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L2-BETTI NUMBERS OF RIGID C∗-TENSOR CATEGORIES
AND DISCRETE QUANTUM GROUPS

DAVID KYED, SVEN RAUM, STEFAAN VAES AND MATTHIAS VALVEKENS

We compute the L2-Betti numbers of the free C∗-tensor categories, which are the representation categories
of the universal unitary quantum groups Au(F). We show that the L2-Betti numbers of the dual of a
compact quantum group G are equal to the L2-Betti numbers of the representation category Rep(G)
and thus, in particular, invariant under monoidal equivalence. As an application, we obtain several new
computations of L2-Betti numbers for discrete quantum groups, including the quantum permutation
groups and the free wreath product groups. Finally, we obtain upper bounds for the first L2-Betti number
in terms of a generating set of a C∗-tensor category.

1. Introduction

The framework of rigid C∗-tensor categories unifies a number of structures encoding various kinds
of quantum symmetry, including standard invariants of Jones’ subfactors, representation categories of
compact quantum groups, in particular of q-deformations of compact simple Lie groups, and ordinary
discrete groups. In several respects, rigid C∗-tensor categories are quantum analogues of discrete groups.

Using this point of view, the unitary representation theory for rigid C∗-tensor categories was introduced
in [Popa and Vaes 2015]. This allowed for the definition of typical geometric group theory properties
like the Haagerup property and property (T) intrinsically for standard invariants of subfactors and for
rigid C∗-tensor categories. It was then proved in [Popa and Vaes 2015], using [Arano 2016; De Commer
et al. 2014], that the Temperley–Lieb–Jones category Rep(SUq(2)) has the Haagerup property, while
Rep(SUq(3)) has Kazhdan’s property (T). Equivalent formulations of the unitary representation theory of
a rigid C∗-tensor category were found in [Neshveyev and Yamashita 2016; Ghosh and Jones 2016] and
are introduced below.

In [Popa et al. 2017], a comprehensive (co)homology theory for standard invariants of subfactors and
rigid C∗-tensor categories was introduced. Taking the appropriate Murray–von Neumann dimension for
(co)homology with L2-coefficients, this provides a definition of L2-Betti numbers.

The first goal of this article is to compute the L2-Betti numbers for the representation category C of a
free unitary quantum group Au(F). Here, Au(F) is the universal compact quantum group (in the sense
of Woronowicz) generated by a single irreducible unitary representation. As a C∗-tensor category, C is
the free rigid C∗-tensor category generated by a single irreducible object u. The irreducible objects of C
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are then labeled by all words in u and ū and can thus be identified with the free monoid N ∗N. We prove
that β(2)1 (C)= 1 and that the other L2-Betti numbers vanish.

For compact quantum groups G of Kac type (a unimodularity assumption that is equivalent with
the traciality of the Haar state), the L2-Betti numbers β(2)n (Ĝ) of the dual discrete quantum group Ĝ

were defined in [Kyed 2008]. The second main result of our paper is that these L2-Betti numbers only
depend on the representation category of G and are given by β(2)n (Rep(G)). This is surprising for two
reasons. The L2-Betti numbers β(2)n (Rep(G)) are well defined for all compact quantum groups, without a
unimodularity assumption. And secondly, taking arbitrary coefficients instead of L2-cohomology, there is
no possible identification between the (co)homology of Ĝ and Rep(G). Indeed, by [Collins et al. 2009,
Theorem 3.2], homology with trivial coefficients distinguishes between the quantum groups Ao(k), but
does not distinguish between their representation categories Rep(Ao(k)) by Corollary 6.2 below. As an
application, we compute the L2-Betti numbers for several families of Kac-type discrete quantum groups,
including the duals of the quantum permutation groups S+m , the hyperoctahedral series H s+

m of [Banica
and Vergnioux 2009] and the free wreath product groups H o∗ F of [Bichon 2004].

One of the equivalent definitions in [Popa et al. 2017] for the (co)homology of a rigid C∗-tensor category
C is given by the Hochschild (co)homology of the associated tube algebra A together with its counit
% :A→ C as the augmentation. In [Neshveyev and Yamashita 2015], it is proved that when C = Rep(G)
is the representation category of a compact quantum group G, then the tube algebra A is strongly Morita
equivalent with the Drinfeld double algebra of G. This is one of the main tools in our paper. As a side result,
applying this to G= SUq(2), so that C becomes the Temperley–Lieb–Jones category TLJ, we can transfer
the resolution of [Bichon 2013] to a length-3 resolution for the tube algebra of TLJ; see Theorem 6.1. This
allows us in particular to compute the (co)homology of TLJ with trivial coefficients, giving C in degree 0
and degree 3, and giving 0 in all other degrees. This completes the computation in [Popa et al. 2017,
Proposition 9.13], which went up to degree 2, and this was also obtained in an unpublished note of Y. Arano.

In the second part of this paper, we focus on the first L2-Betti number of a rigid C∗-tensor category.
For an infinite group 0 generated by n elements g1, . . . , gn , it is well known that β(2)1 (0)≤ n− 1. The
reason for this is that a 1-cocycle on 0 is completely determined by the values it takes on the generators
g1, . . . , gn . In Section 7, we explain how to realize the first cohomology of a rigid C∗-tensor category C
by a space of maps D, similar to derivations, and prove that D is indeed determined by its values on a
generating set of irreducible objects. We then deduce an upper bound for β(2)1 (C) and show in Section 8
that this upper bound is precisely reached for the universal (or free) category C = Rep(Au(F)).

2. Preliminaries

2A. The tube algebra of a rigid C∗-tensor category. Let C be a rigid C∗-tensor category, i.e., a C∗-tensor
category with irreducible unit object ε ∈ C such that every object α ∈ C has a conjugate ᾱ ∈ C. In particular,
this implies that every object in C decomposes into finitely many irreducibles. The essential results on
rigid C∗-tensor categories, which we will use without further reference, are covered in [Neshveyev and
Tuset 2013, Chapter 2]. For α, β ∈ C, we denote the (necessarily finite-dimensional) Banach space of
morphisms α→ β by (β, α).
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The set of isomorphism classes of irreducible objects of C will be denoted by Irr(C). In what follows,
we do not distinguish between irreducible objects and their respective isomorphism classes and we fix
representatives for all isomorphism classes once and for all. Additionally, we always identify (α, α)
with C when α ∈ Irr(C). The multiplicity of γ in α when α ∈ C and γ ∈ Irr(C) is defined by

mult(γ, α)= dimC(α, γ ).

For α, β ∈ C, we write β ≺ α whenever β is isomorphic with a subobject of α. When there is no danger
of confusion, we denote the tensor product of α and β by αβ.

The rigidity assumption says that every object α ∈ C admits a solution to the conjugate equations
[Neshveyev and Tuset 2013, Section 2.2], i.e., an object ᾱ ∈ C and a pair of morphisms sα ∈ (αᾱ, ε) and
tα ∈ (ᾱα, ε) satisfying the relations

(t∗α ⊗ 1)(1⊗ sα)= 1 and (s∗α ⊗ 1)(1⊗ tα)= 1.

A standard solution for the conjugate equations for α ∈ C additionally satisfies

s∗α(T ⊗ 1)sα = t∗α(1⊗ T )tα

for all T ∈ (α, α). The adjoint object ᾱ and the standard solutions for the conjugate equations are unique
up to unitary equivalence. Throughout this article, we always fix standard solutions for all α ∈ Irr(C), and
extend by naturality to arbitrary objects α ∈ C; see [Neshveyev and Tuset 2013, Definition 2.2.14]. The
positive real number defined by d(α)= t∗α tα = s∗αsα is referred to as the quantum dimension of α.

These standard solutions also give rise to canonical tracial functionals Trα on (α, α) via

Trα(T )= s∗α(T ⊗ 1)sα = t∗α(1⊗ T )tα.

Note that these traces are typically not normalized, since Trα(1)= d(α). It is sometimes convenient to
work with the partial traces defined by

Trα ⊗ id : (αβ, αγ )→ (β, γ ), T 7→ (t∗α ⊗ 1)(1⊗ T )(tα ⊗ 1),

id⊗Trα : (βα, γ α)→ (β, γ ), T 7→ (1⊗ s∗α)(T ⊗ 1)(1⊗ sα),

for α, β, γ ∈ C. These satisfy Trβ ◦(Trα ⊗ id)= Trαβ = Trα ◦(id⊗Trβ). For all α, β ∈ C, the categorical
traces induce an inner product on (α, β), given by

〈T, S〉 = Trα(T S∗)= Trβ(S∗T ). (2-1)

Throughout, the notation onb(α, β) will refer to some choice of orthonormal basis of (α, β) with respect
to this inner product. Finally, the standard solutions of the conjugate equations induce the Frobenius
reciprocity maps, which are the unitary isomorphisms given by

(αβ, γ )→ (α, γ β̄), T 7→ (1⊗ s∗β)(T ⊗ 1),

(αβ, γ )→ (β, ᾱγ ), T 7→ (t∗α ⊗ 1)(1⊗ T ),
(2-2)

where α, β, γ ∈ Irr(C).
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The tube algebra A of a rigid C∗-tensor category was first defined by Ocneanu [1994] for categories
with finitely many irreducibles. For convenience, we recall some of the exposition from [Popa et al. 2017].
The tube algebra is defined by the vector space direct sum

A=
⊕

i, j,α∈Irr(C)

(iα, α j).

For general α ∈ C and i, j ∈ Irr(C), a morphism V ∈ (iα, α j) also defines an element of A via

V 7→
∑

γ∈Irr(C)

d(γ )
∑

W∈onb(α,γ )

(1⊗W ∗)V (W ⊗ 1). (2-3)

It should be noted that this map is generally not an embedding of (iα, α j) into A. One easily checks that
A is a ∗-algebra for the operations

V ·W = δj, j ′(V ⊗ 1)(1⊗W ) ∈ (iαβ, αβk),

V #
= (t∗α ⊗ 1⊗ 1)(1⊗ V ∗⊗ 1)(1⊗ 1⊗ sα) ∈ ( j ᾱ, ᾱi),

where V ∈ (iα, α j), W ∈ ( j ′β, βk) and where the map in (2-3) is used to view V ·W as an element
of A. We follow the notational convention from [Popa et al. 2017] and explicitly denote the tube algebra
operations by · and #, to avoid confusion with composition and adjunction of morphisms. It should be
noted that A is not unital, unless Irr(C) is finite.

For i ∈ Irr(C), the identity map on i is an element of (iε, εi). So it can be considered as an element pi ∈A.
As the notation suggests, pi is a self-adjoint idempotent in A, and it is easy to see that pi ·V · pj = δikδjk′V
when V ∈ (kα, αk ′). The corner pi ·A · pi is a unital ∗-algebra and the projections pi , i ∈ Irr(C), serve
as local units for A. In particular, for all purposes of homological algebra, we can work with A as if it
were a unital algebra.

The corner pε ·A · pε is canonically isomorphic to the fusion ∗-algebra C[C]. This algebra is formed
by taking the free vector space over Irr(C), and defining multiplication by the fusion rules, i.e.,

α ·β =
∑

γ∈Irr(C)

mult(γ, α⊗β)γ.

The involution on C[C] is given by conjugation in C.
The tube algebra comes with a faithful trace τ ; see [Popa et al. 2017, Proposition 3.10]. For V ∈ (iα, α j)

with i, j, α ∈ Irr(C), this trace is given by

τ(V )=
{

Tri (V ), i = j, α = ε,
0, otherwise.

In [Popa et al. 2017], it is also shown that every involutive action of A on a pre-Hilbert space is
automatically by bounded operators. In particular, this allows us to define a von Neumann algebra A′′ by
considering the faithful action of A on L2(A, τ ) by left multiplication, and then taking the bicommutant.
Additionally, the trace τ uniquely extends to a faithful normal semifinite trace on A′′.
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For i, j, α ∈ Irr(C), we now have two inner products on (iα, α j), related by

Trα j (W ∗V )= d(α) τ(W #
· V ).

We will however always work with the inner product given by Trα j (W ∗V ), because it is compatible with
the inner product in (2-1), which is defined on all spaces of intertwiners and which makes the Frobenius
reciprocity maps (2-2) unitary.

2B. Representation theory for rigid C∗-tensor categories. The unitary representation theory for rigid
C∗-tensor categories was introduced in [Popa and Vaes 2015] and several equivalent formulations were
found in [Neshveyev and Yamashita 2016; Ghosh and Jones 2016; Popa et al. 2017]. Following [Ghosh
and Jones 2016], a unitary representation of C is given by a nondegenerate ∗-representation of the tube
algebra of C. Following [Neshveyev and Yamashita 2016], a unitary representation of C is given by a
unitary half-braiding on an ind-object of C, i.e., an object in the unitary Drinfeld center Z(ind-C). Here,
the category ind-C may be thought of as a completion of C with infinite direct sums, giving rise to a
(nonrigid) C∗-tensor category. A unitary half-braiding on an ind-object X ∈ ind-C is a natural unitary
isomorphism σ− : −⊗ X→ X ⊗− that satisfies the half-braiding condition

σY⊗Z = (σY ⊗ 1)(1⊗ σZ )

for all Y, Z ∈ ind-C. The collection of unitary half-braidings on ind-C is denoted by Z(ind-C). We refer
to [Neshveyev and Yamashita 2016] for rigorous definitions and basic properties of these objects.

By [Popa et al. 2017, Proposition 3.14], there is the following bijective correspondence between
nondegenerate right Hilbert A-modules K and unitary half-braidings (X, σ ). Given (X, σ ) ∈ Z(ind-C),
one defines K as the Hilbert space direct sum of the Hilbert spaces (X, i), i ∈ Irr(C). To turn K into a
right A-module, we let V ∈ (iα, α j) act on a vector ξ ∈ (X, i ′) by

ξ · V = δi i ′(Trα ⊗ id)(σ ∗α (ξ ⊗ 1)V ) ∈ (X, j). (2-4)

In particular, we see that K · pi = (X, i).

2C. (Co)homology and L2-Betti numbers for rigid C∗-tensor categories. (Co)homology for rigid C∗-
tensor categories was introduced in [Popa et al. 2017]. One of the equivalent ways to describe this
(co)homology theory is as Hochschild (co)homology for the tube algebra A; see [Popa et al. 2017,
Section 7.2]. Concretely, we equip A with the augmentation (or counit)

% :A→ C, V ∈ (iα, α j) 7→ δi jε Trα(V ).

Since % is a ∗-homomorphism, we can view C as an A-module, which should be considered as the trivial
representation of C. Let K be a nondegenerate right Hilbert A-module. We denote the (algebraic) linear
span of K · pi for i ∈ Irr(C) by K0. Following [Popa et al. 2017], the homology of C with coefficients in
K0 is then defined by

H•(C,K0)= TorA
•
(K0,C).
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Similarly, the cohomology of C with coefficients in K0 is given by

H•(C,K0)= Ext•A(C,K
0).

