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PREFACE

The term ‘quantum group’ was popularized in the 1980s and, in fact, does not have a
precise meaning. The closely related, and rigorously defined, notion of a Hopf algebra
appeared much earlier, in the 1950s. It has its origin in a work by Hopf [41] from 1941
on algebraic topology, who observed that the cohomology ring of a compact group G
has a homomorphism H*(G) — H*(G) @ H*(G) . Arelated, and even more elementary,
example of such structure is the following: for a finite group G and the algebra C(G) of
functions on G with pointwise multiplication we can define a homomorphism, called
comultiplication,

A: C(G) - C(G)®@C(G) =C(GxG) by A(f)(g,h) = f(gh).

What is important, is that the pair (C(G), A) contains complete information about the
group G: the spectrum of the algebra C(G) is G, and the comultiplication A allows us
to recover the group law. We refer the reader to [1] for a thorough discussion of the
origins of the theory of Hopf algebras. The part of the story that is particularly rele-
vant for us starts in the early 1960s with a work by Kac [47]. His idea was to develop a
duality theory that generalizes Pontryagin duality for abelian locally compact groups.
Such a generalization for compact groups had already been obtained by Tannaka [77]
and Krein [54], but even in that case it was not entirely satisfactory in the sense that
the dual of a compact group G was an object of a quite different nature, the category
of finite dimensional representations of G concretely realized as a category of vector
spaces. Kac’s idea was to describe both a locally compact group and its dual using von
Neumann algebras with comultiplication satisfying certain properties, and this way ob-
tain a self-dual category. Such a theory, nowadays called the theory of Kac algebras, was
finally developed in the 1970s by Kac-Vainerman and Enock-Schwartz, see [29].
Being a significant technical achievement, the theory of Kac algebras nevertheless
suffered from the lack of interesting examples that were not of group origin, that is,
were neither algebras of functions nor their duals, group algebras. For similar reasons
the general theory of Hopf algebras remained at that time a small branch of algebra.
The situation changed drastically in the middle 1980s, when Jimbo [44] and Drin-
feld [26] introduced new Hopf algebras by deforming universal enveloping algebras
of semisimple Lie groups. Working in the formal deformation setting Drinfeld also
introduced their dual objects, deformations of the Hopf algebras of regular functions
on semisimple Lie groups. He suggested the term ‘quantum groups’ for Hopf algebras
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ii PREFACE

related to these constructions. In the analytic, non-formal, setting the quantized alge-
bra of functions on SU (2) was then studied in detail by Vaksman and Soibelman [82].
Simultaneously, and independently of Drinfeld-Vaksman-Soibelman, a deformation
of the algebra of continuous functions on SU(2) was defined by Woronowicz [95].
Remarkably, he arrived at exactly the same definition.

Following the foundational works by Drinfeld, Jimbo, Soibelman, Vaksman and
Woronowicz, the theory of quantum groups saw several years of explosive growth,
apparently unprecedented in the history of mathematics, with ground-breaking ap-
plications to knot theory, topology of 3-manifolds and conformal field theory [80].
This was entwined with the development of noncommutative geometry by Connes,
the free probability theory by Voiculescu and the Jones theory of subfactors. Since
then quantum group theory has developed in several directions and by now there is
probably no single expert who has a firm grasp of all of its aspects.

In this book we take the analytic point of view, meaning that we work with algebras
of, preferably bounded, operators on Hilbert spaces. For an introduction to quantum
groups from the purely algebraic side see e.g., [18]. According to the standard mantra
of noncommutative geometry, an algebra of operators should be thought of as an al-
gebra of functions on a noncommutative locally compact space, with C*-algebras play-
ing the role of continuous functions and von Neumann algebras playing the role of
measurable functions. From this perspective a quantum group is a C*-/von Neumann
algebra with some additional structure making the noncommutative space a group-
like object. Kac algebras give an example of such structure, but as it turned out their
class is too narrow to accommodate the objects arising from Drinfeld-Jimbo deforma-
tions. A sufficiently broad theory was developed first in the compact case by Woronow-
icz [97], and then in the general, significantly more complicated, locally compact case
by Kustermans-Vaes [55] and Masuda-Nakagami-Woronowicz [63]. No theory is com-
plete without interesting examples, and here there are plenty of them. In addition to
examples arising from Drinfeld-Jimbo deformations, there is a large class of quantum
groups defined as symmetries of noncommutative spaces. This line of research was ini-
tiated by Wang [89, 90] and has been extensively pursued by Banica and his collabora-
tors, see e.g., [8, 9]. Arelated idea is to define quantum isometries of noncommutative
Riemannian manifolds, recently suggested by Goswami and Bhowmick [37, 12].

The goal of this short book is to introduce the reader to this beautiful area of math-
ematics, concentrating on the technically easier compact case and emphasizing the
role of the categorical point of view in constructing and analyzing concrete examples.
Specifically, the first two chapters, occupying approximately 2/3 of the book, contain
a general theory of compact quantum groups together with some of the most famous
examples. Having mastered the material in these chapters, the reader will hopefully
be well prepared for a more thorough study of any of the topics we mentioned above.
The next two chapters are motivated by our own interests in noncommutative geome-
try of quantum groups and concentrate on certain aspects of the structure of Drinfeld-
Jimbo deformations. The general theme of these chapters is the Drinfeld-Kohno the-
orem, which is one of the most famous results in the whole theory of quantum groups,
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presented from the analytic point of view together with its operator algebraic ramifi-
cations. Each section is supplied with a list of references. We try to give references to
original papers, where the results of a particular section and/or some related results
have appeared. The literature on quantum groups is vast, so some omissions are un-
avoidable, and the references are meant to be pointers to the literature rather than
exhaustive bibliographies on a particular subject.

We tried to make the exposition reasonably self-contained, but certain prerequisites
are of course assumed. The book is first of all intended for students specializing in
operator algebras, so we assume that the reader has at least taken a basic course in
C*-algebras as e.g., covered in Murphy [65]. The reader should also have a minimal
knowledge of semisimple Lie groups, see e.g., Part II in Bump [17], without which it
is difficult to fully understand Drinfeld-Jimbo deformations. Finally, it is beneficial to
have some acquaintance with category theory. Although we give all the necessary defi-
nitions in the text (apart from the most basic ones, for those see e.g., the first chapter
in Mac Lane [61]), the reader who sees them for the first time will have to work harder
to follow the arguments.

Let us say a few words about notation.

We denote by the same symbol ® all kinds of tensor products, the exact meaning
should be clear from the context: for spaces with no topology this denotes the usual
tensor product over C, for Hilbert spaces - the tensor product of Hilbert spaces (that
is, the completion of the algebraic tensor product with respect to the obvious scalar
product), for C*-algebras - the minimal tensor product.

For vector spaces H; and Hg with no topology we denote by B(H;, Hy) the space
of linear operators H; — Hoy. If H; and Hy are Hilbert spaces, then the same sym-
bol B(Hj, He) denotes the space of bounded linear operators. We write B(H) instead
of B(H,H).

If &/ is a vector space with no topology, then .&/* denotes the space of all linear
functionals on .&". For topological vector spaces the same symbol denotes the space of
all continuous linear functionals.

The symbol v denotes the identity map.

In order to simplify long complicated expressions, we omit the symbol o for the com-
position of maps, as well as use brackets only for arguments, but not for maps. Thus we
write ST (x) instead of (SoT)(x).

This book grew out of a 10-lecture course taught by the first author at the Institut
Henri Poincaré in the spring 2009. We are grateful to the Fondation Sciences Math-
ématiques de Paris for the assistance in typing the notes for the course. The subse-
quent work on the book was supported by the Research Council of Norway and the
European Research Council under the European Union’s Seventh Framework Pro-
gramme (FP/2007-2013) / ERC Grant Agreement no. 307663. It is our pleasure to
thank our colleagues Jyotishman Bhowmick for reading parts of the manuscript and
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Makoto Yamashita for fruitful discussions, particularly on the content of the last sec-
tion. We are also deeply grateful to the referee for pointing out a number of misprints
and for her/his numerous suggestions that greatly improved the exposition.

Sergey Neshveyev & Lars Tuset
February 22, 2013
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CHAPTER 1

COMPACT QUANTUM GROUPS

This chapter contains fundamentals of the theory of compact quantum groups. Af-
ter some basic definitions we present several nontrivial examples of such objects. The
core of the chapter is the representation theory. We first develop it in finite dimen-
sions, and then move to infinite dimensional representations, which unavoidably re-
quires a bit better acquaintance with operator algebras. Overall the theory is very sim-
ilar to the representation theory of compact groups. The additional technical difficul-
ties arise from modular properties of the quantum analogue of Haar measure. Among
other topics we discuss the dual picture of discrete quantum groups, which plays an

important role in the subsequent chapters.

1.1. DEFINITION AND FIRST EXAMPLES

According to the philosophy of noncommutative geometry, unital C*-algebras
should be thought of as algebras of continuous functions on noncommutative, or
quantum, compact spaces. We want to define a ‘group structure’ on such spaces. As
we will gradually convince ourselves, the following definition makes a lot of sense.

