras, quantum groups, and algebraic deformations, Contemp.
Math. 134 (1992), 51-92.

V. Ginzburg, S. Kumar, Cohomology of quantum groups at roots of unity, Duke Math. J. 69 (1993), 179-198.
C. Grunspan, Hopf-Galois systems and Kashiwara algebras, Comm. Algebra 32 (2004), 3373-3389.

T. Hadfield, U. Krahmer, Twisted homology of quantum SL(2), K-Theory 34 (2005), 327-360.

C. Kassel, Quantum groups, GTM 155, Springer, 1995.

A. Klimyk, K. Schmiidgen, Quantum groups and their representations, Texts and Monographs in Physics,
Springer, 1997.

N. Kowalzig, U. Krahmer, Duality and products in algebraic (co)homology theories, J. Algebra 323 (2010),
2063-2081.

D. Kyed, L*-homology for compact quantum groups, Math. Scand. 103 (2008), 111-129.

D. Kyed, On the zeroth L?-homology of a quantum group, Miinster J. Math. 4 (2011), 119-128.

B.I. Lin, Semiperfect coalgebras, J. Algebra 49 (1977) 357-373.

W. Liick, Dimension theory of arbitrary modules over finite von Neumann algebras and L?-Betti numbers.
I. Foundations, J. Reine Angew. Math. 495 (1998), 135-162.

W. Liick, L?-invariants: theory and applications to geometry and K-theory, Springer-Verlag, Berlin, 2002.
S. Montgomery, Hopf algebras and their actions on rings, Amer. Math. Soc. 1993.

B. Parshall, J. Wang, On bialgebra cohomology, Bull. Soc. Math. Belg. Sér. A 42 (1990), 607-642.

P. Schauenburg, Hopf modules and Yetter-Drinfeld modules, J. Algebra 169 (1994), 874-890.

P. Schauenburg, Hopf bigalois extensions, Comm. Algebra 24, No. 12 (1996), 3797-3825.

P. Schauenburg, Hopf-Galois and bi-Galois extensions, Fields Inst. Comm. 43 (2004), 469-515.

R. Taillefer, Cohomology theories of Hopf bimodules and cup-product, Algebr. Represent. Theory 7 (2004),
471-490.

R. Taillefer, Injective Hopf bimodules, cohomologies of infinite dimensional Hopf algebras and graded-
commutativity of the Yoneda product, J. Algebra 276 (2004), 259-279.

R. Taillefer, Bialgebra cohomology of the duals of a class of generalized Taft algebras, Comm. Algebra (2007),
1415-1420.

A. Thom, L*-cohomology for von Neumann algebras, Geom. Funct. Anal. 18 (2008), 251-270.

M. Van den Bergh, A relation between Hochschild homology and cohomology for Gorenstein rings, Proc.
Amer. Math. Soc. 126 (1998) 1345-1348; Erratum: Proc. Amer. Math. Soc. 130 (2002) 2809-2810.

17



[40] S. Vaes, N. Vander Vennet, Identification of the Poisson and Martin boundaries of orthogonal discrete
quantum groups, J. Inst. Math. Jussieu 7 (2008), 391-412.

[41] S. Vaes, R. Vergnioux, The boundary of universal discrete quantum groups, exactness, and factoriality, Duke
Math. J. 140 (2007), 35-84.

[42] R. Vergnioux, The property of rapid decay for discrete quantum groups, J. Operator Theory 57 (2007),
303-324.

[43] R. Vergnioux, Paths in quantum Cayley trees and L?-cohomology, Adv. Math 229 (2012), 2686-2711.

[44] C. Voigt, The Baum-Connes conjecture for free orthogonal quantum groups, Adv. Math. 227 (2011), 1873-
1913.

[45] S. Wang, Free products of compact quantum groups, Comm. Math. Phys. 167 (1995), 671-692.

[46] C. Weibel, An Introduction to Homological Algebra, Cambridge University Press, 1994.

[47] S.L. Woronowicz, Compact quantum groups, in Symétries quantiques (Les Houches, 1995), 845-884, North-
Holland, Amsterdam, 1998.

LABORATOIRE DE MATHEMATIQUES, UNIVERSITE BLAISE PASCAL, COMPLEXE UNIVERSITAIRE DES CEZEAUX,

63177 AUBIERE CEDEX, FRANCE
E-mail address: Julien.Bichon@math.univ-bpclermont.fr

18