Note that, in the special case where K= L2(A), the left A′′-module structure on L2(A) induces a natural
left A′′-module structure on the (co)homology spaces. As in [Popa et al. 2017], one then defines the n-th
L2-Betti number of C as

β(2)n (C)= dimA′′ H n(C, L2(A)0)= dimA′′ Hn(C, L2(A)0), (2-5)

where dimA′′ is the Lück dimension with respect to the normal semifinite trace τ on A′′.
We refer to [Lück 2002, Section 6.1], [Kyed et al. 2015, Section A.4] and Remark 3.8 for the relevant

definitions and properties of the dimension function dimN on arbitrary N -modules, associated with a
von Neumann algebra N equipped with a faithful normal semifinite trace Tr. Note that the second equality
in (2-5) is nontrivial and was proved in [Popa et al. 2017, Proposition 6.4]. When C is a discrete group,
all these notions reduce to the familiar ones for groups.

3. A scaling formula for L2-Betti numbers

3A. Index of a subcategory.

Definition 3.1. Let C be a rigid C∗-tensor category and C1 ⊂ C a full C∗-tensor subcategory of C. For an
object α ∈ C, we define [α]C1 as the largest subobject of α that belongs to C1. We denote the orthogonal
projection of α onto [α]C1 by PαC1

∈ (α, α). Fixing α ∈ Irr(C), we define the C1-orbit of α as

α · C1 = {β ∈ Irr(C) | ∃γ ∈ C1 such that β ≺ αγ }.

Note that in this definition, we can replace C1 by Irr(C1) without changing the orbit. By Frobenius
reciprocity, the orbits form a partition of Irr(C). If α1, . . . , αk are representatives of C1-orbits, the index
of C1 ⊂ C is defined as

[C : C1] =

k∑
i=1

d(αi )
2

d([ᾱiαi ]C1)
. (3-1)

If the set of orbits is infinite, we put [C : C1] =∞.

In Lemma 3.2, we show that the index is well defined. In Proposition 3.12, we prove that [C : C1]

equals the Jones index for an associated inclusion of von Neumann algebra completions of tube algebras.
In Proposition 3.3, we prove the formula [C : C2] = [C : C1] [C1 : C2] when C2 ⊂ C1 ⊂ C. So, the above
definition of [C : C1] is indeed natural.

When C1 = {ε}, the index defined above coincides with the global index d(C) of C. When C has only
finitely many irreducible objects, we have [C : C1] = d(C)/d(C1); see Proposition 3.3.

Another extreme situation arises when

N (C)= {γ ∈ Irr(C) | ∃α1, . . . , αk ∈ Irr(C) such that γ ≺ α1 · · ·αk ᾱk · · · ᾱ1} (3-2)

is a subset of Irr(C1). In this case, the index simply counts the number of orbits. In particular, we recover
the index for subgroups when C1 ⊂ C are both groups considered as C∗-tensor categories.
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Lemma 3.2. Let C be a rigid C∗-tensor category with full C∗-tensor subcategory C1. Then, for α, β ∈
Irr(C) with β ∈ α · C1, we have

d([ᾱα]C1)

d(α)2
=

d([ᾱβ]C1)

d(α)d(β)
=

d([β̄β]C1)

d(β)2
. (3-3)

Proof. For arbitrary α, β ∈ Irr(C), we have

(Trᾱ ⊗ id)(P ᾱβC1
)= d(β)−1 Trᾱβ(P

ᾱβ
C1
) 1=

d([ᾱβ]C1)

d(β)
1,

by irreducibility of β. Now suppose that α, β satisfy the conditions of the lemma. Choose γ ∈ Irr(C1)

such that β ≺ αγ . For any isometry W : β→ αγ , we compute

W (Trᾱ ⊗ id)(P ᾱβC1
)= (Trᾱ ⊗ id)((1⊗W )P ᾱβC1

)

= (Trᾱ ⊗ id)(P ᾱαγC1
(1⊗W ))= ((Trᾱ ⊗ id)(P ᾱαC1

)⊗ 1)W =
d([ᾱα]C1)

d(α)
W,

where we used that P ᾱαγC1
= P ᾱαC1

⊗ 1, as is easy to see by splitting ᾱα into irreducible components.
Multiplying by W ∗ on the left, we find that

(Trᾱ ⊗ id)(P ᾱβC1
)=

d([ᾱα]C1)

d(α)
1.

We already proved that the left-hand side equals d([ᾱβ]C1)/d(β) 1. So, the first equality in (3-3) follows.
The second one is proven analogously. �

Proposition 3.3. Let C be a rigid C∗-tensor category with full C∗-tensor subcategories C2 ⊂ C1 ⊂ C.
Then,

[C : C2] = [C : C1] [C1 : C2].

In particular, if C is a rigid C∗-tensor category with finitely many irreducible objects and if C1 ⊂ C is
a full C∗-tensor subcategory, then [C : C1] = d(C)/d(C1), where d(C) and d(C1) denote the global index
of C and C1.

Since a short proof for Proposition 3.3 can be given using the language of Markov inclusions, we
postpone the proof until the end of Section 3C.

In the concrete computations of L2-Betti numbers in this paper, we only need the particularly easy
tensor subcategories C1 ⊂ C that arise from a homomorphism to a finite group. More precisely, assume
that we are given a group 3 and a map 4 : Irr(C)→3 satisfying the following two properties:

(i) For all α, β, γ ∈ Irr(C) with γ ≺ αβ, we have 4(γ )=4(α)4(β).

(ii) For all α ∈ Irr(C), we have 4(ᾱ)=4(α)−1.

Defining Ker(4) ⊂ C as those objects in C that can be written as a direct sum of irreducible objects
γ ∈ Irr(C) with 4(γ )= e, we obtain a full C∗-tensor subcategory Ker(4)⊂ C of index |3|.

Note that N (C), as defined in (3-2), always is a subset of Ker(4). Actually, denoting by 0 the set of
orbits for the left (or right) action of N (C) on Irr(C), we get that 0 has a natural group structure and we
can view 0 as the largest group quotient of C.
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3B. Markov inclusions of tracial von Neumann algebras. In [Popa 1994, Section 1.1.4], the concept
of a λ-Markov inclusion N ⊂ (M, τ ) of tracial von Neumann algebras was introduced. More generally,
Popa [1995, Section 1.2] defined the λ-Markov property for arbitrary inclusions of von Neumann
algebras N ⊂ M together with a faithful normal conditional expectation E : M→ N. Taking in the tracial
setting the unique trace-preserving conditional expectation, both notions coincide.

In this paper, we need a slight variant of this concept for inclusions N ⊂ M where both N and M are
equipped with fixed faithful normal semifinite traces, denoted by TrN and TrM, but the inclusion need not
be trace-preserving. In particular, there is no canonical conditional expectation of M onto N.

Recall that an element v ∈M is called right N -bounded if there exists a κ > 0 such that TrM(a∗v∗va)≤
κ TrN (a∗a) for all a ∈ N. We denote by Lv : L2(N,TrN )→ L2(M,TrM) the associated bounded operator,
which is right N -linear and given by Lv(a)= va for all a ∈ N ∩ L2(N,TrN ). A family (vi )i∈I of right
N -bounded vectors in M is called a Pimsner–Popa basis for N ⊂ M if∑

i∈I

Lvi
L∗vi
= 1.

Definition 3.4. Let (N,TrN ) and (M,TrM) be von Neumann algebras equipped with faithful normal
semifinite traces. Assume that N ⊂ M, but without assuming that this inclusion is trace-preserving. We
say that the inclusion is λ-Markov for a given number λ > 0 if a Pimsner–Popa basis (vi )i∈I satisfies∑

i∈I

viv
∗

i = λ
−1 1.

One checks that this definition does not depend on the choice of the Pimsner–Popa basis.

Definition 3.5. Given a von Neumann algebra M equipped with a faithful normal semifinite trace Tr, we
call an (algebraic) right M-module E locally finite if for every ξ ∈ E , there exists a projection p ∈ M with
Tr(p) <∞ and ξ = ξp.

Note that for every projection p ∈ M with Tr(p) <∞, the right M-module pL2(M) is locally finite,
because for every ξ ∈ L2(M), the right support projection of pξ has finite trace.

For our computations, the following scaling formula is essential.

Proposition 3.6. Let (N,TrN ) and (M,TrM) be von Neumann algebras equipped with faithful normal
semifinite traces. Assume that N ⊂ M and that λ > 0. The inclusion is λ-Markov if and only if
dimM(E)= λ dimN (E) for every locally finite M-module E .

We have dimM(E) = λ dimN (E) for arbitrary M-modules E if and only if the inclusion is λ-Markov
and the restriction of TrM to N is semifinite.

Proof. Fix a Pimsner–Popa basis (vi )i∈I for N ⊂ M, with respect to the traces TrN, TrM. Define the
projection q ∈ B(`2(I ))⊗ N given by qi j = L∗vi

Lvj . Then,

U : L2(M,TrM)→ q(`2(I )⊗ L2(N,TrN )), U (x)=
∑
i∈I

ei ⊗ L∗vi
(x),
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is a well-defined right N -linear unitary operator. Whenever a ∈ M, the operator UaU∗ commutes with
the right N -action and so, we get a well-defined unital ∗-homomorphism

α : M→ q(B(`2(I ))⊗ N )q : α(a)=UaU∗.

A direct computation gives that

(Tr⊗TrN )(α(a))=
∑
i∈I

TrM(v
∗

i avi )

for all a ∈M+. So the inclusion N ⊂M is λ-Markov if and only if TrM(p)=λ (Tr⊗TrN )(α(p)) for every
projection p ∈ M. Note that the left-hand side equals dim−M(pL2(M)), while the right-hand side equals
λ dim−N (pL2(M)). So if the formula dimM(E)= λ dimN (E) holds for all locally finite M-modules, it
holds in particular for E = pL2(M) for every projection p ∈ M with TrM(p) <∞ and we conclude that
TrM(p) = λ (Tr⊗TrN )(α(p)) for every projection p ∈ M with TrM(p) <∞. An arbitrary projection
p ∈ M can be written as the limit of an increasing net of finite trace projections, so that the same formula
holds for all projections p ∈ M and thus, N ⊂ M is λ-Markov.

Conversely, assume that N ⊂ M is λ-Markov. We prove that dimM(E) = λ dimN (E) for every
locally finite M-module E . Denote by L1 the class of M-modules that are isomorphic with p(Cn

⊗M)
for some n ∈ N and some projection p ∈ Mn(C)⊗ M having finite trace. We start by proving that
dimN (E)= λ−1 dimM(E) for all E ∈ L1.

Take a finite trace projection p ∈ Mn(C)⊗M such that E ∼= p(Cn
⊗M). We have

p(Cn
⊗M)⊂ p(Cn

⊗ L2(M,TrM))∼= (id⊗α)(p)
(
Cn
⊗ `2(I )⊗ L2(N,TrN )

)
.

Therefore,
dim−N (p(Cn

⊗M))≤ dim−N
(
(id⊗α)(p)(Cn

⊗ `2(I )⊗ L2(N,TrN ))
)

= (Tr⊗Tr⊗TrN )(id⊗α)(p)

= λ−1 (Tr⊗TrM)(p)= λ−1 dim−M(p(Cn
⊗M)).

Conversely, since
(1⊗U∗)

(
(id⊗α)(p)(ei ⊗ ej ⊗ a)

)
= p(ei ⊗ vj a)

for all i ∈ {1, . . . , n}, j ∈ I and a ∈ N, we get for every finite subset I0 ⊂ I the injective N -module map

(id⊗α)(p)(Cn
⊗ `2(I0)⊗ N ) ↪→ p(Cn

⊗M).

Letting I0 increase and taking dim−N , it follows that

(Tr⊗Tr⊗TrN )(id⊗α)(p)≤ dim−N (p(Cn
⊗M)).

The left-hand side equals λ−1 (Tr⊗TrM)(p) = λ−1 dim−M(p(Cn
⊗ M)). In combination with the

converse inequality above, we have proved that dimM(E)= λ dimN (E) for every E ∈ L1.
Next denote by L2 the class of all M-modules that arise as the quotient of an M-module in L1. Let E ∈L2

and let 0→ E0→ E1→ E→ 0 be an exact sequence of M-modules, with E1 ∈ L1. Since every finitely
generated M-submodule of an M-module in L1 again belongs to L1, we can write E0 as the union of an
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increasing family of M-submodules Ej ⊂ E0 with Ej ∈L1 for all j . Since both dimM and dimN are contin-
uous when taking increasing unions (see Remark 3.7), we get dimM(E0)= λ dimN (E0). Since both dimM

and dimN are additive with respect to short exact sequences (see Remark 3.7 as well), we conclude that

dimM(E)= dimM(E1)− dimM(E0)= λ dimN (E1)− λ dimN (E0)= λ dimN (E).

Finally, every locally finite M-module can be written as the union of an increasing family of M-submodules
in L2. So again using the continuity of the dimension function, we find that dimM(E)= λ dimN (E) for
all locally finite M-modules E .

Next assume that N ⊂ M is λ-Markov and that the restriction of TrM to N is semifinite. We can
then choose an increasing net of projections pn ∈ N, converging to 1 strongly, with TrN (pn) <∞ and
TrM(pn) <∞ for all n. Let E be an arbitrary M-module. By [Kyed et al. 2015, Lemmas A.15 and A.16],
we have dimM(E)= limn dimM(E pn M). For each n, the M-module E pn M is locally finite. Therefore,
dimM(E pn M)= λ dimN (E pn M). Since E pn M ⊂ E , it follows that dimM(E)≤ λ dimN (E). Conversely,
E pn N ⊂ E pn M, so that

dimN (E pn M)≥ dimN (E pn N ).

Again using [Kyed et al. 2015, Lemmas A.15 and A.16], we have limn dimN (E pn N )= dimN (E), so that
the inequality dimM(E)≥ λ dimN (E) follows.

Finally, assume that the restriction of TrM to N is not semifinite. We then find a nonzero projection p∈N
such that TrM(x) = +∞ for every nonzero element x ∈ pN+ p. Define the two-sided ideal M0 ⊂ M
consisting of all elements x ∈ M whose left (equivalently right) support projection has finite TrM. Define
E = M/M0 and view E as a right M-module. Whenever p ∈ M is a projection with TrM(p) < ∞,
we have E p = {0}. By [Kyed et al. 2015, Definition A.14], we have dim−M(E) = 0. On the other
hand, the map pN → E , x 7→ x + M0, is N -linear and injective because pN ∩ M0 = {0}. Therefore,
dimN (E)≥ TrN (p) > 0. So, the dimension scaling formula fails in general when the restriction of TrM

to N is no longer semifinite. �

Remark 3.7. In the proof of Proposition 3.6, we made use of the following continuity and additivity
properties of the dimension function dimM associated with a von Neumann algebra M equipped with a
faithful normal semifinite trace Tr:

(i) Assume that E is an M-module and Ej ⊂ E is an increasing net of M-submodules with
⋃

j Ej = E .
Then, dimM(E)= limj dimM(Ej ).

(ii) Assume that 0 → E1 → E → E2 → 0 is an exact sequence of M-modules. Then, dimM(E) =
dimM(E1)+ dimM(E2).