Definition 1.1.1. — (Woronowicz) A compact quantum group is a pair (A, A), where A
is a unital C*-algebra and A: A — A ® A is a unital x-homomorphism, called comulti-
plication, such that

(i) (A®1)A = (1®A)A as homomorphisms A - A® A® A (coassociativity);

(ii) the spaces (A® 1)A(A) = span{(a® 1)A(d) | a,b € A} and (1 ® A)A(A) are dense
in A® A (cancellation property).

We remind that by the tensor product of C*-algebras we always mean the minimal
tensor product.
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2 CHAPTER 1. COMPACT QUANTUM GROUPS

Example 1.1.2. — Let G be a compact group. Take A to be the C*-algebra C(G) of con-
tinuous functions on G. Then A ® A = C(G x G), so we can define A by

A(f)(g,h) = f(gh) forall g,heG.

Coassociativity of A follows from associativity of the product in G. To see that the can-
cellation property holds, note that (A® 1)A(A) is the unital x-subalgebra of C(G x G)
spanned by all functions of the form (g, /) — f1(g) fo(gh). Since such functions sepa-
rate points of G, the x-algebra (A®1)A(A) is dense in C(Gx G) by the Stone-Weierstrass
theorem.

Any compact quantum group (A, A) with abelian A is of this form. Indeed, by the
Gelfand theorem, A = C(G) for a compact space G. Then, since AQ A = C(GxG), the
unital x-homomorphism A is defined by a continuous map G x G — G. Coassociativity
means that

J((ghk) = f(g(hk)) forall fe C(G),
whence (gh)k = g(hk), so G is a compact semigroup. If gh = gk, then fi(g) fo(gh) =
S1(g) fo(gk) for all f1, fo € C(G). By the cancellation property the functions of the
form (g/,/) — fi1(g")fo(g'h) span a dense subspace of C(G x G). It follows that
f(g,h) = f(g, k) forall f € C(G x G), whence h = k. Similarly, if hg = kg, then & = k.
Thus G is a semigroup with cancellation.

It remains to show that any compact semigroup with cancellation is a group. Let us
first show that G has a (necessarily unique) unit element. For this take any element
h € G and let H be the closed subsemigroup of G generated by A. Itis clearly abelian.
If I1,Is C H are ideals, then I} N Is D I1Io = Is]7, so by compactness the intersection
I, of all closed ideals in H is a nonempty closed ideal. Then kI, = I) forany k € H,
because kI, C I, and kI), is a closed ideal in H. In particular, taking k € I, we can
find ¢ € I, such that ke = k. Then keg = kg for any g € G, and by cancellation we get
eg = g. Similarly ge = g. Thus ¢ is a unitin G.

In order to see that every element % in G is invertible, note that by the above argu-
ment we have e € I, = hl;. Hence there exists k € I, such that kh = hk = e.

It remains to show that the map g — g~!

is continuous. For this, consider the map
GxG— GxG, (g, h) — (g, gh).Itis continuous and bijective. Since the space G x G is
compact, it follows that the inverse map, (g, h) — (g, g~ 'h), is also continuous. Hence

the map g — g~! is continuous. O
In view of this example, for any compact quantum group G = (A, A) we write C(G)
for A.

As we saw in the above example, when G is a genuine compact group, the cancella-
tion property is used to prove the existence of inverse. One may wonder why one does
not try to encode in the definition of a compact quantum group the properties of the
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1.1. DEFINITION AND FIRST EXAMPLES 3

map [ — f , where f (g) = f(g™"), instead of introducing the cancellation property.
The reason is that, as we will see later, the analogue of this map in the quantum setting

is unbounded in most interesting cases.

Example 1.1.3. — LetI be a discrete group. Consider the left regular representation I
on ¢%(T), which maps y € I into the operator Ay defined by 1,3,/ = 3,./. The reduced
Cr*-algebra C} (') of I is by definition the closed linear span of the operators Ay, y € I'.
Define a compact quantum group G = I as follows:

C(G) = CHT), A(y) =1y ® Ly

The comultiplication A is cocommutative, in the sense that A = A°P  where A°P = XA
and X: CF(T) @ G} (I') — C}(T') ® C¥(T) is the flip.

Instead of C/(I') we could also consider the full group C*-algebra C*(I'). Any
compact quantum group with cocommutative comultiplication sits between C}(I)
and C*(I') for a uniquely defined discrete group I'. Rather than proving this, we will
confine ourselves to showing how I can be recovered from (C}(I'),A):

Dy lveT}={eeCT) [A@) =aa a# 0}

To see this, assume a € C}(I'), a # 0, is such that A(a) = a®a. Let 7 be the canonical
trace on C; ('), so 7(Ay) = 0 for y # e. Since 7 is faithful, replacing a by Ay a for some y
we may assume that 7(a) # 0. Consider the completely positive map E: C*(I') — C¥(I')
defined by E = (1 ® 7)A. We have E(a) = t(a)a and E()Ay) = 0 for y # e. Since a can
be approximated in norm by linear combinations of elements }y, we see that t(a)a
can be approximated arbitrary well by a multiple of },, so a is a scalar. As A(a) = a®a,
we thus get a = 1. O

To give examples of compact quantum groups that are neither commutative nor

cocommutative, we will need a sufficient condition for the cancellation property.

Proposition 1.1.4. — Assume A is a unital C* -algebra generated by elements u;;, 1 <i,j < n,
such that the matrices (u;j);; and (u;‘]-)l-,j are invertible in Mat, (A), and A: A - AR Aisa
unital x-homomorphism such that

n
A(ul‘]‘) = Z Uik K Uk -
k=1
Then (A, A) is a compact quantum group.

Proof. — The coassociativity of A is immediate. To prove that A(A)(1 ® A) is dense
in A® A, it suffices to show that the space

B = {aeA:a@l =D Ax) (1 Q) forsomexi,yi}
i
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4 CHAPTER 1. COMPACT QUANTUM GROUPS

is dense in A. Note that B is an algebra, asif a ® 1 = >, A(x)(1 ®y) and b® 1 =
ZjA(x})(l ®y;), then

ab®1—ZA(x, )0 1)(1®y) ZA xixj) (1 ® y3i).-

Let V = (v;j);; be the inverse of (u;j); ;. Then

-

A(uij) (1 @ vjr) E Uip @ ujvip = uip @ 1,

j=1 =1
so wj; € B. Similarly v, € B. Hence B is dense in A, and therefore (1 ® A)A(A) is
dense in A ® A. Similarly, (A ® 1)A(A) is dense in A ® A. O

Compact quantum groups satisfying the assumptions of the above proposition are
called compact matrix pseudogroups.

We can now give several examples of compact quantum groups. In all these exam-
ples the C*-algebra C(G) will be defined as a universal C*-algebra generated by ele-
ments satisfying certain relations. In general one should be careful with such construc-
tions, since not every %-algebra admits a C*-enveloping algebra. But in all our exam-
ples the matrix formed by the generators will be assumed to be unitary. In this case
the norm of every generator is not larger than 1 in every s-representation by bounded
operators on a Hilbert space, so the C*-enveloping algebra is well-defined. What is,
however, more difficult to see in many cases is that the C*-algebras we will define are
sufficiently large. The right tools for showing this will be developed in the next chapter.

Example 1.1.5. — (Quantum SU (2) group)
Assume g € [—1,1], ¢ # 0. The quantum group SU,(2) is defined as follows. The al-
gebra C(SU,;(2)) is the universal unital C*-algebra generated by elements « and y such

*

that (uj;)i; = (oc o ) is unitary. As one can easily check, this gives the following
Y o«

relations:
o+ yty =1 e’ + 7Yy =1 vy =y ey =qre eyt =gy
The comultiplication is defined by
A(uij) = %uik ® Ukjs
S0

Ald) =e@a—qr @Y, A(Y) =7@a+ 2" ®7.
Let A € C be such that 42 = ¢. Then

0 -2\ [o* —gv 0 x\ (o —qr
Ao Yo -1 o vy o '
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1.1. DEFINITION AND FIRST EXAMPLES 5

Hence (u;"j)l-,]- is invertible. Therefore SU,(2) is a compact quantum group.

When ¢ = 1 we get the usual compact group SU (2). Indeed, consider the functions
#;; on SU(2) defined by u;; (V) = V;j for V € SU(2). Then by universality we have a uni-
tal x-homomorphism 7: C(SU;(2)) — C(SU(2)) such that w(u;;) = ;. This homo-
morphism is surjective by the Stone-Weierstrass theorem. Since C(SU; (2)) is abelian,
in order to see that w is injective it suffices to show that any character of C(SU;(2))
factors through C(SU (2)). Assume y is such a character. Then y (U) € SU(2). But this
means that y is the composition of the character f — f(y(U)) on C(SU(2)) with .
Thus = is an isomorphism. Finally, © respects comultiplication: the identity

A(uij) = 3 g ® iy,
k
is simply an equivalent way of writing matrix multiplication for elements of SU (2).

The quantum groups SU,(2) for ¢ # 1 can be thought of as deformations of SU(2).
We will make this statement a bit more precise later. O

Example 1.1.6. — (Free unitary quantum groups)
Let F € GL,(C), n > 2, be such that Tr(F*F) = Tr((F*F)~!). Denote by A, (F)
the universal C*-algebra generated by elements uij, 1 <4,j < n, such that

U = (ujj);; and FU'F~! are unitary,
where U’ = (u;‘j)i,j. The comultiplication is defined by

A(uij) = Zuik & Up;-
k

We will use the same notation A, (F) for this compact quantum group and for the
C*-algebra of continuous functions on it.

For F =1 the algebra A, (F) is denoted by A, (n). Itis a ‘liberation’ of C(U(n)) in
the sense that C(U(n)) satisfies the same relations as A, (n) plus commutativity. O

Example 1.1.7. — (Free orthogonal quantum groups)

Let F € GL,(C), n > 2, be such that FF = +1, where F is the matrix obtained
from F by taking the complex conjugate of every entry. Define A,(F) as the universal
C*-algebra generated by u;;, 1 <14, j < u, such that

U = (uj;);; is unitaryand U = FUF~'
The comultiplication is defined by
A(ui]‘) = Euik & Up;-
k

Again, we will use the same notation A,(F) for this compact quantum group and for
the C*-algebra of continuous functions on it.
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6 CHAPTER 1. COMPACT QUANTUM GROUPS

Note that we automatically have Tr(F*F) = Tr((F*F)~!). Therefore A,(F) is a
quotient of A, (F).

Observe also that SU,;(2) is an example of a free orthogonal group, with F =

( 0 _7\> , where A is a square root of gq.
oo

Similarly to the previous example, for /' = 1 the algebra A,(F) is denoted by A,(n).
Itis aliberation of C(O(n;R)), meaning that C(0O(n;R)) satisfies the same relations as
A,(n) plus commutativity. O

Example 1.1.8. — (Quantum permutation groups)

For n € N, denote by A;(n) the universal C*-algebra generated by elements wu;;,
1 <4,j < n,such that

U = (uj); is a ‘magic unitary’,
meaning that U is unitary, all its entries u;; are projections, and the sum of the entries
in every row and column of U is equal to one. As before, the comultiplication is defined
by
A(ulj) = %uik & Upj-

We have a unital *-homomorphism C(A4;(n)) — C(S,) respecting comultiplication,

where §, is the symmetric group, mapping u;; into the characteristic function of the

set {c € $, | 6(i) = j}. Asin the previous two examples, it is not difficult to check that
As(n) is a liberation of C(Sy).

It can be shown thatfor n = 1, 2, 3 we have A;(n) = C(S,), butfor n > 4 the algebra
As(n) is noncommutative and infinite dimensional. O

References. — [4], [81, [91, [29], [55], [63], [82], [87], [89], [90], [94], [95], [97].

1.2. HAAR STATE

Let G be a compact quantum group. For bounded linear functionals »; and w9
on C(G) define their convolution by

0] * W9 = (0)1 [02] Q)Q)A.

When G is a genuine compact group, this gives the usual definition of convolution of
measures on G. The Haar measure v on G is characterized by the property that g.xv =
v * U = W(G)v for any complex measure u on G. The following theorem therefore
extends the existence and uniqueness of a normalized Haar measure to the quantum
setting.
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1.2. HAAR STATE 7

Theorem 1.2.1. — For any compact quantum group G, there exists a unique state h on C(G)
such that

wxh=h+xw=0w(l)h foral v € C(G)*.

Proof. — The uniqueness is clear. We will prove the existence in several steps.
Step 1. Let o be a state on C(G) . Then there exists a state h on C(G) such that wxh = hxw = h.

Indeed, take any weak* limit point of the states
L&

Step 2.If0<v<wandwxh=hxo=w(l)h, thenvxh="h+v=v(l)h.

We may assume that (1) = 1. Fix ¢ € C(G) and put b = (1 ® 2)A(a). Then

(h@o)((AM) —be )" (A() —b® 1))

= (h ) (5°0) — (h® 6) (AB)* (0@ 1)) — (h® ) (0" ® DA®D)) + h(58) = 0,
since by coassociativity of A we have
(WA =1 wuxh)A(a) = (tQ h)A(a) = 0.
It follows that
(h@v)((A(D) =@ 1)*(A(D) —b® 1)) =0.
By the Cauchy-Schwarz inequality we then get
(h@v)((c®1)(A(D) —b®1)) =0 forall ¢ e C(G).

Using this we compute:

(P@vxh)((c®1)A(a)) = (h®V)((c®1)A(d))
=(h®v)(chb®1) = h(chb)v(l)
=v()(h®h)((c®1)A(a)).

Since (C(G) ® 1)A(C(G)) is dense in C(G) ® C(G), this implies v« h = v(1)A. Similarly,
hxv=v(l)h.

End of proof. For a finite set I = {01,...,w,} of states on C(G), take
1
Wf = ;(0)1 + o+ ).

By Steps 1 and 2 we can find a state hp such that wp * iy = hp * o = hr, hence
w;xhp = hp*w; = hp forall ¢. Taking a weak* limit point of the states hr as F increases,
we get the required state . 0
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The state h given by the above theorem is called the Haar state. An equivalent form
of the defining property of % is

(t®h)A(a) = (h®1)A(a) = h(a)l forall a € C(G).
We write L2(G) for the Hilbert space of the GNS-representation defined by h.

Example 1.2.2. — If G = I for a discrete group I', so C(G) = C}(T'), then the Haar
state is the canonical trace on C;(I'). The same is true if we take C(G) = C*(I'). This

shows that in general the Haar state is not faithful. O

References. — [62], [94], [97].

1.3. REPRESENTATION THEORY

We want to define the notion of a representation of a compact quantum group on
a finite dimensional vector space. For this we first have to introduce some notation.

Given a unital algebra ., natural numbers n < m and an injective map
o: {1,...,n} — {1,...,m}, we can define an obvious embedding .&®" — Z®",
The image of an element X € .&/®" under this embedding is denoted by X, ;i ,
where j; = (7). For example, if n = 2 and m = 4, then

(a@b)s =t@1®ax 1.

This can be slightly generalized by considering embeddings of tensor products of dif-
ferent unital algebras of the form . ® - -- ® &, — B ® - - - ® By, with Fy(;) = 4.
What is taken for the number m and for the algebras & for j ¢ Im ¢ is usually clear
from the context. This is called the leg-numbering notation.

Turning to representations, consider first a genuine compact group G. Recall that a
representation of G on a finite dimensional space H is a continuous homomorphism
G — GL(H), g — U,. Identifying the algebra C(G; B(H)) of continuous B(H )-valued
functions on G with B(H) ® C(G), we can consider the function g — U, as an element
U € B(H) ® C(G). Then the condition U,U; = Uy, for all 5,t € G can be equivalently
written as (1 ® A) (U) = Uj9U;3. This motivates the following definition.

Definition 1.3.1. — A representation of a compact quantum group G on a finite dimen-
sional vector space H is an invertible element U of B(H) ® C(G) such that

(1@ A)(U) = UpsUss in B(H) ® C(G) @ C(G).

The representation is called unitary if H is a Hilbert space and U is unitary.
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We will often denote a representation by one symbol U and write Hy for the under-
lying space.
If&y,...,Ey isabasisin H, m;; the corresponding matrix units in B(H), so m;;j&; =
3jk&i, then the condition (1 ® A) (U) = UypUys for U = Y m;; ® wi; € B(H) ® C(G)
2y

reads as
n
A(uz']‘) = Z Uk & Ug;j -
k=1

In particular, the unitaries U = (u;j);; introduced in Examples 1.1.5-1.1.8 define uni-
tary representations of the corresponding quantum groups. These representations are
called the fundamental representations.

We can obviously take direct sums of representations. We can also define tensor
products.

Definition 1.3.2. — The tensor product of two finite dimensional representations U
and V is the representation U x V on Hy ® Hy defined by U x V = UjgVes.

Another commonly used notation for the tensor productis U@ V.

Definition 1.3.3. — Assume U and V are finite dimensional representations. We say
that an operator T: Hy — Hy intertwines U and V if

TeHU =V(Te1).

Denote by Mor (U, V) the space of intertwiners. Representations U and V are called
equivalent if Mor(U, V') contains an invertible element. Correspondingly, unitary rep-
resentations U and V are called unitarily equivalent if Mor(U,V') contains a unitary
element.

We write End(U) for Mor(U,U). A representation U is called irreducible if
End(U) = C.

If U is a unitary representation, then End(U) is a C*-algebra. More generally, if T €
Mor(U,V) and U and V are unitary, then 7* € Mor(V,U). This allows us to prove the
following simple, but fundamental, result.

Proposition 1.3.4 (Schur’s lemma). — Two irreducible unitary representations U and V are
either unitarily equivalent and Mor (U, V') is one-dimensional, or Mor (U, V') = 0.