When Tr is a tracial state, meaning that Tr(1)= 1, these properties are proved in [Lück 2002, Theorem
6.7(4)]. When Tr is semifinite, we can take an increasing net of projections pi ∈ M with Tr(pi ) <∞ for
all i and pi → 1 strongly. Define the tracial state τi on pi Mpi given by τi (x) = Tr(pi )

−1 Tr(x). Then
[Kyed et al. 2015, Lemma A.16] says that for every M-module E , the net Tr(pi ) dim(pi Mpi ,τi )(E pi ) is
increasing and converges to dimM(E). Therefore, the continuity and additivity properties (i) and (ii) above
are also valid for dimM.
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Remark 3.8. Let (M,Tr) be a von Neumann algebra equipped with a faithful normal semifinite trace.
Proposition 3.6 shows that the dimension function dimM has a subtle behavior. We therefore also want to
clarify why [Kyed et al. 2015, Definition A.14], given by

dimM(E)= sup{Tr(q) dimq Mq(Eq) | q ∈ M is a projection with Tr(q) <∞} (3-4)

and making use of the dimension function for (q Mq,Tr(q)−1 Tr( · )), coincides with [Petersen 2012,
Definition B.17], given by

dimM(E)= sup{(Tr⊗Tr)(p) | p ∈ Mn(C)⊗M is a projection with finite trace and
p(Cn

⊗M) ↪→ E as M-modules}. (3-5)

Whenever p(Cn
⊗M) ↪→ E , we have p(Cn

⊗Mq) ↪→ Eq. Denoting by zq ∈ Z(M) the central support
of q , it follows from [Kyed et al. 2015, Lemma A.15] that

Tr(q) dimq Mq(Eq)≥ Tr(q) dimq Mq(p(Cn
⊗Mq))= (Tr⊗Tr)(p(1⊗ zq)).

Taking the supremum over all finite trace projections q ∈ M and all embeddings p(Cn
⊗ M) ↪→ E , it

follows that the dimension in (3-5) is bounded above by the dimension in (3-4).
Conversely, Tr(q) dimq Mq(Eq) can be computed as the supremum of (Tr⊗Tr)(p), where p ∈

Mn(C)⊗ q Mq is a projection and θ : p(Cn
⊗Mq) ↪→ Eq . Defining ξ ∈ Cn

⊗ Eq by

ξ =

n∑
i=1

e∗i ⊗ θ(p(ei ⊗ q)),

it follows that ξ = ξp and θ(x)= ξ x for all x ∈ p(Cn
⊗Mq). Then ψ : p(Cn

⊗M)→ E , ψ(x)= ξ x ,
is M-linear. We claim that ψ remains injective. Indeed, if ψ(x) = 0, then for all i ∈ {1, . . . , n}, also
θ(xx∗(ei ⊗ 1))= ψ(x)x∗(ei ⊗ 1)= 0. So, xx∗(ei ⊗ 1)= 0 for all i and thus, x = 0. It follows that the
dimension in (3-4) is bounded above by the dimension in (3-5).

3C. The scaling formula. The goal of this section is to prove the following scaling formula for L2-Betti
numbers under finite-index inclusions.

Theorem 3.9. Let C1 ⊂ C be a finite-index inclusion of rigid C∗-tensor categories. Then

β(2)n (C1)= [C : C1] β
(2)
n (C)

for all n ≥ 0.

For the rest of this section, fix a rigid C∗-tensor category C and a full C∗-tensor subcategory C1⊂ C. The
tube algebra A1 of C1 naturally is a unital ∗-subalgebra of a corner of the tube algebra A of C. In dimension
computations, this causes a number of issues that can be avoided by considering the ∗-subalgebra Ã1 ⊂A
given by

Ã1 =
⊕

i, j∈Irr(C)

⊕
α∈Irr(C1)

(iα, α j). (3-6)

We still have a natural trace τ on Ã1 and the inclusion Ã1 ⊂A is trace-preserving.
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As a first lemma, we prove that the homology of C1 can be computed as the Hochschild homology
of Ã1 with the counit augmentation % : Ã1→ C.

Lemma 3.10. Define the central projection p1 in the multiplier algebra of Ã1 given by p1 =
∑

i∈Irr(C1)
pi .

Note that p1 · Ã1 · p1 ∼=A1 naturally.
For every nondegenerate right Hilbert Ã1-module K, there are natural isomorphisms

H•(C1,K · p1)∼= TorÃ1
•
(K0,C) and H•(C1,K · p1)∼= Ext•Ã1

(C,K0).

We also have

β(2)n (C1)= dimÃ ′′1
TorÃ1

n (L2(Ã1)
0,C).

Proof. If i ∈ Irr(C) and α, j ∈ Irr(C1), then (iα, α j) can only be nonzero if i ∈ Irr(C1), by Frobenius
reciprocity. Interchanging the roles of i and j , we conclude that p1 is central in the multiplier algebra
M(Ã1). Because pε ≤ p1, it follows that

Ã1⊗B · · · ⊗B Ã1 · pε = p1 · Ã1 · p1⊗B · · · ⊗B p1 · Ã1 · pε
∼=A1⊗B1 · · · ⊗B1 A1 · pε,

and the right bar resolution is similar. Since the bar resolutions associated to A1 and Ã1 are equal, the
respective Tor and Ext functors must also be the same. �

The following formula, generalizing [Popa et al. 2017, Lemma 3.9], is crucial for us since we deduce
from it that A is a projective Ã1-module and also that in the finite-index case, the inclusion Ã ′′1 ⊂A′′ is
λ-Markov in the sense of Definition 3.4.

Lemma 3.11. For α ∈ Irr(C), we denote by eα·C1 the orthogonal projection of L2(A) onto the closed
linear span of all (iβ, β j) with i, j ∈ Irr(C) and β ∈ α · C1.

Then, for all i ∈ Irr(C) and α ∈ Irr(C), we have∑
j∈Irr(C)

∑
W∈onb(iα,α j)

d( j) W · eC1 ·W
#
=

d([ᾱα]C1)

d(α)
pi · eα·C1 (3-7)

as operators on L2(A).

Proof. Both the left- and the right-hand sides of (3-7) vanish on (i1β, βk)⊂ L2(A) if i1 6= i . So we fix
k, β ∈ Irr(C) and V ∈ (iβ, βk) and prove that both sides of (3-7) agree on V.

For every j ∈ Irr(C) and W ∈ (iα, α j), we have

(eC1 ·W
#)(V )=

∑
γ∈Irr(C1)

∑
U∈onb(ᾱβ,γ )

d(γ )(1⊗U∗)(W #
⊗ 1)(1⊗ V )(U ⊗ 1).

We claim that (eC1 ·W
#)(V ) is the image in A under the map in (2-3) of the element

(W #
⊗ 1)(1⊗ V )(P ᾱβC1

⊗ 1) ∈ ( j (ᾱβ), (ᾱβ)k). (3-8)
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The claim follows because that image is given by∑
γ∈Irr(C)

∑
U∈onb(ᾱβ,γ )

d(γ )(1⊗U∗)(W #
⊗ 1)(1⊗ V )(P ᾱβC1

⊗ 1)(U ⊗ 1)

=

∑
γ∈Irr(C1)

∑
U∈onb(ᾱβ,γ )

d(γ )(1⊗U∗)(W #
⊗ 1)(1⊗ V )(U ⊗ 1),

because P ᾱβC1
U equals 0 when γ 6∈ Irr(C1) and equals U when γ ∈ Irr(C1).

It then follows that (W · eC1 ·W
#)(V ) is the image in A of the element

(W ⊗ 1⊗ 1)(1⊗W #
⊗ 1)(1⊗ 1⊗ V )(1⊗ P ᾱβC1

⊗ 1) ∈ (i(αᾱβ), (αᾱβ)k). (3-9)

By Frobenius reciprocity,

{WZ = (s∗α ⊗ 1⊗ 1)(1⊗ Z) | Z ∈ onb(ᾱiα, j)}

is an orthonormal basis of (iα, α j), and any orthonormal basis can be written in this form.
With this notation, we find that∑

j∈Irr(C)

∑
Z∈onb(ᾱiα, j)

d( j)(WZ⊗1)(1⊗W #
Z )=

∑
j∈Irr(C)

∑
Z∈onb(ᾱiα, j)

d( j)(s∗α⊗1⊗3)(1⊗ Z Z∗⊗1)(1⊗3
⊗sα)

= s∗α⊗1⊗sα = (1⊗sα)(s∗α⊗1). (3-10)

Combining (3-9) and (3-10), we thus obtain∑
j∈Irr(C)

∑
W∈onb(iα,α j)

d( j)(W · eC1 ·W
#)(V )

=

∑
γ∈Irr(C)

∑
U∈onb(αᾱβ,γ )

d(γ )(1⊗U∗)(1⊗ sα ⊗ 1)V (s∗α ⊗ 1⊗ 1)(1⊗ P ᾱβC1
⊗ 1)(U ⊗ 1).

Choosing the orthonormal basis of (αᾱβ, γ ) by first decomposing αᾱ, we see that only one of the
U∗(sα ⊗ 1) is nonzero and conclude that∑

j∈Irr(C)

∑
W∈onb(iα,α j)

d( j)(W · eC1 ·W
#)(V )= V (s∗α ⊗ 1⊗ 1)(1⊗ P ᾱβC1

⊗ 1)(sα ⊗ 1⊗ 1)

= V
(
(Trᾱ ⊗ id)(P ᾱβC1

)⊗ 1
)
.

Using Lemma 3.2, we get

V ((Trᾱ ⊗ id)(P ᾱβC1
)⊗ 1)=

d([ᾱβ]C1)

d(β)
V =


d([ᾱα]C1)

d(α)
V if β ∈ α · C1,

0 otherwise. �

Proposition 3.12. Let C1 ⊂ C be a finite-index inclusion of rigid C∗-tensor categories. Denote by A the
tube algebra of C and define its subalgebra Ã1 as in (3-6). Then A is projective as a left Ã1-module
and as a right Ã1-module. Moreover, the associated inclusion of von Neumann algebras Ã ′′1 ⊂ A′′ is
λ-Markov with λ= [C : C1]

−1 in the sense of Definition 3.4.

Proof. By symmetry, it suffices to prove that A is a projective right Ã1-module.
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For each α ∈ Irr(C), define the subspace Aα·C1 ⊂ A spanned by all (iβ, β j) with i, j ∈ Irr(C) and
β ∈ α ·C1. Note that Aα·C1 ⊂A is a right Ã1-submodule. As in Lemma 3.11, denote by eC1 the orthogonal
projection of L2(A) onto L2(Ã1). Note that eC1(A)= Ã1.

Fix i, α ∈ Irr(C) and define the projective right Ã1-module

V :=
⊕

j∈Irr(C)

(
(iα, α j)⊗ pj · Ã1

)
.

The maps

θ1 : pi ·Aα·C1 → V, θ1(V )=
⊕

j∈Irr(C)

( ∑
W∈onb(iα,α j)

d( j)W ⊗ eC1(W
#
· V )

)
,

θ2 : V→ pi ·Aα·C1, θ2(W ⊗ V )=W · V

are right Ã1-linear. By Lemma 3.11, we have θ2 ◦ θ1 equals a multiple of the identity map on pi ·Aα·C1 .
It follows that pi ·Aα·C1 is a projective right Ã1-module.

Taking the (direct) sum over all i ∈ Irr(C) and over a set of representatives α1, . . . , ακ for the C1-orbits
in Irr(C), we conclude that also A is projective as a right Ã1-module.

By Lemma 3.11, we have{√
d( j) d(αs)

d([ᾱsαs]C1)
W

∣∣∣∣∣ i, j ∈ Irr(C), s = 1, . . . , κ, W ∈ onb(iαs, αs j)

}
is a Pimsner–Popa basis for the inclusion Ã ′′1 ⊂A′′. Applying Lemma 3.11 in the case C1 = C (and this
literally is [Popa et al. 2017, Lemma 3.9]), we get

κ∑
s=1

∑
i, j∈Irr(C)

∑
W∈onb(iαs ,αs j)

d( j) d(αs)

d([ᾱsαs]C1)
W ·W #

=

κ∑
s=1

∑
i∈Irr(C)

d(αs)
2

d([ᾱsαs]C1)
pi = [C : C1] 1.

So, Ã ′′1 ⊂A′′ is λ-Markov with λ= [C : C1]
−1. �

Proof of Theorem 3.9. By Lemma 3.10, we have

β(2)n (C1)= dimÃ ′′1
TorÃ1

n (L2(Ã1)
0,C).

By Proposition 3.12, the left Ã1-module A is projective. We can thus apply the base change formula
for Tor, see for example [Weibel 1994, Proposition 3.2.9], and obtain the isomorphism of left Ã ′′1 -modules

TorÃ1
n (L2(Ã1)

0,C)∼= TorAn (L
2(Ã1)

0
⊗Ã1

A,C).

The left counterpart of Proposition 3.12 provides an inverse for the natural right A-linear map

L2(Ã1)
0
⊗Ã1

A→ L2(A)0,

which is thus bijective. We conclude that

TorÃ1
n (L2(Ã1)

0,C)∼= TorAn (L
2(A)0,C)

as left Ã ′′1 -modules.
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By Proposition 3.12, the inclusion Ã ′′1 ⊂ A′′ is λ-Markov with λ = [C : C1]
−1 and trace preserving.

Using Proposition 3.6, we conclude that

β(2)n (C1)= dimÃ ′′1
TorAn (L

2(A)0,C)= [C : C1] dimA′′ TorAn (L
2(A)0,C)= [C : C1]β

(2)
n (C). �

Using our results on Markov inclusions, we give the following short proof of Proposition 3.3.

Proof of Proposition 3.3. Let C be a rigid C∗-tensor category with full C∗-tensor subcategories C2⊂C1⊂C.
Note that [C : C2] <∞ if and only if Irr(C) has finitely many C2-orbits in the sense of Definition 3.1.
Since Irr(C) has finitely many C2-orbits if and only if Irr(C) has finitely many C1-orbits and Irr(C1) has
finitely many C2-orbits, we may assume that the indices [C : C1], [C : C2] and [C1 : C2] are all finite.

Define the ∗-subalgebras Ã1 ⊂ A and Ã2 ⊂ A given by (3-6), associated with C1 ⊂ C and C2 ⊂ C,
respectively. Note that Ã2 ⊂ Ã1. By Proposition 3.12, the inclusion Ã′′i ⊂ A′′ is [C : Ci ]

−1-Markov
for i = 1, 2. We claim that Ã ′′2 ⊂ Ã ′′1 is [C1 : C2]

−1-Markov. This does not literally follow from
Proposition 3.12, but the proof is identical because, choosing representatives α1, . . . , ακ for the C2-orbits
in Irr(C1), Lemma 3.11 implies{√

d( j) d(αs)

d([ᾱsαs]C2)
W

∣∣∣∣∣ i, j ∈ Irr(C), s = 1, . . . , κ, W ∈ onb(iαs, αs j)

}

is a Pimsner–Popa basis for the inclusion Ã ′′2 ⊂ Ã ′′1 .
Since dimA′′(pεL2(A))= 1, a repeated application of Proposition 3.6 gives

dimÃ ′′2
(pεL2(A))= [C : C2] dimA′′(pεL2(A))= [C : C2],

dimÃ ′′2
(pεL2(A))= [C1 : C2] dimÃ ′′1

(pεL2(A))= [C1 : C2] [C : C1] dimA′′(pεL2(A))= [C : C1] [C1 : C2].

So, the equality [C : C2] = [C : C1] [C1 : C2] is proved.
When C has only finitely many irreducible objects and C1 ⊂ C is a full C∗-tensor subcategory, we apply

this formula to C2 = {ε} and obtain

d(C)= [C : C2] = [C : C1] [C1 : C2] = [C : C1] d(C1).