Proof. — Assume T: Hy — Hy is a nonzero intertwiner. Then 7*T € End(U) and
1T* € End(V) are nonzero scalars. It follows that up to a scalar factor the operator
T is unitary. If S: Hy — Hy is another intertwiner, then 7*S € End(U) is a scalar
operator, hence § is a scalar multiple of T'. Therefore Mor(U,V) = CT. O

The study of finite dimensional representations can be reduced to that of unitary
ones.
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Proposition 1.3.5. — LEvery finite dimensional representation is equivalent to a unitary repre-

sentation.

Proof. — Let U be a finite dimensional representation. Take any Hilbert space struc-
ture on Hy . Consider the operator

Q= (t®h)(U*V) € B(Hy).
Since U is invertible, U*U > €1 for some € > 0, hence Q > ¢l.
We have
(L [ A) (U*U) = Ul*gUfQUlgUlg.
Applying t ® h ® v and using that (A ® L)A(-) = h(-)1, we get

Qe1=U" Qe 1)U

Therefore

V=Q"e U@ el
is a unitary representation of G on Hy, and Q'/2 € Mor(U,V). O
Remark 1.3.6. — The same computation as in the above proof gives the following re-

sult, which we will need several times later. Suppose we have elements U € B(Hy) ®
C(G) and V € B(Hy) ® C(G) such that (1 ® A) (U) = UjoUj3 and (1 ® A) (V) = ViaVis.
Let S: Hy — Hy be alinear operator. Define

T=(®h)(V*(S®1)U) € B(Hy, Hy).

Then V*(T' @ 1)U =T ® 1. In particular, if U and V are unitary, then 7' € Mor(U, V).
Similarly, ifwe put T = @ 2) (V(S® 1)U*), then V(T @ ) U* =T @ 1.

Theorem 1.3.7. — Every finite dimensional representation is a direct sum of irreducible repre-

sentations.

Proof. — Let U be a finite dimensional representation. We may assume that U is uni-
tary. Then End(U) is a C*-algebra. Let ¢q,...,¢, be minimal projections in End(U)
that add up to 1. Then (¢; ® 1)U are irreducible representations of G on ¢;H, and
their direct sum is U. O

Next we want to define contragredient representations. If G is a group and g — U,
is a representation of G on H, then the contragredient representation is the represen-
tation U* on the dual space H* defined by (U, f) (§) = f(Ug_IE) for fe H*and § € H.
When H is a Hilbert space, we identify H* with the complex conjugate Hilbert space
H. In this case, if U is unitary, then U° is also unitary. As we will see, the analogous
property for quantum groups is, in general, not true.

Assume now that G is a compact quantum group and U € B(H) ® C(G) is a finite
dimensional representation. Consider the dual space H* and denote by j: B(H) —
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B(H*) the map that sends an operator to the dual operator. We will use the same sym-
bol j for all spaces, so that in particular j? is well-defined and equals the identity map.
If H is a Hilbert space, so that H* = H, then j(T)% = T*£. Note that in this case j is a

x-anti-homomorphism.

Definition 1.3.8. — The contragredient representation to a representation U is the
representation U on the dual space defined by

U= (j@u)(U™") € BH") @ C(G).

It is by no means obvious that U’ is indeed a representation: the problem is to show
that the element U° is invertible.

Note that if U is unitary and U is written as a matrix (u;;);; with respect to an or-
thonormal basis in H, then U° = (ul*])l] with respect to the dual basis in H. In par-
ticular, we can now fully understand where the assumptions of Proposition 1.1.4 come
from.

Returning to general U, observe thatas (1 @ A)(U~!) = U1‘<L,)1U1‘21 and j is an anti-
homomorphism, we have (1 ® A) (U) = Uj,Uj5. Butin order to show that U* is invert-
ible we need some preparation.

Proposition 1.3.9. — Assume U € B(H) ® C(G) is a finite dimensional unitary representa-
tion. Consider the space
B={(t®h)(U(l®a))|acC(G)}CB(H).
Then B is a *-subalgebra of B(H) containing the unit of B(H), andU € B ® C(G).
Proof. — Fora € C(G) put L(a) = (1 ®h)(U(1 ® a)) € B(H). We have
Uls (@A) (U(1 ®a)) =Us(l @ A(a)).
Applying 1 ® L ® h we get
(1.3.1) US(L(a) ® 1) = (@@ k) (Uh3(1 ® A(a))).
Since L(b)* = (1®h) ((1®b6*)U*), multiplying the above identity by 1 ®4* and applying
L @ h we get
Lb)*L(a) = (t®h®h)(Uis(1® (0* @ 1)A(a))).

This shows that L(b)*L(a) € B for any a,b € C(G) and furthermore, since the space
(C(G) ® 1)A(C(G)) is dense in C(G) ® C(G), that B is spanned by elements of this
form. Hence B is self-adjoint, so it consists of the elements L(b)*, and therefore B is a
x-algebra.

Since U(B(H) ® C(G)) = B(H) ® C(G), we have B - B(H) = B(H). Therefore the

representation of B on H is nondegenerate. Hence B contains the identity operator.
From (1.3.1) we see then that U* belongs to B® C(G),soU € B® C(G). O
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12 CHAPTER 1. COMPACT QUANTUM GROUPS

As U € B ® C(G), by definition of B we conclude that End(U) is the commutant
of B in B(H). It follows that U is irreducible if and only if B = B(H).

Corollary 1.3.10. — Assume U € B(H) ® C(G) is an irreducible finite dimensional unitary
representation. Then (X @ 1)U(Y ® 1) # 0 for any nonzero elements X,Y € B(H).

Proof. — If (X@1)U(Y ®1) =0, then XBY = 0. Since B = B(H), this is possible only
when X =0or?Y =0. ]

We are now ready to prove that U is indeed a representation.

Proposition 1.3.11. — For any representation U on a finite dimensional space H the element
U e B(H*) ® C(G) is invertible.

Proof. — Unitarizing and decomposing the representation into irreducibles, we may
assume that U is unitary and irreducible. Consider the positive operators

Q= (®h)UU™) and Q, = (L ® h)(UU")
in B(H). By Remark 1.3.6 we have
(1.3.2) e1=U(Q;1)U"and Q,®1=U"(Q,® 1)U".

Therefore in order to prove that U‘ is invertible it suffices to show that Q; and Q, are
invertible.
Let us show first that Qy # 0. For this we compute the trace of Qy:

Tr(Q) = (Tr@h) (UU™) = (Trah) (( @) (U") (@) (U))
= (Tr®h) (U*U) = dim H,
where we used that Tr(j(X)j(Y)) = Tr(j(YX)) = Tr(YX) = Tr(XY).
Let p € B(H) be the projection onto the kernel of Q;. From (1.3.2) we get
e HU(QeHU(pel) =0,
whence (Qél/2 @ HU*(p® 1) = 0, or in other words,
Q7 ehienU)pel)=0.

Hence (j(p) ® l)U(j(sz) ® 1) = 0. Since Qy # 0, by Corollary 1.3.10 this is possible
only when p = 0. Therefore @y is invertible. Similarly one proves that Q, is invertible.
O

Let U € B(H) ® C(G) be an irreducible finite dimensional unitary representation.
In the proof of the previous proposition we introduced positive invertible operators

Q. Q € B(H) by
Q = (L ®h)(UU™) and Q, = (1@ h) (U*U°).

We shall now investigate their properties.
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Lemma 1.3.12. — We have:
(i) (Q) € Mor(U™,U) and j(Q;) € Mor(U,U);
(i1) QO is a scalar;
(iii) Tr (Q¢) = Tr(Q,) = dim Hy.
Proof. — (i) As we have already used in the proof of Proposition 1.3.11, by Re-
mark 1.3.6 we have
U'(Qe)U*=0;®1 and U"(Q, @ 1)U =0, ® 1.
Multiplying the first equality by (U¢)~! on the left we get

Qe)(jeyU)=U)"Qel).
Therefore applying j ® . we obtain

UG(Q) ®1) = (j(Q) ® 1)U,
Thus j(Q;) € Mor(U*,U). Similarly one shows that j(Q,) € Mor(U,U*).
(ii) Since U is irreducible and j(Qy)j(Q,) € End(U) by (i), the operator j(Q;);j(Qy)

is a scalar.
(iii) That Tr(Q,) = dim Hy was shown in the proof of Proposition 1.3.11. The equal-
ity Tr(Q,) = dim Hy is proved similarly. O

Remark 1.3.13. — The proof of (i) shows that for any finite dimensional unitary rep-
resentation U and an operator Q € B(Hy), we have Q € Mor(U%,U) if and only if
U'G(Q) 1)U = j(Q)®1. Similarly, Q € Mor(U,U*) if and only if U* (j (Q) ® 1)U* =
JQ el

Let us now list properties of the contragredient representation.