So, [C : C1] = d(C)/d(C1). �

4. L2-Betti numbers for discrete quantum groups

Following Woronowicz [1998], a compact quantum group G is given by a unital C∗-algebra B, often
suggestively denoted as B = C(G), together with a unital ∗-homomorphism 1 : B→ B⊗min B to the
minimal C∗-tensor product satisfying

• coassociativity: (1⊗ id)1= (id⊗1)1, and

• the density conditions: 1(B)(1⊗ B) and 1(B)(B⊗ 1) span dense subspaces of B⊗min B.

A compact quantum group G admits a unique Haar state, i.e., a state h on B satisfying (id⊗h)1(b)=
(h⊗ id)1(b)= h(b)1 for all b ∈ B.
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An n-dimensional unitary representation U of G is a unitary element U ∈Mn(C)⊗B satisfying1(Ui j )=∑n
k=1 Uik⊗Uk j . The category of finite-dimensional unitary representations, denoted as Rep(G), naturally

is a rigid C∗-tensor category. The coefficients Ui j ∈ B of all finite-dimensional unitary representations of
G span a dense ∗-subalgebra of B, denoted as Pol(G). We have 1(Pol(G))⊂ Pol(G)⊗ Pol(G), which
provides the comultiplication of the Hopf ∗-algebra Pol(G).

The compact quantum group G is said to be of Kac type if the Haar state is a trace. This is equivalent with
the requirement that for every finite-dimensional unitary representation U ∈Mn(C)⊗B, the contragredient
U ∈ Mn(C)⊗ B defined by (U )i j =U∗i j is still unitary.

The counit of the Hopf ∗-algebra Pol(G) is the homomorphism % : Pol(G)→ C given by %(Ui j )= 0
whenever i 6= j and %(Ui i )= 1 for all unitary representations U ∈ Mn(C)⊗ B of G.

We denote by L2(G) the Hilbert space completion of B = C(G) with respect to the Haar state h. The
von Neumann algebra generated by the left action of B on L2(G) is denoted as L∞(G). The Haar state h
extends to a faithful normal state on L∞(G), which is a trace in the Kac case.

Definition 4.1 [Kyed 2008, Definition 1.1]. Let G be a compact quantum group of Kac type. The L2-Betti
numbers of the dual discrete quantum group Ĝ are defined as

β(2)n (Ĝ)= dimL∞(G) TorPol(G)
n (L2(G),C).

The main result of this section is the following.

Theorem 4.2. Let G be a compact quantum group of Kac type. Then β(2)n (Ĝ)=β
(2)
n (Rep(G)) for all n≥ 0.

The equality of L2-Betti numbers in Theorem 4.2 is surprising. There is no general identification
of (co)homology of Ĝ with (co)homology of Rep(G). Indeed, by [Collins et al. 2009, Theorem 3.2],
homology with trivial coefficients distinguishes between the quantum groups Ao(k), but it does not
distinguish between their representation categories Rep(Ao(k)) by Corollary 6.2 below. Secondly, for the
definition of the L2-Betti numbers of a discrete quantum group, the Kac assumption is essential, since we
need a trace to measure dimensions. By Theorem 4.2, we now also have L2-Betti numbers for discrete
quantum groups that are not of Kac type.

Proof of Theorem 4.2. Define the ∗-algebra

cc(Ĝ)=
⊕

U∈Irr(G)

Md(U )(C).

Drinfeld’s quantum double algebra of G is the ∗-algebra A with underlying vector space Pol(G)⊗ cc(Ĝ)

and product determined as follows. We view cc(Ĝ) ⊂ Pol(G)∗ in the usual way: the components of
ω ∈ cc(Ĝ) are given by ωU,i j = ω(Ui j ) for all U ∈ Irr(G) and i, j ∈ {1, . . . , d(U )}. We write aω instead
of a⊗ω for all a ∈ Pol(G) and ω ∈ cc(Ĝ). The product on A is then determined by the formula

ω Ui j =

n∑
k,l=1

Ukl ω(Uik ·U∗jl)

for every unitary representation U ∈ Mn(C)⊗ B. The counit on A is given by %(aω)= %(a)ω(1) for all
a ∈ Pol(G) and ω ∈ cc(Ĝ)⊂ Pol(G)∗.
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Since G is of Kac type, the Haar weight τ on A is a trace and it is given by

τ(aω)= h(a)
∑

U∈Irr(G)

d(U )∑
i=1

d(U ) ωU,i i .

We denote by A′′ the von Neumann algebra completion of A acting on L2(A, τ ). By [Neshveyev and
Yamashita 2015, Theorem 2.4], the tube algebra of Rep(G) is strongly Morita equivalent with the quantum
double algebra A defined in the previous paragraph. This strong Morita equivalence respects the counit
and the traces on both algebras. Therefore,

β(2)n (Rep(G))= dimA′′ TorAn (L
2(A)0,C),

where L2(A)0 equals the span of L2(A) · cc(Ĝ).
On the other hand,

β(2)n (Ĝ)= dimL∞(G) TorPol(G)
n (L2(G),C).

Since A is a free left Pol(G)-module, the base change formula for Tor again applies and gives the
isomorphism of left L∞(G)-modules

TorPol(G)
n (L2(G),C)∼= TorAn (L

2(G)⊗Pol(G)A,C).

Since L2(G)⊗Pol(G)A= L2(G)⊗ cc(Ĝ)= L2(A)0, we conclude that

β(2)n (Ĝ)= dimL∞(G) TorAn (L
2(A)0,C).

Denoting by EU,i j the natural matrix units for cc(Ĝ), we see that the elements

{d(U )−1/2 EU,i j |U ∈ Irr(G), i, j = 1, . . . , d(U )}

form a Pimsner–Popa basis for the inclusion L∞(G)⊂A′′, which is not trace-preserving. It follows that
this inclusion is 1-Markov. Since the left A′′-module L2(A)0 is locally finite (in the sense of Definition 3.5
and using the example given after Definition 3.5), using a bar resolution, one gets that also the left
A′′-module TorAn (L

2(A)0,C) is locally finite. Proposition 3.6 then implies

dimL∞(G) TorAn (L
2(A)0,C)= dimA′′ TorAn (L

2(A)0,C). �

Given a compact quantum group G, all Hopf ∗-subalgebras of Pol(G) are of the form Pol(H)⊂ Pol(G),
where Rep(H)⊂ Rep(G) is a full C∗-tensor subcategory. We say that Pol(H)⊂ Pol(G) is of finite index
if Rep(H)⊂ Rep(G) is of finite index in the sense of Definition 3.1 and we define the index

[Pol(G) : Pol(H)] := [Rep(G) : Rep(H)]

using Definition 3.1.
For special types of finite-index Hopf ∗-subalgebras Pol(H)⊂ Pol(G), the scaling formula between

β
(2)
n (Ĥ) and β(2)n (Ĝ) was proved in [Bichon et al. 2017, Theorem D]. Combining Theorems 4.2 and 3.9,

it holds in general.
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Corollary 4.3. Let G be a compact quantum group of Kac type. Let Pol(H) ⊂ Pol(G) be a finite-index
Hopf ∗-subalgebra. Then,

β(2)n (Ĥ)= [Pol(G) : Pol(H)] β(2)n (Ĝ) for all n ≥ 0.

Remark 4.4. Of course, Corollary 4.3 can be proven directly, using the same methods as in the proof of
Theorem 3.9. Choosing representatives U1, . . . ,Uκ for the right Rep(H)-orbits in Irr(G), the appropriate
multiples of (Us)i j form a Pimsner–Popa basis for the inclusion L∞(H) ⊂ L∞(G). As in the proof of
Proposition 3.12, it follows that Pol(G) is a projective Pol(H)-module and that L∞(H) ⊂ L∞(G) is a
λ-Markov inclusion with λ= [Pol(G) : Pol(H)]−1.

5. Computing L2-Betti numbers of representation categories

For any invertible matrix F ∈GLm(C), the free unitary quantum group Au(F) is the universal C∗-algebra
with generators Ui j , 1≤ i, j ≤m, and relations making the matrices U and FU F−1 unitary representations
of Au(F); see [Van Daele and Wang 1996]. Here (U )i j = (Ui j )

∗. We denote by Au(m) the free unitary
quantum group given by the m×m identity matrix. The following is the main result of this section.

Theorem 5.1. Let F ∈GLm(C) be an invertible matrix and C = Rep(Au(F)) the representation category
of the free unitary quantum group Au(F). Then,

β
(2)
1 (C)= 1 and β(2)n (C)= 0 for all n 6= 1.

For F ∈GLm(C) with F F ∈R1, the free orthogonal quantum group Ao(F) is the universal C∗-algebra
with generators Ui j , 1≤ i, j ≤ m, and relations such that U is unitary and U = FU F−1. We denote by
Ao(m) the free orthogonal quantum group given by the m×m identity matrix. Also note that

SUq(2)= Ao

(
0 −q
1 0

)
for all q ∈ [−1, 1] \ {0}.

Using Theorem 4.2 in combination with several results of [Popa et al. 2017], we get the following
computations of L2-Betti numbers of discrete quantum groups.

Theorem 5.2. (i) [Bichon et al. 2017, Theorem A; Kyed and Raum 2017, Theorem A] For all m ≥ 2,
we have that β(2)n ( Âu(m)) is equal to 1 if n = 1 and equal to 0 if n 6= 1.

(ii) [Collins et al. 2009, Theorem 1.2; Vergnioux 2012, Corollary 5.2] We have that β(2)n ( Âo(m))= 0 for
all m ≥ 2 and n ≥ 0.

(iii) Let (B, τ ) be a finite-dimensional C∗-algebra with its Markov trace. Assume that dim B ≥ 4 and
let Aaut(B, τ ) be the quantum automorphism group. Then, β(2)n ( ̂Aaut(B, τ )) = 0 for all n ≥ 0. In
particular, all L2-Betti numbers vanish for the duals of the quantum symmetry groups S+m with m ≥ 4.

(iv) Let G=H o∗ F be the free wreath product of a nontrivial Kac-type compact quantum group H and
a quantum subgroup F of S+m that is acting ergodically on m points, m ≥ 2 (see Remark 5.3 for
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definitions and comments). Then Ĝ has the same L2-Betti numbers as the free product Ĥ ∗ F̂, namely

β(2)n (Ĝ)=


β
(2)
n (Ĥ)+β

(2)
n (̂F) if n ≥ 2,

β
(2)
1 (Ĥ)+β

(2)
1 (̂F)+ 1− (β(2)0 (Ĥ)+β

(2)
0 (̂F)) if n = 1,

0 if n = 0.

(v) In particular, for the duals of the hyperoctahedral quantum group H+m , m ≥ 4, and the series of
quantum reflection groups H s+

m , s ≥ 2 (see [Banica and Vergnioux 2009]), all L2-Betti numbers
vanish, except β(2)1 , which is resp. equal to 1/2 and 1− 1/s.

Proof of Theorem 5.1. By [Bichon et al. 2006, Theorem 6.2], the rigid C∗-tensor category Rep(Au(F))
only depends on the quantum dimension of the fundamental representation U. We may therefore assume
that F F =±1. In [Bichon et al. 2016a, Examples 2.18 and 3.6] and [Bichon et al. 2016b, Proposition 1.2],
it is shown that there are exact sequences of Hopf ∗-algebras

C→ Pol(H)→ Pol(Ao(F) ∗ Ao(F))→ C[Z/2Z] → C,

C→ Pol(H)→ Pol(Au(F))→ C[Z/2Z] → C

for the same compact quantum group H. At the categorical level, this means that Rep(Au(F)) and the
free product Rep(Ao(F)) ∗Rep(Ao(F)) both contain the same index-2 subcategory; see also [Bichon
et al. 2017, Section 2].

By the scaling formula in Theorem 3.9, this implies that Rep(Au(F)) and the free product Rep(Ao(F))∗
Rep(Ao(F)) have the same L2-Betti numbers. From the free product formula for L2-Betti numbers in
[Popa et al. 2017, Corollary 9.5] and the vanishing of the L2-Betti numbers of Rep(Ao(F)) proved in
Theorem 9.9 of the same paper, the theorem follows. �

Proof of Theorem 5.2. Using Theorem 4.2, (i) follows from Theorem 5.1 and (ii) follows from [Popa
et al. 2017, Theorem 9.9]. The representation categories of the quantum automorphism groups Aaut(B, τ )
are monoidally equivalent with the natural index-2 full C∗-tensor subcategory of Rep(SUq(2)). So (iii)
follows from [Popa et al. 2017, Theorem 9.9] and the scaling formula in Theorem 3.9.

To prove (iv), let G=H o∗ F be a free wreath product as in the formulation of the theorem. We use the
notion of Morita equivalence of rigid C∗-tensor categories; see [Müger 2003, Section 4] and also [Popa
et al. 2017, Definition 7.3]. By [Tarrago and Wahl 2016, Theorem B and Remark 7.6], Rep(G) is Morita
equivalent in this sense with a free product C∗-tensor category C = C1 ∗ C2, where C1 is Morita equivalent
with Rep(H) and C2 is Morita equivalent with Rep(F). To see this, one uses the observation in [Popa et al.
2017, Proposition 9.8] that for the Jones tower N ⊂ M ⊂ M1 ⊂ · · · of a finite index subfactor N ⊂ M
and for arbitrary intermediate subfactors

Ma ⊂ P ⊂ Mn ⊂ Mn+1 ⊂ Q ⊂ Mb

with a ≤ n < b, the C∗-tensor category of P-P-bimodules generated by P ⊂ Q is Morita equivalent with
the C∗-tensor category of N -N -bimodules generated by the original subfactor N ⊂ M. Then, combining



1776 DAVID KYED, SVEN RAUM, STEFAAN VAES AND MATTHIAS VALVEKENS

[Popa et al. 2017, Proposition 7.4 and Corollary 9.5], we find that

β(2)n (Ĝ)= β(2)n (C1 ∗ C2)=


β
(2)
n (C1)+β

(2)
n (C2) if n ≥ 2,

β
(2)
1 (C1)+β

(2)
1 (C2)+ 1− (β(2)0 (C1)+β

(2)
0 (C2)) if n = 1,

0 if n = 0.

Since β(2)n (C1) = β
(2)
n (Rep(H)) = β(2)n (Ĥ) for all n ≥ 0, and similarly with β(2)n (C2), statement (iv) is

proved.
Finally, by [Banica and Vergnioux 2009, Theorem 3.4], the compact quantum groups H s+

m can be
viewed as the free wreath product (Z/sZ) o∗ S+m and H+m corresponds to the case s = 2. So (v) follows
from (iv). �

Remark 5.3. The free wreath products G = H o∗ F were introduced in [Bichon 2004]. We recall the
definition here. Denote by U ∈ Mm(C)⊗C(F) the fundamental representation of the quantum group F

acting on m points, so that the action of F on Cm is given by the ∗-homomorphism

α : Cm
→ Cm

⊗C(F), α(ej )=

m∑
i=1

ei ⊗Ui j .

Then C(G) is defined as the universal C∗-algebra generated by m copies of C(H), denoted by πi (C(H)),
i = 1, . . . ,m, together with C(F), and the relations saying that πi (C(H)) commutes with Ui j for all
i, j ∈ {1, . . . ,m}. The comultiplication 1 on C(G) is defined by

1(πi (a))=
m∑

j=1

((πi ⊗πj )1(a)) (Ui j ⊗ 1) and 1(Ui j )=

m∑
k=1

Uik ⊗Uk j .

Now observe that it is essential to assume in Theorem 5.2(iv) that the action of F on Cm is ergodic, in
the same way as it is essential to make this hypothesis in [Tarrago and Wahl 2016, Theorem B]. Indeed,
in the extreme case where F is the trivial one-element group, we find that C(H o∗ F) is the m-fold free
product of C(H), so that

β
(2)
1 (Ĝ)= β

(2)
1 (Ĥ ∗ · · · ∗ Ĥ︸ ︷︷ ︸

m times

)= m(β(2)1 (Ĥ)−β
(2)
0 (Ĥ))+m− 1,

which is different from the value given by Theorem 5.2(iv), namely β(2)1 (Ĥ)−β
(2)
0 (Ĥ).

Remark 5.4. Let (B, τ ) be a finite-dimensional C∗-algebra with its Markov trace and assume that F is
a quantum subgroup of Aaut(B, τ ) that is acting centrally ergodically on (B, τ ). Given any Kac-type
compact quantum group H, [Tarrago and Wahl 2016, Definition 7.5 and Remark 7.6] provides an implicit
definition of the free wreath product H o∗ F. The formula in Theorem 5.2(iv) remains valid and gives the
L2-Betti numbers of H o∗ F.

Remark 5.5. The fusion ∗-algebra C[C] of a rigid C∗-tensor category C has a natural trace τ and counit
% :C[C]→C and these coincide with the restriction of the trace and the counit of the tube algebra A to its
corner pε ·A · pε = C[C]. The GNS construction provides a von Neumann algebra completion L(Irr C) of
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C[C] acting on `2(Irr(C)) and having a natural faithful normal tracial state τ . So also the fusion ∗-algebra
C[C] admits L2-Betti numbers defined by

β(2)n (Irr(C)) := dimL(Irr(C)) TorC[C]
n (`2(Irr(C)),C)

= dimL(Irr(C)) ExtnC[C](C, `
2(Irr(C))).

Answering a question posed by Dimitri Shlyakhtenko, we will show that the computation in Theorem 5.2(iv)
provides the first examples of rigid C∗-tensor categories where β(2)n (Irr(C)) 6= β(2)n (C). Note that it was
already observed in [Popa et al. 2017, comments after Proposition 9.13] that for the Temperley–Lieb–
Jones category C, the C∗-tensor category and the fusion ∗-algebra have different homology with trivial
coefficients.

The first L2-Betti number β(2)1 (Irr(C)) can be computed as follows. Write H = `2(Irr(C)). A linear
map d :C[C]→ H is called a 1-cocycle if d(xy)= d(x) y+%(x) d(y) for all x, y ∈C[C]. A 1-cocycle d
is called inner if there exists a vector ξ ∈ H such that d(x)= ξ x−%(x) ξ for all x ∈C[C]. Two 1-cocycles
d1 and d2 are called cohomologous if d1 − d2 is inner. The space of 1-cocycles Z1(C[C], H) is a left
L(Irr(C))-module and when Irr(C) is infinite, the subspace of inner 1-cocycles has L(Irr(C))-dimension
equal to 1. In that case, one has

β
(2)
1 (Irr(C))=−1+ dimL(Irr(C)) Z1(C[C], H).

Let 0 be any countable group and define G= 0̂ o∗ Z/2Z. The fusion rules on Irr(G) were determined
in [Lemeux 2014] and are given as follows. Denote by v1 ∈ Ẑ/2Z the unique nontrivial element and
define W ⊂ 0 ∗ Ẑ/2Z as the set of reduced words

g0v1g1v1 · · · v1gn−1v1gn, n ≥ 0, g0, . . . , gn ∈ 0 \ {e},

that start and end with a letter from 0 \ {e}. Then Irr(G) can be identified with the set consisting of the
trivial representation v0, the 1-dimensional representation v1 and a set of 2-dimensional representations
v(ε, g, δ) for ε, δ ∈ {±} and g ∈ 0 \ {e}. The fusion rules are given by

v1⊗ v(ε, g, δ)= v(−ε, g, δ),

v(ε, g, δ)⊗ v1 = v(ε, g,−δ),

v(ε, g, δ)⊗ v(ε′, h, δ′)=
{
v(ε, gv1h, δ′)⊕ v(ε, gh, δ′) if gh 6= e,
v(ε, gv1h, δ′)⊕ v1⊕ v0 if gh = e.

Write H = `2(Irr(G)). Given an arbitrary family of vectors (ξg)g∈0\{e} in H, one checks that there is a
uniquely defined 1-cocycle d : C[C] → H satisfying d(v0) = d(v1) = 0 and d(v(ε, g, δ)) = ξg for all
g ∈ 0 \ {e} and ε, δ ∈ {±}. Moreover, this provides exactly the 1-cocycles that vanish on v0 and v1. Every
1-cocycle is cohomologous to a 1-cocycle vanishing on v0, v1, and the inner 1-cocycles vanishing on
v0, v1 have L(Irr(G))-dimension 1/2. It follows that

β
(2)
1 (Irr(G))= |0| − 1− 1

2 = |0| −
3
2 .
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On the other hand, by Theorem 5.2(iv), we have

β
(2)
1 (Rep(G))= β(2)1 (0)−β

(2)
0 (0)+ 1

2 .

Taking 0=Z, we find an example where β(2)1 (Irr(G))=∞, while β(2)1 (Rep(G))= 1/2. Taking 0=Z/2Z,
we find an example where Rep(G) is an amenable C∗-tensor category, but yet β(2)1 (Irr(G)) = 1/2 6= 0.
Although amenability can be expressed as a property of the fusion rules together with the counit (which
provides the dimensions of the irreducible objects), amenability does not ensure that the fusion ∗-algebra
has vanishing L2-Betti numbers. In particular, the Cheeger–Gromov argument given in [Popa et al. 2017,
Theorem 8.8] does not work on the level of the fusion ∗-algebra. In the above example, Rep(G) is Morita
equivalent to the group 0 ∗ Z/2Z. So also invariance of L2-Betti numbers under Morita equivalence
does not work on the level of the fusion ∗-algebra. All in all, this illustrates that it is not very natural to
consider L2-Betti numbers for fusion algebras.

6. Projective resolution for the Temperley–Lieb–Jones category

Fix q ∈ [−1, 1] \ {0} and realize the Temperley–Lieb–Jones category C as the representation category
C = Rep(SUq(2)). Denote by A the tube algebra of C together with its counit % :A→ C.

Although it was proved in [Popa et al. 2017, Theorem 9.9] that β(2)n (C) = 0 for all n ≥ 0, an easy
projective resolution of % : A → C was not given in that paper. On the other hand, [Bichon 2013,
Theorem 5.1] provides a length-3 projective resolution for the counit of Pol(SUq(2)). In the case of
Pol(Ao(m)), this projective resolution was already found in [Collins et al. 2009, Theorem 1.1], but the
proof of its exactness was very involved and ultimately relied on a long, computer-assisted Gröbner base
calculation. The proof in [Bichon 2013] is much simpler and moreover gives a resolution by so-called
Yetter–Drinfeld modules. This means that it is actually a length-3 projective resolution for the quantum
double algebra of SUq(2). By [Neshveyev and Yamashita 2015, Theorem 2.4], this quantum double
algebra is strongly Morita equivalent with the tube algebra A. The following is thus an immediate
consequence of [Bichon 2013, Theorem 5.1].

Theorem 6.1. Label by (vn)n∈N the irreducible objects of C = Rep(SUq(2)) and denote by (pn)n∈N the
corresponding projections in A.

Decomposing v1v1 = v0⊕ v2, the identity operator 1 ∈ ((v1v1)v1, v1(v1v1)) defines a unitary element
V ∈ (p0+ p2) ·A · (p0+ p2). Denoting by τ ∈ {±1} the sign of q, the sequence

0→A · p0
W 7→W ·p0·(V+τ)
−−−−−−−−−→A · (p0+ p2)

W 7→W ·(V−τ)
−−−−−−−−−→A · (p0+ p2)

W 7→W ·(V+τ)·p0
−−−−−−−−−→A · p0

%
−→C

is a resolution of % :A→ C by projective left A-modules.

As a consequence of Theorem 6.1, we immediately find the (co)homology of C = Rep(SUq(2)) with
trivial coefficients C, which was only computed up to degree 2 in [Popa et al. 2017, Proposition 9.13].
The same result was found in an unpublished note of Y. Arano using different methods.

Corollary 6.2. For C = Rep(SUq(2)), the homology Hn(C,C) and cohomology H n(C,C) with trivial
coefficients are given by C when n = 0, 3 and are 0 when n 6∈ {0, 3}.
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Remark 6.3. It is straightforward to check that inside A, we have p0 · V · V = p0 and %(V ) = −τ .
Therefore, the composition of two consecutive arrows in Theorem 6.1 indeed gives the zero map. Using
the diagrammatic representation of the tube algebra A given in [Ghosh and Jones 2016, Section 5.2],
there are natural vector space bases for A · p0 and A · (p0+ p2). It is then quite straightforward to check
that the sequence in Theorem 6.1 is indeed exact.

Using the same bases, one also checks that the tensor product of this resolution with L2(A)⊗A · stays
dimension exact. This then provides a slightly more elementary proof that β(2)n (C)= 0 for all n ≥ 0, as
was already proved in [Popa et al. 2017, Theorem 9.9].

Remark 6.4. Section 9.5 of [Popa et al. 2017] provides a diagrammatic complex to compute the homology
Hn(C,C) with trivial coefficients. In the particular case where C is the Temperley–Lieb–Jones category
TLJ(δ)= Rep(SUq(2)) with −1< q < 0 and δ =−q − 1/q , the space of n-chains is given by the linear
span of all configurations of nonintersecting circles embedded into the plane with n points removed.
Using Theorem 6.1, one computes that the 3-homology is spanned by the 3-cycle

c1 = + .

It is however less clear how to write effectively a generating 3-cocycle in this diagrammatic language.
For instance, for every integer k ≥ 1, indicating by k the number of parallel strings,

ck =

k

+

k

and

dk =

k

+

k

are 3-cycles and ad hoc computations show that in 3-homology, we have ck = kδk−1 c1 and dk = 3kδk−1 c1.
It would be interesting to have a geometric procedure to identify a given 3-cycle with a multiple of c1

and to prove geometrically that homology vanishes in higher degrees.

7. Derivations on rigid C∗-tensor categories

7A. A Drinfeld-type central element in the tube algebra. To describe the first cohomology of a rigid
C∗-tensor category C by a space of derivations, a natural element in the center of the tube algebra (more
precisely, in the center of its multiplier algebra) plays a crucial role. In the case where C has only
finitely many irreducible objects and hence, the tube algebra A is a direct sum of matrix algebras, this
Drinfeld-type central element was introduced in [Izumi 2000, Theorem 3.3]. When C has infinitely many
irreducible objects, the same definition applies and yields the following central unitary U in the multiplier
algebra M(A) defined by unitary elements Ui ∈ pi ·A · pi .
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Fix a rigid C∗-tensor category C. For every i ∈ Irr(C), denote by Ui ∈ pi ·A · pi the element defined by
the identity map in (i i, i i).

Proposition 7.1. Fix i, j ∈ Irr(C). Then U #
i = si t∗i and Ui ·U #

i = U #
i ·Ui = pi . In other words, Ui is

unitary in pi ·A · pi . Moreover, for any α ∈ Irr(C) and V ∈ (iα, α j), the following relation holds:

Ui · V = V ·Uj =
∑

γ∈Irr(C)

d(γ )
∑

W∈onb(iα,γ ),W ′∈onb(α j,γ )

〈V,W W ′∗〉 (1⊗W ′∗)(W ⊗ 1). (7-1)

So, U :=
∑

i∈I Ui is a central unitary element in the multiplier algebra M(A).

Proof. By definition of the involution on A, we have

U #
i = (t

∗

i ⊗ 1⊗ 1)(1⊗ 1⊗ si )= si t∗i ∈ (i ī, ī i).

Given this, one finds that

U #
i ·Ui =

∑
γ∈Irr(C)

d(γ )
∑

W∈onb(ī i,γ )

(1⊗W ∗)(U #
i ⊗ 1)(1⊗Ui )(W ⊗ 1)

=

∑
γ∈Irr(C)

d(γ )
∑

W∈onb(ī i,γ )

(1⊗W ∗)(si t∗i W ⊗ 1).

Note that all terms with γ 6= ε vanish. Hence, to conclude the computation, it suffices to note that
{d(i)−1/2 ti } is an orthonormal basis for (ī i, ε). Similarly, one checks that Ui ·U #

i = pi .
Choose V ∈ pi ·A · pj arbitrarily. Then

Ui · V =
∑

γ∈Irr(C)

∑
W∈onb(iα,γ )

d(γ )(1⊗W ∗V )(W ⊗ 1).

On the other hand,
V ·Uj =

∑
γ∈Irr(C)

∑
W ′∈onb( jα,γ )

d(γ )(1⊗W ′∗)(V W ′⊗ 1).

From these identities, one readily deduces (7-1) by expanding W ∗V (resp. V W ′) in terms of the other
orthonormal basis and using that the scalar products are given by the categorical traces. �

Note that (7-1), along with the fact that Uε = pε in particular implies

Ui · V = V and W ·Ui =W (7-2)

for V ∈ pi ·A · pε and W ∈ pε ·A · pi . As another corollary of (7-1), we find that U =
∑

i∈Irr(C) Ui belongs
to the center of the von Neumann algebra A′′.

7B. Properties of 1-cocycles. Let C be a rigid C∗-tensor category with tube algebra A. Fix a nonde-
generate right Hilbert A-module K. As in [Popa et al. 2017], define the bar complex for Hochschild
(co)homology as follows. Denote by B the linear span of the projections pi , i ∈ Irr(C). Then define

Cn = pε ·A⊗B A⊗B · · · ⊗B A︸ ︷︷ ︸
n factors
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with boundary maps ∂ : Cn→ Cn−1 given by ∂ =
∑n

k=0(−1)k ∂k , where

∂k(V0⊗ · · ·⊗ Vn)=

{
%(V0)pε · V1⊗ · · ·⊗ Vn, k = 0,
V0⊗ · · ·⊗ Vk−1 · Vk ⊗ · · ·⊗ Vn, 1≤ k ≤ n.

This is a resolution of the trivial right A-module C by projective right A-modules. So H n(C,K0) is the
n-th cohomology of the dual complex

HomA(Cn,K0)= HomA(pε ·A⊗B A⊗B · · · ⊗B A︸ ︷︷ ︸
n factors

,K0). (7-3)

The complex in (7-3) is isomorphic with the complex

C̃n
= HomB(pε ·A⊗B A⊗B · · · ⊗B A︸ ︷︷ ︸

n−1 factors

,K0),

where C̃0
= K · pε. For n ≥ 1, the coboundary maps ∂ : C̃n

→ C̃n+1 of this complex are given by
∂ =

∑n+1
k=0(−1)k ∂k , where

∂k(D)(V0⊗ · · ·⊗ Vn)=


%(V0)D(pε · V1⊗ · · ·⊗ Vn), k = 0,
D(V0⊗ · · ·⊗ Vk−1 · Vk ⊗ · · ·⊗ Vn), 1≤ k ≤ n,
D(V0⊗ · · ·⊗ Vn−1) · Vn, k = n+ 1.