Proposition 1.3.14. — For any finite dimensional representations we have:

(i) U” is equivalent to U ;

(i) U° is irreducible if and only if U is irreducible;

(iii) the flip map Hl"} ®H‘*} — H"; ®H£‘, defines an equivalence between (U x V)° and V° x U°.
Proof. — Part (i) for irreducible representations follows from Lemma 1.3.12(i). By de-
composing representations into irreducible, we get the result in general. Part (ii) is

true since T € End(U) if and only if j(T) € End(U°). Part (iii) follows immediately
from our definitions. O

References. — [62], [94], [97].
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1.4. QUANTUM DIMENSION AND ORTHOGONALITY RELATIONS

Let U be an irreducible finite dimensional unitary representation of a compact
quantum group G. By irreducibility and Lemma 1.3.12(i) the space Mor(U,U*) is one-
dimensional, spanned by a unique up to a scalar factor positive invertible operator.

Denote by oy € B(Hy) this unique operator normalized so that Tr(py) = Tr(pgl).

Definition 1.4.1. — The quantum dimension of U is the number
dim, U = Tr(py).

Since dim Hy < Tr(X)V2Tr(X~1H2 for any X > 0 by the Cauchy-Schwarz in-
equality, we have dim,U > dim Hy, and equality holds if and only if gy = 1. We
will write dim U for dim Hy . As follows from results of the previous section, and will
be discussed shortly, we have oy = 1 if and only if U* is unitary. Therefore the ratio
dim, U/ dimU > 1 in some sense measures how far the contragredient representation
is from being unitary.

Example 1.4.2. — Let G be any of the quantum groups introduced in Examples 1.1.5-
1.1.7, and U = (u;j);; be its fundamental representation. It can be shown that
this representation is irreducible (we will prove this later for SU,(2) and A,(F)).
In all these examples we are given a matrix F such that FU‘F~! is unitary and
Tr(F*F) = Tr((F*F)~!). Therefore (F~")*U*F*FU‘F~! = 1, so by Remark 1.3.13
we have j(F*F) = (F*F)' € Mor(U,U%). Thus

PU = (F*F>t
. 0 L,
In particular, for G = SU,(2) we have F = | . , with A = ¢. Hence

3

_ <|q|-1 0)

PU =
0 g
and dim, U = g+ ¢7]. O

We extend the quantum dimension to all finite dimensional representations by ad-
ditivity. The name ‘dimension’ is justified by the properties that we are now going to

establish, see also Section 2.2.

Somewhat more explicitly dim, U for irreducible unitary representations is defined
as follows. Consider the operators Qy, Q, € B(Hy) defined by

Q = (t®h)(UU™) and Q, = (1 ® h) (U*U").
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By Lemma 1.3.12, j(Q,) € Mor(U,U%), Qy0Q, is a scalar operator Al and Tr(Qy) =
Tr(Q,) = dimU. It follows that

o0 =172j(Q), op' =27%j(Q), dim U =1""2dimU.

Note that, conversely, Q, and Qy are expressed in terms of oy by

dimU dimU .

-1
(14.1) Q = G/ (B0) and @ = i i)

Theorem 1.4.3 (Orthogonality relations). — Let U = (u;j);; be an irreducible unitary rep-
resentation written in matrix form with respect to an orthonormal basis in Hy , and let o = py .

Then
Skipji

(i) h(unu;) = dim, U

(1) of V. = (vr)ry s an irreducible unitary representation that is not equivalent to U, then
h(vklu ) = h(u Ukl) =0.

3ji(e™ i
dim, U ~

and h(ujjup) =

Proof. — (i) For any T € B(Hy), by Remark 1.3.6 we have (1 ® h)(U(T ® 1)U*) €
End(U) = C1. Therefore there exists a unique positive operator p, € B(Hy) such that
(1.4.2) Tr(p,T)1 = (@ h)(U(T ® 1)U*) forall T € B(Hy).
Taking the trace and using that Tr(XYZ) = Tr(YZX) = Tr(j(X)j(Z)j(Y)), we get that
(dimU) Tr(p,T) = (Tr@h) (U(T @ 1)U*)

= (Trah) (@) U) [ U)[GT) ®@1))

= (Tr®h) (UTU*((T) ® 1))

=Tr(Qj(T)) =Tr(j(Q)T).
Therefore, by (1.4.1), we have

J(@Q) e
1.4. , N
( 3) ° dlm U dlmq U

As one can now easily check, identity (1.4.2) applied to T' = my; gives the first equality

)
)
)
(T

in (i). The second equality is proved similarly, by showing that

Tr(e~'T) . \
G 1 = (®NT @ VU) forall T € B(Hy).

(ii) Using again Remark 1.3.6 and that Mor(V,U) = 0 and Mor (U, V) = 0, we get that
CRMNVES®U*)=0 and @)U T®1HV)=0
forall S: Hy — Hy and T: Hy — Hy. This is equivalent to the identities in (ii). [

In order to study properties of the quantum dimension we need to define the oper-
ators py for all unitary representations.
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Proposition 1.4.4. — Let U be a finite dimensional unitary representation. Then there exists a

unique positive invertible operator p € Mor(U,U*) such that
Tr(-0) = Tr(-p~ ') on End(U) C B(Hy).

Proof. — There exist pairwise nonequivalent irreducible unitary representations U;,
1 <i < n, such that U decomposes into a direct sum of copies of U;. In other words,
we may assume that Hy = &; (K; ® Hy;) for some finite dimensional Hilbert spaces K;,
and U = @;(1 ® Uj;) .. In this case End(U) = &;(B(H;) ® 1). From this we see that the
operator p = @;(1 ® py;) has the required properties.

Assume o’ € B(Hy) is another positive invertible operator with the same properties.
Then p~ !¢’ € End(U), so ¢/ = &;(T; ® pu;) for some positive invertible operators T; €
B(K;). Then Tr(-T;) = Tr(-Ti_l) on B(K;). Hence T; = Tl-_l, andso T; =1, as T; are
positive. Therefore ¢’ = p. O

We denote by oy € B(Hy) the unique operator given by the above proposition. By
definition we have dim, U = Tr(py).

As follows from Remark 1.3.13, a positive invertible operators ¢ € B(Hy) belongs
to Mor (U, U%) if and only if the operator

G2 (i) 2 e1)

is unitary.

Definition 1.4.5. — For a finite dimensional unitary representation U the conjugate
representation is defined by

U= (jev)* @)U (j(pv)""? ® 1) € B(Hy) ® C(G).

The conjugate representation is therefore a canonical unitary form of the contra-
gredient representation.

Note that the contragredient representation U is unitary if and only if gy = 1. In-
deed, if oy = 1, then U* = U, so U is unitary. Conversely, if U° is unitary, then V¢ is
unitary for any irreducible unitary subrepresentation V of U. Since by construction py
is a scalar multiple of (j ® h) (V**V°), it follows that py = 1. Since this is true for all
subrepresentations V, we get py = 1 by construction of gy .

Note also that if p € Mor(U,U”) is positive and invertible, then by the proof of
Proposition 1.4.4 we have p = o7 for some T € End(U) commuting with ¢yy. Hence

U= 3G U(e) 2el).

Using this and the property pygy = pu @ pv, which follows by construction, it is easy
to check the following properties of the conjugate representation.
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Proposition 1.4.6. — For any finite dimensional unitary representations we have:
(i) U=U;
(HTeV=UaV;
(iii) the flip Hy @ Hy — Hy ® Hy defines an equivalence between U x V and VxU.
In order to compute the quantum dimensions of U and U x V we, however, need
to find p; and pyxy explicitly.
Proposition 1.4.7. — For any finite dimensional unitary representation U we have g =

j(ev) L. In particular, dim, U = dim, U.

Proof. — Since py,qv, = v; @ p1s» it suffices to consider irreducible representations.
We have

(O) =G en0) =G (UE) e HU™(ien e 1)
= @/F NG U) ey ol) = (o e Uy ©1).
Thus (951/2 ®1) (l_])"(pll/2 ® 1) is unitary. As we remarked after the proof of Proposi-
tion 1.4.4, this is equivalent to j(py) ™! € Mor(U, (U)*). Since Tr(py) = Tr(pljl), we
conclude that g = j(er) T O

In order to deal with tensor products we introduce auxiliary states on B(Hy) by

_ Tl TrCe)
= dim,u Y ‘

dim, U
By definition of pyy we have ¢y = ¢y on End(U).
Lemma 1.4.8. — For any finite dimensional unitary representations U and 'V we have
(pv @) (End(U x V)) C End(V) and (1 ® $y)(End(U x V)) C End(U).
Proof. — We will only prove the second inclusion, the first one is proved similarly. We
claim that
(1.4.4) Wy @) (VS 1HV*) =4y (S)1 forany S € B(Hy).
It suffices to show this assuming that V isirreducible. In this case, by (1.4.2) and (1.4.3),
we have that
@RV (S@L)V") =4y (S)L
Hence
Wy @) VSV = (v @h@) (Vishis(S®1® 1)Vi5V))
=W ehe)(ted)V)Selel)(tea) (V)
=W oh)V(ESe)V)1 =14y (51,
and (1.4.4) is proved.
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Therefore, if T € End(U x V), then

U(ted)(T) @)U = @y @) (Uis(T @ 1)Uts)

L@y @) (UrsVes (T @ 1)VosUyy)
@y @) (U xV)(T@1)(U xV)")
@y @)(Tel)=(ey)(T)el,

so (t® Yy)(T) € End(U). O

Theorem 1.4.9. — For any finite dimensional unitary representations U and V we have

pUxv = U ® v . In particular, dimy(U x V) = dim, U - dim, V.
Proof. — We will use the criterion from Proposition 1.4.4. The only nontrivial property

to check is that Tr(- py ® pv) = Tr(- p(jl ® 9‘71) on End(U x V), that s,

Yy ® by=0y ® oy on End(U x V).
If T € End(U x V), then using Lemma 1.4.8 and that ¢y = ¢y on End(U), we get

(Yo @ v )(T) =du (@ v )(T) = ou (@ dv)(T) = (9v @ $v)(T).
Similarly, (ou ® ¢v)(T) = ¢v (pv @ 1)(T) = (ev @ 4w )(T). N

References. — [59], [94], [97].