The zeroth coboundary map of C̃• is given by

K · pε→ HomB(pε ·A,K0), ξ 7→ [Dξ : V 7→ %(V )ξ − ξ · V ]. (7-4)

In this picture, the 1-cocycles are precisely the maps D ∈ HomB(pε ·A,K0) that satisfy

D(V ·W )= D(V ) ·W + %(V )D(W ) (7-5)

for all V ∈ pε ·A · pi and W ∈ pi ·A · pj . We associate a cocycle Dξ to every vector ξ ∈ K · pε via (7-4).
These are the inner 1-cocycles.

By analogy with the first L2-Betti number for groups, we want to express how a 1-cocycle D is
determined by its values on a generating set of objects of C. So, we first need to specify how D can
actually be evaluated on objects α ∈ C.

By the correspondence theorem from [Popa et al. 2017] discussed in Section 2B, we may suppose that
the right Hilbert A-module K arises from a unitary half-braiding (X, σ ) ∈ Z(ind-C), where X ∈ ind-C
satisfies (X, i)= K · pi for all i ∈ Irr(C).

For every α ∈ Irr(C), we consider the vector subspace Aα ⊂A,

Aα =
⊕

i, j∈Irr(C)

(iα, α j). (7-6)

Note that each Aα is a B-bimodule. We can then define the natural bijection

HomB(pε ·Aα,K0)∼= (αX, α)
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identifying D ∈ HomB(pε ·Aα,K0) with Dα ∈ (αX, α) through the formulae

D(V )= (Trα ⊗ id)(DαV ) and Dα =

∑
j∈Irr(C)

∑
W∈onb(α,α j)

d( j)(1⊗ D(W ))W ∗

for all i ∈ Irr(C) and V ∈ (α, αi). Putting all α ∈ Irr(C) together, we find a bijection

HomB(pε ·A,K0)∼=
∏

α∈Irr(C)

(αX, α)

identifying D ∈ HomB(pε ·A,K0) with the family (Dα)α∈Irr(C).
Given a family of elements Dα ∈ (αX, α) for all α ∈ Irr(C), we uniquely define Dβ ∈ (βX, β) for

arbitrary objects β ∈ C by the formula

Dβ =

∑
α∈Irr(C)

∑
V∈onb(α,β)

d(α)(V ∗⊗ 1)DαV.

Note that the naturality condition
DαV = (V ⊗ 1)Dβ (7-7)

holds for all α, β ∈ C and all V ∈ (α, β).

Definition 7.2. Let C be a rigid C∗-tensor category. We say that a subset G ⊂ Irr(C) generates C when
every irreducible object in C arises as a subobject of some tensor product of elements in G ∪G.

The following proposition implies that a 1-cocycle D ∈ HomB(pε ·A,K0) is completely determined
by its “values” Dα ∈ (αX, α) for α belonging to a generating set G ⊂ Irr(C).

Proposition 7.3. Consider a morphism D ∈HomB(pε ·A,K0) with corresponding values Dα ∈ (αX, α),
α ∈ C. Then D is a 1-cocycle if and only if

Dαβ = (1⊗ σ ∗β )(Dα ⊗ 1)+ (1⊗ Dβ) (7-8)

for all α, β ∈ C. In particular, any 1-cocycle D satisfies Dε = 0 and

Dᾱ =−σ
∗

ᾱ (t
∗

α ⊗ 1⊗ 1)(1⊗ Dα ⊗ 1)(1⊗ sα)=−(1⊗ s∗α ⊗ 1)(1⊗ 1⊗ σ ∗ᾱ )(1⊗ Dα ⊗ 1)(tα ⊗ 1) (7-9)

for all α ∈ Irr(C).

Proof. Choose arbitrary morphisms V ∈ (α, αi) and W ∈ (iβ, β j). The following identities can be verified
by direct computation:

D(V ·W )= (Trαβ ⊗ id)
(
Dαβ(V ⊗ 1)(1⊗W )

)
,

D(V ) ·W = (Trαβ ⊗ id)
(
(1⊗ σ ∗β )(Dα ⊗ 1)(V ⊗ 1)(1⊗W )

)
,

%(V )D(W )= (Trαβ ⊗ id)
(
(1⊗ Dβ)(V ⊗ 1)(1⊗W )

)
.

By Frobenius reciprocity, for every fixed α, β, j ∈ Irr(C), the linear span of all (V ⊗ 1)(1⊗W ) with
i ∈ Irr(C), V ∈ (α, αi), W ∈ (iβ, β j), equals (αβ, αβ j). So it follows that D is a 1-cocycle if and only
if (7-8) holds for all α, β ∈ C.
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Finally, assume that D is a 1-cocycle. By (7-8), we get Dε = 0. The naturality property of the Dα

implies Dαᾱsα = 0 for all α ∈ C. So,

(1⊗ 1⊗ Dᾱ)(1⊗ sα)=−(1⊗ 1⊗ σ ∗ᾱ )(1⊗ Dα ⊗ 1)(1⊗ sα),

which yields one half of (7-9) after multiplying by (t∗α ⊗ 1) on both sides. The other identity is proven
similarly, by observing that (s∗α ⊗ 1)Dαᾱ = 0. �

The following lemma shows that the constraint (7-9) on Dα can be succinctly restated in terms of the
special unitaries Ui ∈A introduced in the previous section.

Lemma 7.4. Fix α ∈ Irr(C) and consider Aα ⊂ A as in (7-6). Let D ∈ HomB(pε ·Aα,K0) with corre-
sponding Dα ∈ (αX, α). Then Dα satisfies the relation

σ ∗ᾱ (t
∗

α ⊗ 1⊗ 1)(1⊗ Dα ⊗ 1)(1⊗ sα)= (1⊗ s∗α ⊗ 1)(1⊗ 1⊗ σ ∗ᾱ )(1⊗ Dα ⊗ 1)(tα ⊗ 1) (7-10)

if and only if D(V )= D(V ) ·Ui for all i ∈ Irr(C) and V ∈ (α, αi).

Proof. By definition of the A-module structure on K, for every i ∈ Irr(C) and V ∈ (α, αi), we have

D(V ) ·Ui = (Trα ⊗ id)(DαV ) ·Ui = (Trαi ⊗ id)
(
(1⊗ σ ∗i )(DαV ⊗ 1)

)
= (Trα ⊗ id)

(
(V ⊗ 1)(1⊗ σ ∗i )(Dα ⊗ 1)

)
= (Trα ⊗ id)

(
(V ⊗ 1)σ ∗αi (σαDα ⊗ 1)

)
= (Trα ⊗ id)

(
σ ∗α (1⊗ V )(σαDα ⊗ 1)

)
,

where the final two equalities follow from the half-braiding property and the naturality of σ , respectively.
Writing V as V = (s∗α ⊗ 1)(1⊗W ) with W ∈ (ᾱα, i), we then find that

D(V ) ·Ui = (Trα ⊗ id)
(
σ ∗α (1⊗ s∗α ⊗ 1)(1⊗ 1⊗W )(σαDα ⊗ 1)

)
= (Trα ⊗ id)

(
σ ∗α (1⊗ s∗α ⊗ 1)(σαDα ⊗ 1⊗ 1)

)
W.

Since D(V )= (Trα ⊗ id)(DαV )= (t∗α ⊗ 1)(1⊗ Dα)W, we conclude that the equality D(V )= D(V ) ·Ui

for all i ∈ Irr(C) and V ∈ (α, αi) is equivalent with the equality

(t∗α ⊗ 1)(1⊗ Dα)= (t∗α ⊗ 1)(1⊗ σ ∗α )(1⊗ 1⊗ s∗α ⊗ 1)(1⊗ σαDα ⊗ 1⊗ 1)(tα ⊗ 1⊗ 1).

Applying the transformation Y 7→ σ ∗ᾱ (Y ⊗ 1)(1⊗ sα) to the left- and the right-hand sides, this equality
becomes equivalent with (7-10). �

We can then formalize how a 1-cocycle is determined by its values on a generating set of a rigid
C∗-tensor category as follows.

Proposition 7.5. Let C be a rigid C∗-tensor category with finite generating set G ⊂ Irr(C). Denote by A
the tube algebra of C and let K be a nondegenerate right Hilbert A-module. For every i ∈ Irr(C), define
the subspace Kfix

i ⊂ K · pi given by

Kfix
i := {ξ ∈ K · pi | ξ ·Ui = ξ}.

Define
Z̃1(C,K0)=

⊕
α∈G

⊕
i∈Irr(C)

Kfix
i ⊗ (αi, α).
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Then, the linear map

8 : Z1(C,K0)→ Z̃1(C,K0), D 7→
⊕
α∈G

⊕
i∈Irr(C)

∑
W∈onb(α,αi)

D(W )⊗W ∗,

is injective. In particular, if C has infinitely many irreducible objects, we find the estimate

β
(2)
1 (C)≤−1+

∑
α∈G

∑
i∈Irr(C)

mult(i, ᾱα) τ (qi ), (7-11)

where qi ∈ pi ·A′′ · pi denotes the projection onto the kernel of Ui − pi .

Proof. By Proposition 7.3 and Lemma 7.4, the map 8 is well defined and injective. In the case where
K = L2(A), the map 8 is left A′′-linear. Since dimA′′ L2(A) · qi = τ(qi ), the proposition follows once
we have proved that the space of inner 1-cocycles has A′′-dimension equal to 1, assuming that C has
infinitely many irreducible objects.

In that case, β(2)0 (C)= 0 by [Popa et al. 2017, Corollary 9.2], meaning that the coboundary map

L2(A) · pε→ HomB(pε ·A, L2(A)0)

is injective. The space of inner 1-cocycles is thus isomorphic with L2(A) · pε and so, has A′′-dimension
equal to 1. �

8. Derivations on Rep(Au(F))

In this section, we again specialize to the case of free unitary quantum groups. Let F ∈ GLm(C). The
methods of the previous section allow for a direct and explicit proof that β(2)1 (Rep(Au(F)))= 1. More
generally, we determine the first cohomology of Rep(Au(F)) with arbitrary coefficients.

By [Banica 1997], the category Rep(Au(F)) is freely generated by the fundamental representation u
and the irreducible representations can be labeled by words in u and ū. To avoid confusion between words
and tensor products, we explicitly write ⊗ to denote the tensor product of two representations. The tensor
product ū⊗u decomposes as the sum of the trivial representation ε and the irreducible representation with
label ūu. Similarly, u⊗ ū ∼= ε⊕ uū. Moreover, the standard solutions of the conjugate equations for u,
given by tu ∈ (ū⊗ u, ε) and su ∈ (u⊗ ū, ε), generate all intertwiners between tensor products of u and ū.

Proposition 8.1. Let F ∈GLm(C) and C=Rep(Au(F)), with tube algebra A. Let K be any nondegenerate
right Hilbert A-module. Using the notation of Proposition 7.5, we find an isomorphism

Z1(Rep(Au(F)),K0)∼= K · pε⊕Kfix
ūu . (8-1)

Proof. As explained in Section 2B, we consider K as the nondegenerate right Hilbert A-module given by
a unitary half-braiding σ on some ind-object X. A vector on the right-hand side of (8-1) then corresponds
to an element in (u⊗ X, u) satisfying the conditions of Lemma 7.4, by Frobenius reciprocity. Fix such a
morphism Du ∈ (u⊗ X, u). We have to show that Du comes from a 1-cocycle D ∈ HomB(pε ·A,K0),
which we will construct as a family of morphisms (Dα)α∈C satisfying the naturality condition (7-7). The
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identity (7-9) forces us to define Dū by

Dū =−σ
∗

ū (t
∗

u ⊗ 1⊗ 1)(1⊗ Du ⊗ 1)(1⊗ su).

This is unambiguous because u 6= ū in Rep(Au(F)). By Lemma 7.4, we also have

Dū =−(1⊗ s∗u ⊗ 1)(1⊗ 1⊗ σ ∗ū )(1⊗ Du ⊗ 1)(tu ⊗ 1).

The cocycle identity (7-8) imposes the definition

Dα1⊗···⊗αn =

n∑
k=1

(1⊗k
⊗ σ ∗αk+1⊗···⊗αn

)(1⊗(k−1)
⊗ Dαk ⊗ 1⊗(n−k)), (8-2)

where αk ∈ {u, ū}. We also must set Dε = 0. Since every irreducible object in Rep(Au(F)) is a subobject
of some tensor product of u and ū, these relations fix Dα for all α ∈ C. Concretely, if α ∈ Irr(C) and
w : α1⊗ · · ·⊗αn→ α is a coisometry, where αk ∈ {u, ū}, we set

Dα = (w⊗ 1)Dα1⊗···⊗αnw
∗. (8-3)

Now, since α appears in the decomposition of several different tensor products, it is not immediately clear
why this is well defined. To this end, we will show that the naturality relation

(V ⊗ 1)Dα1⊗···⊗αn = Dα′1⊗···⊗α
′
m

V (8-4)

holds for all morphisms
V : α1⊗ · · ·⊗αn→ α′1⊗ · · ·⊗α

′

m,

with αi , α
′

j ∈ {u, ū}. This is where the freeness of C comes into play. By [Banica 1997, Lemme 6],
the intertwiner spaces between tensor products involving u and ū are generated by maps of the forms
1⊗i
⊗ su ⊗ 1⊗ j and 1⊗i

⊗ tu ⊗ 1⊗ j and their adjoints. Appealing to the naturality of σ in (8-2), it is
therefore sufficient to verify that

Du⊗ūsu = 0, (s∗u ⊗ 1)Du⊗ū = 0,

Dū⊗u tu = 0, (t∗u ⊗ 1)Dū⊗u = 0,

which follows from the two different expressions for Dū , by retracing the computations made in the
proof of Proposition 7.3. We conclude that there exists a unique D ∈ HomB(pε ·A,K0) producing the
family of maps (Dα)α∈C . This family satisfies the cocycle relation (7-8) by construction. Therefore D is
a 1-cocycle, as required. �

Combining Propositions 7.5 and 8.1, we get

β
(2)
1 (Rep(Au(F)))= τ(qūu).

Calculating β(2)1 (Rep(Au(F))) therefore boils down to computing the trace of qūu . By von Neumann’s
mean ergodic theorem, we have

lim
n→∞

1
n

n−1∑
k=0

τ(U k
ūu)= τ(qūu). (8-5)
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In other words, to find the first L2-Betti number of Rep(Au(F)), it is now sufficient to compute the traces
τ(U k

ūu) for all k ∈ N, i.e., the sequence of moments of Uūu .
The following lemma translates this problem into a combinatorial one.

Lemma 8.2. Let C be an arbitrary rigid C∗-tensor category with tube algebra A. For α ∈ C and k ≥ 1,
define the rotation map

ζ k
α : (α

k, ε)→ (αk, ε), ξ 7→ (1⊗k
⊗ s∗α)(1⊗ ξ ⊗ 1)sα.

Then τ(U k
i ) = Tr(ζ k

i ) for all i ∈ Irr(C), where Tr is the unnormalized trace on the finite-dimensional
matrix algebra of linear transformations of (ik, ε).