1.5. INFINITE DIMENSIONAL REPRESENTATIONS

So far we have dealt only with finite dimensional representations. However, the only
known way to show that there exist many such representations is by decomposing infi-
nite dimensional representations.

For a Hilbert space H we denote by K(H) the C*-algebra of compact operators
on H. Recall also that for a C*-algebra A the multiplier algebra of A is denoted
by M(A).If A C B(H) and AH is dense in H, then M (A) can be identified with the
C*-subalgebra of B(H) consisting of the operators T € B(H) such that Ta € A and
al’ € Aforall a € A.

Definition 1.5.1. — A unitary representation of a compact quantum group G on a
Hilbert space H is a unitary element U € M (K(H) ® C(G)) such that

(L ®A)(U) = UioUss.

Our goal is to construct a representation of G on L?(G) that coincides with the right
regular representation in the group case. Recall that L?(G) denotes the underlying
space of the GNS-representation 7, of C(G) defined by the Haar state &. Write A(a)
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for a € C(G) considered as a vector in L?(G). We will often suppress 7, in the compu-
tations. Therefore aA (b)) = 7w (a)A(b) = A(ab).

Let us first consider the group case. The right regular representation g — W, of
a compact group G is defined by (W,f)(t) = f(ts) for f € L?(G). The multiplier
algebra M (K (L?(G)) ® C(G)) can be identified with the algebra of strongly* operator
continuous functions G — B(L?(G)). Therefore the operators W, define a unitary
W e M(K(L?(G)) ® C(G)), so we indeed have a representation of G in the sense of
the above definition. Note that for f; € C(G), fo € L?(G) and s,t € G we have

W1 © f2)) (1) = (Wef1)(s) f2 (1) = fi(st) f2 (1) = (A1) (1 ® f2)) (5, 0)-

This motivates the following construction.

Theorem 1.5.2. — For any compact quantum group G, there exists a unique unitary represen-
tation W of G on the space L2(G) such that if C(G) C B(Hy), then

W(A(a) ®%) = A(a) (A1) ®E) forall a € C(G) and % € Hy.

Proof. — We divide the proof into several steps. Assume C(G) C B(Hy). Let us also as-
sume that the representation of C(G) on Hj is universal, in the sense that any bounded
linear functional ® on C(G) has the form w = w; ¢ forsome £, € Hy, where o: ¢ (T) =

Step 1. The equality in the formulation defines an isometry W on L?(G) ® Hy.
Write £, for A(1). For a; € C(G) and &; € Hy, 1 <i < n, we have

2
= 2 (A(djai) (Er ® Ei), En ® Ej)
irj

= Y ((h®v)A(@a)EE))
2V

= D(h(atai)%, &)
&Y

2

A @) (2L ® )

2 A (@) ®E

Hence W is a well-defined isometry.
Step 2. The operator W is unitary.

Indeed, the image of W contains all vectors of the form A(a) (1 ® ) (£, ®£), so itis
dense by the cancellation property.

Step 3. We have W € M (K (L2(G)) ® C(G)).
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We have to show that W(T®1), W*(T®1) € K(L2 (G))®C(G) forany T € K(L2 (G)).
It suffices to consider T = 64, :, where 67],52 = (4, £)n. We have

Wz, @ 1) (C@ ) = W((LE)akr ®n) = (LE)A(a) (Er ® )
= A(a) (0z,: ® 1) (T ).
If 3, 4; ® b; is close to A(a), we see that W (0gz, s ® 1) is close t0 34z, ® b;. Thus
W({T ®1) e K(L2(G)) ® C(G). l

Turning to W*(T'®1), assume that >}, A(g;) (1®¥5;) is close to a®1. Then the identity

2 WHA(ai) (1@ bi) (0z,: ® 1) (C@ 1) = (LE) 2 W A(a) (B ® bin)

= (L8) 2 a&n @ bin = (Z 42,6 @ bi) t®@mn)
i i
shows that W* (0,2, : ®1) = W*(a®1) (0, : ®1) is close in norm to Y3, 0z, : ®0b;. Hence
W*(T'®1) € K(L?(G)) ® C(G).
Step 4. We have (1 @ A) (W) = WiaWis.
For a € C(G) and » € C(G)* define
wxa= (1R w)A(a) € C(G).
Then, since w = w;y for some £, € Hy, by definition of W we have
(t®w)(W)at, = (o % a)&.
Therefore
(t®0®V)t®A)(W)dt), = @ wxv)(W)at, = ((0 *v) xa)ky,
and
(t®o@v)(WeWis)al, = (@ 0)(W) (@ v) (W)as, = (o (v a))&h.
Hence (1 ® A) (W) = W19Wi3 by the coassociativity of A.

End of proof. If C(G) is represented faithfully on another Hilbert space Hy, then the
above arguments show that we can define a unitary W € M (K (L?(G)) ® C(G)) such
that W (A (a) ®%) = A(a) (A(1)®¥) forall a € C(G) and £ € Hy. Then (1@w) (W)at, =
(wxa)¥), forany o € C(G)* that extends to a normal linear functional on B(Hy). Hence
(t®w) (W) = (1® ) (W) forall such w,so W = W. Alternatively, we can give a space-
free definition of W' it is an operator on the Hilbert C(G)-module L?(G) ® C(G) such
that W(at, ® 1) = A(e) (5, ® 1). O

The representation W is called the right regular representation of G.
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Theorem 1.5.3. — For the right regular representation W of a compact quantum group G we

have:
() the space { (v @) (W) | @ € K(L?(G))*} is dense in C(G);
(ii) W(mp(a) @ 1)W* = (7, @ 1)A(a) foralla € C(G).
Proof. — Assume C(G) C B(Hp),so W(at, ®£) =A(a) (£, ®E&) for a € C(G).
(i) Recall that we denote by w; ¢ the linear functional defined by w: ¢ (T') = (1%,{) . For
any a,b € C(G) and ¢, € H we have
((©az; 2, © 1) (W)L ) = (W(aZy ® T), b2, @ 1)
= (Aa) (& ® 1), b5 ®@ )
= ((h®@ ) ((0* ® 1)A(a))L, 1),
SO
(i, ®1) (W) = (h @) (5" ® 1)A(a)).
Since (A ® 1)A(A) is dense in C(G) ® C(G), we see that (i) holds.
(ii) For any a,b € C(G) we have
W(e®1) (02, ®8) = W(abs, ® %) = A(ab) (5, ® ) = A(a) W (b2, ® £),
so W(mp(a) ® 1) = (mp, @) (A(a))W. O

The following theorem extends Theorem 1.3.7 to infinite dimensional representa-

tions.

Theorem 1.5.4. — Every unitary representation decomposes into a direct sum of finite dimen-
sional irreducible unitary representations.
Proof. — It is enough to show that any unitary representation

UeMKH)®C(G))
decomposes into a direct sum of finite dimensional representations. For § € K(H),
consider the operator

T=(0hU(S®1)U) e K(H).
Remark 1.3.6 applies also to infinite dimensional representations, so
U'TehU=T®1,

thatis, T € End(U) . If we take a net of finite rank projections p; € B(H) such that p;
1 strongly, then (1@ %) (U*(p; ® 1)U) 1 strongly as well, since for any finite rank pro-
jection p we have U* (p; @ 1)U (p®1) —» U*U (p®1) = p®1 in norm. Therefore K(H)N

End(U) is a nondegenerate C*-algebra of compact operators on H. Hence H decom-
poses into a direct sum H = @je; H for some finite rank projections ¢; € End(U). [
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For a unitary representation U € M (K(H) ® C(G)), the elements (wzr @1)(U) €
C(G) for £,{ € H are called the matrix coefficients of U.

Corollary 1.5.5. — The linear span of matrix coefficients of finite dimensional representations
of G is dense in C(G).

Proof. — Consider the right regular representation W € M (K(L?(G)) ® C(G)). De-
compose it into a direct sum of irreducible unitary representations:

L2(G) = ®;H;, W =®U;.

If £ € H; and v € Hj, then for oz, = (- £,7) we have

0, if i # j,
n W) =
(057 @) (W) {(mi,n@m)(w), if i=j.

Since such functionals v, span a dense subspace in K(L2?(G))* and
{(o®y (W) |o € K(L*(G))"}

is dense in C(G) by Theorem 1.5.3, we see that the linear span of matrix coefficients
of finite dimensional representations of G is dense in C(G). O

A decomposition of the regular representation into irreducible representations can
be described explicitly as follows. If U is an irreducible finite dimensional unitary rep-

resentation, then for every vector { € Hy we can define a map
Hy — L*(G), & (dim, U)1/2(wi’p[1/zc @A) (U).

It is easy to check that it intertwines U and W. By the orthogonality relations it is iso-
metric if { is a unit vector. Furthermore, by the same relations, if we take mutually or-
thogonal vectors { and ' in Hy, then the corresponding images of Hy in L?(G) will be
orthogonal. The space spanned by such images for all possible U (up to equivalence) is
precisely the dense subspace of L?(G) spanned by matrix coefficients of finite dimen-
sional representations. So we obtain a decomposition of W by fixing representatives
U of equivalence classes of irreducible finite dimensional unitary representations and
choosing orthonormal bases in Hy . In particular, every irreducible unitary represen-
tation U appears in W with multiplicity dim U.

References. — [97].
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1.6. HOPF x-ALGEBRA OF MATRIX COEFFICIENTS

For a compact quantum group G denote by C[G] C C(G) the linear span of matrix
coefficients of all finite dimensional representations of G. This is a dense unital x-sub-
algebra of C(G): the product of matrix coefficients is a matrix coefficient of the ten-
sor product representation, the adjoint of a matrix coefficient is a matrix coefficient
of the contragredient representation, and the density was proved in Corollary 1.5.5.
Furthermore, A(C[G]) is contained in the algebraic tensor product C[G] ® C[G] C
C(G) ® C(G).

Definition 1.6.1. — A pair (', A) consisting of a unital x-algebra and a unital *-homo-
morphism A: .&/ — & ® & is called a Hopf x-algebra, if (A ® t1)A = (1 ® A)A and
there exist linear maps €: & — C and §: & — &/ such that

(e®@V)A(e) = (1®e)A(a) =a and m(S®1)A(e) =m(t® S)A(a) =<(a)l
forall a € &, where m: &/ ® & — &/ is the multiplication map.

The map ¢ is called counit and § is called antipode, or coinverse.

Example 1.6.2. — Assume G is a compact group. Then C[G] with the usual comulti-
plication, A(f)(g,h) = f(gh), is a Hopf x-algebra, with ¢(f) = f(¢) and S(f)(g) =
fe™). O

Example 1.6.3. — Assume I is a discrete group and let G = I, so C(G) = C}(T') and
A(hy) = Ay ® hy. The elements %, € G (I') are one-dimensional representations of G,
and since they already span a dense subspace of C(G), from the orthogonality relations
we conclude that there are no other irreducible representations. Therefore C[G] C
C; (T) is the group algebra of T, spanned by the operators 2. This is a Hopf *-algebra,
with e(hy) =1 and S(hy) = A . O

Let us list a number of properties of the maps € and $ that follow from the axioms:

(a) € and § are uniquely determined;

(b) eSS =c¢;

(c) €isa *-homomorphism and § is an anti-homomorphism;

(d) AS = (S® S)A°P;

(e) S(S(a*)*) =aforalla e & .
We are not going to prove this, see for example [84]. Properties (b)-(e) will be obvious
in our examples.

Theorem 1.6.4. — For any compact quantum group G, the pair (C[G], A) is a Hopf x-algebra.
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Proof. — We define the linear maps ¢ and § by letting
(t®e)(U)=1and (®S)U)=U"

for any finite dimensional representation U of G. To see that such maps indeed ex-
ist, choose representatives U, of equivalence classes of irreducible finite dimensional
unitary representations. By the orthogonality relations the matrix coefficients uf‘] of
these representations with respect to fixed orthonormal bases in HU form a linear ba-
sis in C[G]. Therefore we can define s(ul?‘]-) = 3;; and S(ufj) = u . Since any finite
dimensional representation U is equivalent to a direct sum of coples of Uy, we then
get (@e)U)=1and @ S)(U)=U"".

By applying t® e ® L to (1 ® A) (U) = UyoUys we get (e ® 1)A = 1, and by applying
L®L®ec weget (1 ®c)A =1. On the other hand, by applying (1 ®m) (1 ® S ® 1) we get

tCemeSe(ed)U)=(em Uyl =U"U=1=(2:)) ),
so m(S ®@1)A = ¢(-)1. Similarly, m(t ® S)A =¢(-)1. O
Although it took us a lot of effort to construct the Hopf x-algebra (C[G],A) for a
compact quantum group G, in practice (C[G], A) is often known from the beginning
and C(G) is defined as a C*-completion of C[G]. It is therefore important to have a

characterization of Hopf x-algebras that arise from compact quantum groups. We will
need a few definitions to formulate the result.

Definition 1.6.5. — A corepresentation of a Hopf x-algebra (.¢,A) on a vector space
H isalinear map §: H — H ® % such that
PR3 =(®A) and (1 ®¢e)d =1
The corepresentation is called unitary if H is a Hilbert space and
(3(2),5(2)) = (5,01 forall £ € H,

where (-,-) is defined by (£ ® a,{® b) = (£,{)b*a € &
A subspace K C H is called invariant if 3(K) C K ® 7. The corepresentation is
called irreducible if there are no proper invariant subspaces.

If 3: H —» H ® . is a corepresentation on a finite dimensional space, then 3(£) =
U(£ ® 1) for a uniquely defined element U € B(H) ® .¢/. Namely, if {£;}"" | is a basis
in H and 3(%;) = ;& ® ujj, then U = Ei,j mij ® u;;. Furthermore, we have

(t®A)(U) =UpoU1s and (1 ®¢)(U) =1.

Conversely, any element U € B(H) ® &/ with the above properties defines a corepre-
sentation, so from now on we will use both pictures interchangeably. In particular, by
matrix coefficients of 3§ we mean the matrix coefficients of U.
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All our principal results on finite dimensional representations of compact quantum
groups can be extended to finite dimensional corepresentations of Hopf x-algebras.
Moreover, as we will see now, the proofs become easier due to the existence of the an-
tipode.

Applying 1 @ m(t ® §) and t @ m(S ® 1) to (1 ® A)(U) = UjoU;s we see that U is
invertible and (1 ® S)(U) =U~!.

Unitarity of § is equivalent to U*U = 1, but since U is invertible, this is the same as
unitarity of U. In particular, we see that a finite dimensional unitary corepresentation
of (C[G], A) is the same thing as a finite dimensional unitary representation of G.

If 3 is irreducible, then there are no nonscalar operators T € B(H) such that T ® 1
commutes with U, since any eigenspace of such an operator would be an invariant sub-
space of H. Therefore for (C[G], A) the notion of irreducibility of corepresentations
is formally stronger than the notion of irreducibility of representations of G. The two
notions nevertheless coincide, since a subspace K C H is invariant if and only if it is
invariant for the subalgebra of B(H) spanned by the operators Q) (U), o € C[G]*,
and as we remarked after Proposition 1.3.9 for irreducible representations this algebra
coincides with B(H).

Lemma 1.6.6. — For any corepresentation 3: H — H ® &7, finite or infinite dimensional, we

have H@ & =3(H)(1 @ &).
Proof. — Consider the linear maps s,7: H @ % — H ® &/ defined by
sEea) =(0e5)E)(Aea, rEeae =3(E)(1®a).

We claim that rs = 1. Since both maps are right .¢/"-module maps, it suffices to compute
rson £ ® 1. We have

rsE® L) =r(t©5)3E) = (antes))Fe)i()
=emt®S))(LeA)E)
=(@())iE) =cal
Therefore rs =1, so r is surjective. It is also easy to check that r is injective, but we do

not need this. O

This lemma implies in particular that if § is unitary and K C H is a closed invariant
subspace, then K+ is also invariant. Indeed, for £ € K+, { € K and a € . we have
(3(%),3(0)(1®a)) = (£0)a" = 0.

Since §(K)(1 ® &) = K ® &, we therefore get (§(£),{® 1) = 0 forall { € K, but
this exactly means that 5(¢) € K+ ® .o It follows that any finite dimensional unitary
corepresentation decomposes into a direct sum of finite dimensional irreducible uni-

tary corepresentations.
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The same conclusion can also be obtained by the following argument, which we will
be important later. Consider the dual space 2 = ./*. This is a unital x-algebra with
product and involution given by

ov=(0®V)A, o*f=aSs,

and with unit ¢; here o is defined by ®(a) = w(a*). Any finite dimensional corepre-
sentation U € B(H) ® %/ defines a unital representation ny: Z° — B(H) by ny(w) =
(t® 0)(U). Asubspace K C H is invariant for § if and only if it is 7y (%)-invariant.