Proof. Fix i ∈ Irr(C) and observe that

τ(U k
i )=

∑
W∈onb(ik , ε)

Tri ((1⊗W ∗)(W ⊗ 1))=
∑

W∈onb(ik , ε)

s∗i (1⊗W ∗⊗ 1)(W ⊗ 1⊗ 1)si

=

∑
W∈onb(ik , ε)

s∗i (1⊗W ∗⊗ 1)(1⊗k
⊗ si )W =

∑
W∈onb(ik , ε)

〈W, ζ k
i (W )〉 = Tr(ζ k

i ). �

Proposition 8.3. Consider either Rep(Au(F)) for F ∈ GLm(C) or Rep(Ao(F)) for F ∈ GLm(C) with
F F=±1. In both cases, denote by u the fundamental representation and let π be the nontrivial irreducible
summand of u⊗ ū or ū⊗ u. Then, for all k ∈ Z, we have

τ(U k
π )=


d(u)2− 1 if k = 0,
0 if |k| = 1,
1 if |k| ≥ 2.

(8-6)

So, τ(qπ )= 1 and the spectral measure of Uπ with respect to the (unnormalized) trace τ on pπ ·A′′ · pπ
is given by δ1+ (d(u)2− 2− 2 Re(z)) dz, where dz denotes the normalized Lebesgue measure on the unit
circle S1.

Proof. We first deduce the result for Au(F) from the Ao(F) case. Up to monoidal equivalence, we may
assume that F F =±1. Consider the group Z as a C∗-tensor category with generator z, and denote the
fundamental representation of Ao(F) by v. Write π for the nontrivial irreducible summand of v⊗ v.
We can embed Rep(Au(F)) into the free product Z ∗Rep(Ao(F)) as a full subcategory, by sending the
fundamental representation u to zv; see [Banica 1997, Théorème 1(iv)]. Under this identification, we
have ū ⊗ u = v ⊗ v, which implies that also ūu = π . By mapping u to vz instead, we similarly get
u⊗ ū = v⊗ v.

So it remains to prove the proposition for Rep(Ao(F)), where F ∈GLm(C) with m ≥ 2 and F F =±1.
If we choose q ∈ [−1, 1] \ {0} such that

Tr(F∗F)= |q| + |q|−1
≥ 2 and F F =− sgn(q)1,

then it follows from [Bichon et al. 2006, Theorem 5.3] that Ao(F) is monoidally equivalent to SUq(2).
We still denote the fundamental representation by v.
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Note that, strictly speaking, the category Rep(SUq(2)) depends on the sign of q. However, since we
only work in the subcategory generated by v⊗ v, all parity issues disappear. More precisely, if v′ denotes
the fundamental representation of SU−q(2), then the full C∗-tensor subcategories generated by v⊗ v and
v′⊗ v′ are monoidally equivalent. To see this, denote the Hopf ∗-subalgebra of Pol(SUq(2)) generated
by the matrix coefficients of v⊗ v by B. It suffices to remark that in the same way as in [Banica 1999,
Corollary 4.1], the adjoint coaction of SUq(2) on M2(C) identifies B with the quantum automorphism
group of (M2(C), φq2), where the state φq2 is given by

φq2 : M2(C)→ C,

(
a11 a12

a21 a22

)
7→

1
1+ q2 (a11+ q2a22).

In particular, the isomorphism class of B does not depend on the sign of q . By duality, the full C∗-tensor
subcategory of Rep(SUq(2)) generated by v⊗ v is also independent of the sign of q . We may therefore
assume that q < 0 without loss of generality. Since Uπ is unitary, it suffices to compute τ(U k

π ) for all
positive integers k.

In summary, we have reduced the problem to a question about the Temperley–Lieb–Jones category
T Ld,−1, where d = |q| + |q|−1 (cf. [Neshveyev and Tuset 2013, Section 2.5]). This category admits a
well-behaved diagram calculus; see, e.g., [Banica and Speicher 2009]. In this view, morphisms from v⊗n

to v⊗m are given by linear combinations of noncrossing pair partitions p ∈ NC2(n,m), which we will
represent by diagrams of the following form:

p

· · ·

n points

· · ·

m points

The composition pq of diagrams p and q, whenever meaningful, is defined by vertical concatenation,
removing any loops that arise. The tensor product and adjoint operations are given by horizontal
concatenation and reflection along the horizontal axis, respectively. We will denote the morphism in
(v⊗m, v⊗n) associated to the partition p ∈ NC2(n,m) by Tp. One then has that

Tp = Tp∗, Tp⊗q = Tp⊗ Tq and TpTq = d`(p,q)Tpq ,

where `(p, q) denotes the number of loops removed in the composition of p and q . Moreover, the family
{Tp | p ∈ NC2(n,m)} is a basis for (v⊗m, v⊗n).

In view of Lemma 8.2, we now specialize to noncrossing pair diagrams without upper points, i.e.,
morphisms in ((v⊗v)⊗k, ε). The action of ζ k

v⊗v (as defined in Lemma 8.2) on intertwiners of the form Tp

for p ∈ NC2(0, 2k) has an easy description in terms of the partition calculus discussed above:

ζ k
v⊗v(Tp)= Tσk(p),
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where σk is the permutation of NC2(0, 2k) given by

σk

 p

· · ·

= p

· · ·

.

In other words, ζ k
v⊗v permutes a basis of ((v⊗ v)⊗k, ε). In fact, ζ k

π behaves similarly with respect to a
suitable basis of (π⊗k, ε). Let Q : v⊗ v→ π be a coisometry. We proceed to argue that the intertwiners
{Q⊗k Tp | p ∈ NC◦2(k)} form a basis of (π⊗k, ε), where

NC◦2(k)= {p ∈ NC2(0, 2k) | i odd=⇒ {i, i + 1} /∈ p}.

Indeed, it is clear that multiplication by Q⊗k yields a linear map from ((v⊗v)⊗k, ε) to (π⊗k, ε). Moreover,
it is easy to see that Tp lies in the kernel of this map whenever p ∈ NC2(0, 2k) \ NC◦2(k). Hence, to
finish the proof of the claim, it suffices to check that

dimC(π
⊗k, ε)= #NC◦2(k). (8-7)

This fact is probably well known, but we give a short proof here for completeness. The number of
elements of NC◦2(k) is known in the combinatorial literature as the k-th Riordan number. As shown in
[Bernhart 1999, Sections 3.2(R2) and 5], the Riordan numbers can be expressed in terms of the Catalan
numbers Ci by means of the formula

#NC◦2(k)=
k∑

i=0

(−1)k−i
(k

i

)
Ci . (8-8)

The left-hand side of (8-7) only depends on the fusion rules of the tensor powers of π , so we can
take π to be the 3-dimensional irreducible representation of SU (2) for the purposes of this part of the
computation. Making use of the Weyl integration formula for SU (2), see [Hall 2015, Example 11.33],
we find that

dimC(π
⊗k, ε)=

∫
SU (2)

χ k
π (g) dg = 4

π

∫ π/2

0
(4 cos2 θ − 1)k sin2 θ dθ

=
4
π

∫ 1

0
(4x2
− 1)k

√
1− x2 dx = 4

π

k∑
i=0

4i (−1)k−i
(k

i

) ∫ 1

0
x2i
√

1− x2 dx .

By the moment formula for the Wigner semicircle distribution, this is precisely (8-8).
Having shown that the intertwiners of the form Q⊗k Tp form a basis of (π⊗k, ε), we now demonstrate

that ζ k
π acts on this basis by permutation. To this end, observe that sπ = (Q⊗Q)sv⊗v . For ξ ∈ ((v⊗v)⊗k, ε),

this yields

ζ k
π (Q

⊗kξ)= Q⊗k(1⊗2k
⊗ s∗π )(1⊗ ξ ⊗ 1)sπ

= Q⊗k(1⊗2k
⊗ s∗v⊗v)(1

⊗2k
⊗ Q∗Q⊗ Q∗Q)(1⊗2

⊗ ξ ⊗ 1⊗2)sv⊗v = Q⊗kζ k
v⊗v(ξ),
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where the last equality follows by substituting Q∗Q = 1−d(v)−1svs∗v and noting that all terms involving
svs∗v vanish. In summary,

ζ k
π (Q

⊗k Tp)= Q⊗k Tσk(p)

for all p ∈ NC◦2(k). So ζ k
π permutes a basis of (π⊗k, ε), as claimed. It follows that the trace of ζ k

π is
exactly the number of fixed points of σk that lie in NC◦2(k). When k = 1, this set is empty, but for all
k ≥ 2 there is a unique such fixed point, given by the following partition:

· · ·

k−1 pairs

Since

lim
n→∞

1
n

n−1∑
k=0

τ(U k
π )= 1,

we conclude that τ(qπ ) = 1. Clearly, the measure on S1 in the formulation of the proposition has the
same moments as Uπ and thus is the spectral measure of Uπ . �

Remark 8.4. From the computation for Ao(F), one might be tempted to conjecture that the trace of the
spectral projection qi is always less than 1 for all i ∈ Irr(C) in any C∗-tensor category. However, this is not
the case. Consider the category of finite-dimensional unitary representations of the alternating group A4.
This category has four equivalence classes of irreducible objects, which we will denote by ε, ω1, ω2

and π . The trivial representation corresponds to ε, and ω1, ω2 are 1-dimensional representations that can
be thought of as “cube roots of ε”, in that ω1 = ω̄2, and ω1⊗ω1 = ω2. The remaining representation π is
3-dimensional, and satisfies

π ⊗π ∼= ε⊕ω1⊕ω2⊕π ⊕π.

Fix a partition of the identity into pairwise orthogonal projections

1π⊗π = Pε + Pω1⊕ω2 + Pπ⊕π

such that the image of Pα is isomorphic to α. Using numerical methods, we found that

qπ = 7
18 pπ ⊕ 1

18 1π ⊕ 1
18 1π ⊕

( 7
6 Pε + 1

6 Pω1⊕ω2 +
1
3 Pπ⊕π

)
∈ (πε, επ)⊕ (πω1, ω1π)⊕ (πω2, ω2π)⊕ (ππ, ππ)= pπ ·A · pπ .

In particular,
τ(qπ )= 7

18 d(π)= 7
6 > 1.

Acknowledgments

Vaes would like to thank the Isaac Newton Institute for Mathematical Sciences for support and hospitality
during the programme Operator Algebras: Subfactors and their Applications when work on this paper was
undertaken, supported by EPSRC Grant Number EP/K032208/1. Vaes also thanks Dimitri Shlyakhtenko
for several helpful remarks.



1790 DAVID KYED, SVEN RAUM, STEFAAN VAES AND MATTHIAS VALVEKENS

References

[Arano 2016] Y. Arano, “Unitary spherical representations of Drinfeld doubles”, J. Reine Agnew. Math. (online publication
January 2016).

[Banica 1997] T. Banica, “Le groupe quantique compact libre U(n)”, Comm. Math. Phys. 190:1 (1997), 143–172. MR Zbl

[Banica 1999] T. Banica, “Symmetries of a generic coaction”, Math. Ann. 314:4 (1999), 763–780. MR Zbl

[Banica and Speicher 2009] T. Banica and R. Speicher, “Liberation of orthogonal Lie groups”, Adv. Math. 222:4 (2009),
1461–1501. MR Zbl

[Banica and Vergnioux 2009] T. Banica and R. Vergnioux, “Fusion rules for quantum reflection groups”, J. Noncommut. Geom.
3:3 (2009), 327–359. MR Zbl

[Bernhart 1999] F. R. Bernhart, “Catalan, Motzkin, and Riordan numbers”, Discrete Math. 204:1-3 (1999), 73–112. MR Zbl

[Bichon 2004] J. Bichon, “Free wreath product by the quantum permutation group”, Algebr. Represent. Theory 7:4 (2004),
343–362. MR Zbl

[Bichon 2013] J. Bichon, “Hochschild homology of Hopf algebras and free Yetter–Drinfeld resolutions of the counit”, Compos.
Math. 149:4 (2013), 658–678. MR Zbl

[Bichon et al. 2006] J. Bichon, A. De Rijdt, and S. Vaes, “Ergodic coactions with large multiplicity and monoidal equivalence of
quantum groups”, Comm. Math. Phys. 262:3 (2006), 703–728. MR Zbl

[Bichon et al. 2016a] J. Bichon, S. Neshveyev, and M. Yamashita, “Graded twisting of categories and quantum groups by group
actions”, Ann. Inst. Fourier (Grenoble) 66:6 (2016), 2299–2338. MR Zbl

[Bichon et al. 2016b] J. Bichon, S. Neshveyev, and M. Yamashita, “Graded twisting of comodule algebras and module categories”,
preprint, 2016. arXiv

[Bichon et al. 2017] J. Bichon, D. Kyed, and S. Raum, “Higher `2-Betti numbers of universal quantum groups”, Canad. Math.
Bull. (online publication June 2017).

[Collins et al. 2009] B. Collins, J. Härtel, and A. Thom, “Homology of free quantum groups”, C. R. Math. Acad. Sci. Paris
347:5-6 (2009), 271–276. MR Zbl

[De Commer et al. 2014] K. De Commer, A. Freslon, and M. Yamashita, “CCAP for universal discrete quantum groups”, Comm.
Math. Phys. 331:2 (2014), 677–701. MR Zbl

[Ghosh and Jones 2016] S. K. Ghosh and C. Jones, “Annular representation theory for rigid C∗-tensor categories”, J. Funct.
Anal. 270:4 (2016), 1537–1584. MR Zbl

[Hall 2015] B. Hall, Lie groups, Lie algebras, and representations: an elementary introduction, 2nd ed., Graduate Texts in
Mathematics 222, Springer, 2015. MR Zbl

[Izumi 2000] M. Izumi, “The structure of sectors associated with Longo–Rehren inclusions, I: General theory”, Comm. Math.
Phys. 213:1 (2000), 127–179. MR Zbl

[Kyed 2008] D. Kyed, “L2-homology for compact quantum groups”, Math. Scand. 103:1 (2008), 111–129. MR Zbl

[Kyed and Raum 2017] D. Kyed and S. Raum, “On the `2-Betti numbers of universal quantum groups”, Math. Ann. (online
publication March 2017).

[Kyed et al. 2015] D. Kyed, H. D. Petersen, and S. Vaes, “L2-Betti numbers of locally compact groups and their cross section
equivalence relations”, Trans. Amer. Math. Soc. 367:7 (2015), 4917–4956. MR Zbl

[Lemeux 2014] F. Lemeux, “The fusion rules of some free wreath product quantum groups and applications”, J. Funct. Anal.
267:7 (2014), 2507–2550. MR Zbl

[Lück 2002] W. Lück, L2-invariants: theory and applications to geometry and K -theory, Ergebnisse der Mathematik und ihrer
Grenzgebiete 44, Springer, 2002. MR Zbl

[Müger 2003] M. Müger, “From subfactors to categories and topology, I: Frobenius algebras in and Morita equivalence of tensor
categories”, J. Pure Appl. Algebra 180:1-2 (2003), 81–157. MR Zbl

[Neshveyev and Tuset 2013] S. Neshveyev and L. Tuset, Compact quantum groups and their representation categories, Cours
Spécialisés 20, Société Mathématique de France, Paris, 2013. MR Zbl

http://dx.doi.org/10.1515/crelle-2015-0079
http://dx.doi.org/10.1007/s002200050237
http://msp.org/idx/mr/1484551
http://msp.org/idx/zbl/0906.17009
http://dx.doi.org/10.1007/s002080050315
http://msp.org/idx/mr/1709109
http://msp.org/idx/zbl/0928.46038
http://dx.doi.org/10.1016/j.aim.2009.06.009
http://msp.org/idx/mr/2554941
http://msp.org/idx/zbl/1247.46064
http://dx.doi.org/10.4171/JNCG/39
http://msp.org/idx/mr/2511633
http://msp.org/idx/zbl/1203.46048
http://dx.doi.org/10.1016/S0012-365X(99)00054-0
http://msp.org/idx/mr/1691863
http://msp.org/idx/zbl/0933.05002
http://dx.doi.org/10.1023/B:ALGE.0000042148.97035.ca
http://msp.org/idx/mr/2096666
http://msp.org/idx/zbl/1112.46313
http://dx.doi.org/10.1112/S0010437X12000656
http://msp.org/idx/mr/3049699
http://msp.org/idx/zbl/06165761
http://dx.doi.org/10.1007/s00220-005-1442-2
http://dx.doi.org/10.1007/s00220-005-1442-2
http://msp.org/idx/mr/2202309
http://msp.org/idx/zbl/1122.46046
http://dx.doi.org/10.5802/aif.3064
http://dx.doi.org/10.5802/aif.3064
http://msp.org/idx/mr/3580173
http://msp.org/idx/zbl/06679665
http://msp.org/idx/arx/1604.02078
http://dx.doi.org/10.4153/CMB-2017-036-3
http://dx.doi.org/10.1016/j.crma.2009.01.021
http://msp.org/idx/mr/2537535
http://msp.org/idx/zbl/1170.46063
http://dx.doi.org/10.1007/s00220-014-2052-7
http://msp.org/idx/mr/3238527
http://msp.org/idx/zbl/1323.46046
http://dx.doi.org/10.1016/j.jfa.2015.08.017
http://msp.org/idx/mr/3447719
http://msp.org/idx/zbl/06535752
http://dx.doi.org/10.1007/978-3-319-13467-3
http://msp.org/idx/mr/3331229
http://msp.org/idx/zbl/1316.22001
http://dx.doi.org/10.1007/s002200000234
http://msp.org/idx/mr/1782145
http://msp.org/idx/zbl/1032.46529
http://dx.doi.org/10.7146/math.scand.a-15072
http://msp.org/idx/mr/2464704
http://msp.org/idx/zbl/1161.46039
http://dx.doi.org/10.1007/s00208-017-1531-5
http://dx.doi.org/10.1090/S0002-9947-2015-06449-6
http://dx.doi.org/10.1090/S0002-9947-2015-06449-6
http://msp.org/idx/mr/3335405
http://msp.org/idx/zbl/1312.22003
http://dx.doi.org/10.1016/j.jfa.2014.07.002
http://msp.org/idx/mr/3250372
http://msp.org/idx/zbl/1310.46061
http://dx.doi.org/10.1007/978-3-662-04687-6
http://msp.org/idx/mr/1926649
http://msp.org/idx/zbl/1009.55001
http://dx.doi.org/10.1016/S0022-4049(02)00247-5
http://dx.doi.org/10.1016/S0022-4049(02)00247-5
http://msp.org/idx/mr/1966524
http://msp.org/idx/zbl/1033.18002
http://msp.org/idx/mr/3204665
http://msp.org/idx/zbl/1316.46003


L2-BETTI NUMBERS OF RIGID C∗-TENSOR CATEGORIES AND DISCRETE QUANTUM GROUPS 1791

[Neshveyev and Yamashita 2015] S. Neshveyev and M. Yamashita, “A few remarks on the tube algebra of a monoidal category”,
preprint, 2015. To appear in Proc. Edinb. Math. Soc. arXiv

[Neshveyev and Yamashita 2016] S. Neshveyev and M. Yamashita, “Drinfeld center and representation theory for monoidal
categories”, Comm. Math. Phys. 345:1 (2016), 385–434. MR Zbl

[Ocneanu 1994] A. Ocneanu, “Chirality for operator algebras”, pp. 39–63 in Subfactors (Kyuzeso, 1993), edited by H. Araki
et al., World Sci. Publ., River Edge, NJ, 1994. MR Zbl

[Petersen 2012] H. D. Petersen, L2-Betti numbers of locally compact groups, Ph.D. thesis, University of Copenhagen, 2012,
available at http://www.math.ku.dk/noter/filer/phd13hdp.pdf.

[Popa 1994] S. Popa, “Classification of amenable subfactors of type II”, Acta Math. 172:2 (1994), 163–255. MR Zbl

[Popa 1995] S. Popa, Classification of subfactors and their endomorphisms, CBMS Regional Conference Series in Mathematics
86, American Math. Soc., Providence, RI, 1995. MR Zbl

[Popa and Vaes 2015] S. Popa and S. Vaes, “Representation theory for subfactors, λ-lattices and C∗-tensor categories”, Comm.
Math. Phys. 340:3 (2015), 1239–1280. MR Zbl

[Popa et al. 2017] S. Popa, D. Shlyakhtenko, and S. Vaes, “Cohomology and L2-Betti numbers for subfactors and quasi-regular
inclusions”, Int. Math. Res. Not. (online publication January 2017).

[Tarrago and Wahl 2016] P. Tarrago and J. Wahl, “Free wreath product quantum groups and standard invariants of subfactors”,
preprint, 2016. arXiv

[Van Daele and Wang 1996] A. Van Daele and S. Wang, “Universal quantum groups”, Internat. J. Math. 7:2 (1996), 255–263.
MR Zbl

[Vergnioux 2012] R. Vergnioux, “Paths in quantum Cayley trees and L2-cohomology”, Adv. Math. 229:5 (2012), 2686–2711.
MR Zbl

[Weibel 1994] C. A. Weibel, An introduction to homological algebra, Cambridge Studies in Advanced Mathematics 38,
Cambridge University Press, 1994. MR Zbl

[Woronowicz 1998] S. L. Woronowicz, “Compact quantum groups”, pp. 845–884 in Symétries quantiques (Les Houches, 1995),
edited by A. Connes et al., North-Holland, Amsterdam, 1998. MR Zbl

Received 9 Feb 2017. Revised 3 May 2017. Accepted 11 Jun 2017.

DAVID KYED: dkyed@imada.sdu.dk
Department of Mathematics and Computer Science, University of Southern Denmark, DK-5230 Odense, Denmark

SVEN RAUM: sven.raum@epfl.ch
Sciences de Base, Section de Mathématiques, École polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland

STEFAAN VAES: stefaan.vaes@kuleuven.be
Department of Mathematics, KU Leuven, 3001 Leuven, Belgium

MATTHIAS VALVEKENS: matthias.valvekens@kuleuven.be
Department of Mathematics, KU Leuven, 3001 Leuven, Belgium

mathematical sciences publishers msp

http://msp.org/idx/arx/1511.06332
http://dx.doi.org/10.1007/s00220-016-2642-7
http://dx.doi.org/10.1007/s00220-016-2642-7
http://msp.org/idx/mr/3509018
http://msp.org/idx/zbl/1359.46047
http://msp.org/idx/mr/1317353
http://msp.org/idx/zbl/0927.46032
http://www.math.ku.dk/noter/filer/phd13hdp.pdf
http://dx.doi.org/10.1007/BF02392646
http://msp.org/idx/mr/1278111
http://msp.org/idx/zbl/0853.46059
http://dx.doi.org/10.1090/cbms/086
http://msp.org/idx/mr/1339767
http://msp.org/idx/zbl/0865.46044
http://dx.doi.org/10.1007/s00220-015-2442-5
http://msp.org/idx/mr/3406647
http://msp.org/idx/zbl/1335.46055
http://dx.doi.org/10.1093/imrn/rnw304
http://dx.doi.org/10.1093/imrn/rnw304
http://msp.org/idx/arx/1609.01931
http://dx.doi.org/10.1142/S0129167X96000153
http://msp.org/idx/mr/1382726
http://msp.org/idx/zbl/0870.17011
http://dx.doi.org/10.1016/j.aim.2012.01.011
http://msp.org/idx/mr/2889142
http://msp.org/idx/zbl/1245.46054
http://dx.doi.org/10.1017/CBO9781139644136
http://msp.org/idx/mr/1269324
http://msp.org/idx/zbl/0797.18001
http://msp.org/idx/mr/1616348
http://msp.org/idx/zbl/0997.46045
mailto:dkyed@imada.sdu.dk
mailto:sven.raum@epfl.ch
mailto:stefaan.vaes@kuleuven.be
mailto:matthias.valvekens@kuleuven.be
http://msp.org




Analysis & PDE
msp.org/apde

EDITORS

EDITOR-IN-CHIEF

Patrick Gérard
patrick.gerard@math.u-psud.fr

Université Paris Sud XI
Orsay, France

BOARD OF EDITORS

Nicolas Burq Université Paris-Sud 11, France
nicolas.burq@math.u-psud.fr

Massimiliano Berti Scuola Intern. Sup. di Studi Avanzati, Italy
berti@sissa.it

Sun-Yung Alice Chang Princeton University, USA
chang@math.princeton.edu

Michael Christ University of California, Berkeley, USA
mchrist@math.berkeley.edu

Charles Fefferman Princeton University, USA
cf@math.princeton.edu

Ursula Hamenstaedt Universität Bonn, Germany
ursula@math.uni-bonn.de

Vaughan Jones U.C. Berkeley & Vanderbilt University
vaughan.f.jones@vanderbilt.edu

Vadim Kaloshin University of Maryland, USA
vadim.kaloshin@gmail.com

Herbert Koch Universität Bonn, Germany
koch@math.uni-bonn.de

Izabella Laba University of British Columbia, Canada
ilaba@math.ubc.ca

Gilles Lebeau Université de Nice Sophia Antipolis, France
lebeau@unice.fr

Richard B. Melrose Massachussets Inst. of Tech., USA
rbm@math.mit.edu

Frank Merle Université de Cergy-Pontoise, France
Frank.Merle@u-cergy.fr

William Minicozzi II Johns Hopkins University, USA
minicozz@math.jhu.edu

Clément Mouhot Cambridge University, UK
c.mouhot@dpmms.cam.ac.uk

Werner Müller Universität Bonn, Germany
mueller@math.uni-bonn.de

Gilles Pisier Texas A&M University, and Paris 6
pisier@math.tamu.edu

Tristan Rivière ETH, Switzerland
riviere@math.ethz.ch

Igor Rodnianski Princeton University, USA
irod@math.princeton.edu

Wilhelm Schlag University of Chicago, USA
schlag@math.uchicago.edu

Sylvia Serfaty New York University, USA
serfaty@cims.nyu.edu

Yum-Tong Siu Harvard University, USA
siu@math.harvard.edu

Terence Tao University of California, Los Angeles, USA
tao@math.ucla.edu

Michael E. Taylor Univ. of North Carolina, Chapel Hill, USA
met@math.unc.edu

Gunther Uhlmann University of Washington, USA
gunther@math.washington.edu

András Vasy Stanford University, USA
andras@math.stanford.edu

Dan Virgil Voiculescu University of California, Berkeley, USA
dvv@math.berkeley.edu

Steven Zelditch Northwestern University, USA
zelditch@math.northwestern.edu

Maciej Zworski University of California, Berkeley, USA
zworski@math.berkeley.edu

PRODUCTION
production@msp.org

Silvio Levy, Scientific Editor

See inside back cover or msp.org/apde for submission instructions.

The subscription price for 2017 is US $265/year for the electronic version, and $470/year (+$55, if shipping outside the US) for print and
electronic. Subscriptions, requests for back issues from the last three years and changes of subscriber address should be sent to MSP.

Analysis & PDE (ISSN 1948-206X electronic, 2157-5045 printed) at Mathematical Sciences Publishers, 798 Evans Hall #3840, c/o Uni-
versity of California, Berkeley, CA 94720-3840, is published continuously online. Periodical rate postage paid at Berkeley, CA 94704, and
additional mailing offices.

APDE peer review and production are managed by EditFlow® from MSP.

PUBLISHED BY

mathematical sciences publishers
nonprofit scientific publishing

http://msp.org/
© 2017 Mathematical Sciences Publishers

http://msp.org/apde
mailto:patrick.gerard@math.u-psud.fr
mailto:nicolas.burq@math.u-psud.fr
mailto:berti@sissa.it
mailto:chang@math.princeton.edu
mailto:mchrist@math.berkeley.edu
mailto:cf@math.princeton.edu
mailto:ursula@math.uni-bonn.de
mailto:vaughan.f.jones@vanderbilt.edu
mailto:vadim.kaloshin@gmail.com
mailto:koch@math.uni-bonn.de
mailto:ilaba@math.ubc.ca
mailto:lebeau@unice.fr
mailto:rbm@math.mit.edu
mailto:Frank.Merle@u-cergy.fr
mailto:minicozz@math.jhu.edu
mailto:c.mouhot@dpmms.cam.ac.uk
mailto:mueller@math.uni-bonn.de
mailto:pisier@math.tamu.edu
mailto:riviere@math.ethz.ch
mailto:irod@math.princeton.edu
mailto:schlag@math.uchicago.edu
mailto:serfaty@cims.nyu.edu
mailto:siu@math.harvard.edu
mailto:tao@math.ucla.edu
mailto:met@math.unc.edu
mailto:gunther@math.washington.edu
mailto:andras@math.stanford.edu
mailto:dvv@math.berkeley.edu
mailto:zelditch@math.northwestern.edu
mailto:zworski@math.berkeley.edu
mailto:production@msp.org
http://msp.org/apde
http://msp.org/
http://msp.org/


ANALYSIS & PDE
Volume 10 No. 7 2017

1539A vector field method for relativistic transport equations with applications
DAVID FAJMAN, JÉRÉMIE JOUDIOUX and JACQUES SMULEVICI

1613Analytic hypoellipticity for sums of squares and the Treves conjecture, II
ANTONIO BOVE and MARCO MUGHETTI

1637Pliability, or the Whitney extension theorem for curves in Carnot groups
NICOLAS JUILLET and MARIO SIGALOTTI

1663Trend to equilibrium for the Becker–Döring equations: an analogue of Cercignani’s conjecture
JOSÉ A. CAÑIZO, AMIT EINAV and BERTRAND LODS

1709The A∞-property of the Kolmogorov measure
KAJ NYSTRÖM

1757L2-Betti numbers of rigid C∗-tensor categories and discrete quantum groups
DAVID KYED, SVEN RAUM, STEFAAN VAES and MATTHIAS VALVEKENS

2157-5045(2017)10:7;1-R

A
N

A
LY

SIS
&

PD
E

Vol.10,
N

o.7
2017


	1. Introduction
	2. Preliminaries
	2A. The tube algebra of a rigid C*-tensor category
	2B. Representation theory for rigid C*-tensor categories
	2C. (Co)homology and L^2-Betti numbers for rigid C*-tensor categories

	3. A scaling formula for L^2-Betti numbers
	3A. Index of a subcategory
	3B. Markov inclusions of tracial von Neumann algebras
	3C. The scaling formula

	4. L^2-Betti numbers for discrete quantum groups
	5. Computing L^2-Betti numbers of representation categories
	6. Projective resolution for the Temperley–Lieb–Jones category
	7. Derivations on rigid C*-tensor categories
	7A. A Drinfeld-type central element in the tube algebra
	7B. Properties of 1-cocycles

	8. Derivations on Rep(A_u(F))
	Acknowledgments
	References
	
	