Now, if U is unitary, then 7y is a x-representation, since
() =) U)" = (o) U

and U* = (1®S) (U). Hence, if K C H is ©y (%)-invariant, then K is also 7y (%) -in-
variant.

We are now ready to formulate and prove a characterization of the Hopf x-algebras
(CIG], A).

Theorem 1.6.7. — Assume (&, A) is a Hopf x-algebra such that &/ is generated as an al-
gebra by matrix coefficients of finite dimensional unitary covepresentations. Then (& ,A) =

(C[G],A) for a compact quantum group G.

Proof. — Consider the C*-enveloping algebra A of .. It is well-defined, since .¢" is
generated by matrix coefficients of unitary matrices over .9/, and these have universal
bounds on the norms for all possible x-representations on Hilbert spaces. The crux of
the matter is to show that the canonical homomorphism . — A is injective. For this
we will show that there exists a faithful state 4 on ./ that plays the role of the Haar
state. We will construct k in several steps.

Step 1. There exists a unique linear functional h such that h(1) = 1, (1 @ h)A(a) = h(a)l
and (h®@1)A(a) = h(a)l foralla € & .

Observe first thatif Uy € B(H1) ® &, ..., U, € B(H,) ® & are pairwise nonequiv-
alent finite dimensional irreducible corepresentations, then their matrix coefficients
with respect to fixed bases in Hi,..., H, are linearly independent. Indeed, the rep-
resentations ny,,...,ny, of Z are irreducible and pairwise nonequivalent. Hence,
by Jacobson’s density theorem, see e.g., [58, Theorem XVII.3.2], the homomorphism
®iny,: Z — @;B(H;) is surjective. For dimension reasons this is possible only if the
matrix coefficients of Uy, ..., U, are linearly independent.

By assumption .&/ is generated by matrix coefficients of finite dimensional unitary
corepresentations. The product of matrix coefficients is a matrix coefficient of the ten-
sor product of corepresentations, defined as in the quantum group case by U x V =
U13Vss. Since any finite dimensional unitary corepresentation decomposes into a di-
rect sum of irreducible ones, it follows that .9/ is spanned by matrix coefficients of
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finite dimensional irreducible unitary corepresentations. Choose representatives U,
of the equivalence classes of finite dimensional irreducible unitary corepresentations
of .7 . By the above observation the matrix coefficients of U, (with respect to any fixed
bases in Hy, ) form a basis in .¢/". We can therefore define a linear functional » on &/
such that 2(1) =1 and (t ® h) (U,) = 0if U, # 1. Since (1 ® A) (Uy) = (Ux)12(Ux) 13,
the functional & has the required properties. The uniqueness is obvious.

Step 2. The following orthogonality relations hold: for every o there exists a positive invertible
operator Q, € B(Hy,) such that

(@ h) (U (T @ 1)Up) = 8“,@%(3:))1 Jorall T € B(Hy,. Hy,).

The key point to observe is that our proof of the orthogonality relations, The-
orem 1.4.3, did not use the positivity of the Haar state in any way. Namely, that
proof shows that the above relations hold with Q, = (1 ® &) (US*U;), where U =
GV U = (j®S8)(U,) is the contragredient corepresentation to U, . We thus only
have to check that Q, is positive and invertible for every «.

In order to show this, note that by the proof of Lemma 1.3.12(i) we have j(Q,) €
Mor (Uy,Uy"). But by irreducibility of U, the space Mor(U,,US’) is at most one-
dimensional, and every nonzero operator there is invertible. Since Tr(j(Q,)) =
dimU, > 0, itis therefore enough to show that Mor(U,,U’) contains a nonzero
positive operator.

The corepresentation Uy is irreducible, because g (w) = j(my, (wS)) and S is bi-
jective. As we observed in Step 1, the matrix coefficients of pairwise nonequivalent
finite dimensional irreducible corepresentations are linearly independent. It follows
that there exists a finite dimensional irreducible unitary corepresentation V among Ug
that is equivalent to U;. Choose an invertible operator T € Mor(Ug, V). Then j(T) €
Mor (V¢ U;"). On the other hand, starting with the identity

TelU,=V(T®1)
and taking the adjoints and then applying j ® . we get
GMreHl,=({eyVH)(M) &) =V T al),
so j(T)* € Mor(U,, V°). Therefore Mor(U,,U;°) contains the positive invertible oper-
ator j(T)j(T)*.
Step 3. We have h(a*a) > 0 foralla € &7, a £ 0.

Let uf; be the matrix coefficients of U, with respect to orthonormal bases in which
the positive invertible operators j(Q,) are diagonal. By Step 2 these matrix coefficients
form an orthogonal basis in ./ with respect to the sesquilinear form (q,b) = h(b*a),
and (u;‘], u;']) > 0. Hence this form is positive definite.
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End of proof. The left action of . on itself gives us a faithful x-representation of .o
on the pre-Hilbert space .¢/ equipped with the scalar product (a,0) = h(b*a). This is
a representation by bounded operators, since ./ is spanned by matrix coefficients of
unitary matrices over . and every entry of a unitary matrix must act as an operator
of norm not larger than 1. Hence this representation extends to a faithful represen-
tation on the Hilbert space completion of .¢7. Therefore . can be considered as a
subalgebra of its C*-enveloping algebra A. The homomorphism A extends to a unital
x-homomorphism A — A ® A, which we continue to denote by A. By Lemma 1.6.6
applied to 3 = A we have (1 ® ¥)A(Y) = & ® &, and similarly one proves that
(& @ HA(Y) = & @ . It follows that (A, A) has the cancellation property, so it
is a compact quantum group G. Clearly, .« C C[G]. Since .¢ is dense in C[G] and
is spanned by matrix coefficients of irreducible unitary representations of G, by the
orthogonality relations for G we conclude that . = C[G]. O

If ./ is a finite dimensional Hopf x-algebra, then the *-algebra Z” we introduced
before Theorem 1.6.7 is in fact a Hopf *-algebra with comultiplication

A(w)(a®@b) = w(ab) for a,be .

The antipode is given by S'(w) = w$ and the counit by £(w) = w(1). The axioms are
verified via a straightforward computation. The Hopf %-algebra (%,A) is called the
dual of (&7, A). By taking the dual of (%7, A) we get back (&, A).

Even if . is not finite dimensional, we still have a structure on Z reminiscent of
a Hopf x-algebra. We will define it in the case . = C[G], although the construction
makes sense in general. Let us first introduce some notation.

Definition 1.6.8. — The algebra of functions on the dual discrete quantum group G of
a compact quantum group G is the x-algebra Z (G) = C[G]* with multiplication and
involution given by

ov=0*v=(0®Y)A and ©* = &S.

Example 1.6.9. — Assume T is a discrete group and let G = I'. As we showed in Exam-
ple 1.6.3, in this case C[G] is simply the group algebra of I'. Then Z(G) is the usual
algebra of functions on I', with pointwise multiplication and involution. O

For every finite dimensional representation U of G we defined a representation
ny: Z (G) — B(Hy) by ny(w) = (t ® w)(U). Itis *-preserving if U is unitary. Fix
representatives U, of the equivalence classes of irreducible unitary representations
of G. Then C[G] is the direct sum of the spaces spanned by the matrix coefficients

of U, . It follows that the homomorphisms 7y, define a *-isomorphism

Z (G) =[] B(Hu,)-
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We will use the notation Z (G") for the dual space of C[G]®". Similarly to Z (G),

this is a *-algebra, which is canonically isomorphic to

XH“ B(Hy,, ®---® Hy,,).
*15ee-Un

n

Define amap A: Z(G) — Z (G x G) by
A(w)(a®b) = w(ab) for a,b e C[G].

Itis a unital x-homomorphism. Equivalently, A(0) € Z (G x G) is the unique element
such that

(70, ® 7u,) A(0)T = Try, (0) forall T € Mor(Uy, Uy x Uy).

Note that in general the image of A is not contained in the algebraic tensor product
% (G) ® % (G) C Z (G x G); indeed, this is not the case already for G = I' when the
discrete group I is infinite.

Define also maps ¢: % (G) — C and S: Z (G) — Z (G) by

¢(w) = (1) and $(0) = oS.
The maps A, g, §, as well as the multiplication map m: Z (G)  Z (G) — # (G), can
be applied to factors of Z(G)®" and then extended to Z (G"). For example, the map
L@ A: Z(G?) — # (G%) is defined by
t®A)(0)(a®b®c) = ola® b).

With this understanding, one can now easily check that the pair (% (G), A) satisfies all
the axioms of a Hopf *-algebra.

The pair (% (G),A) will play an important role in the book, in many respects more
important than the pair (C(G),A). The properties of (Z (G), A) can be formalized,
leading to a theory of discrete quantum groups that provides a dual picture for com-

pact quantum groups [85, 86].
References. — [24], [84], [85], [86], [97].

1.7. MODULAR PROPERTIES OF THE HAAR STATE
Let G be a compact quantum group. Recall that in Section 1.4 we introduced the
positive invertible operators pyy € Mor (U, U*).

Definition 1.7.1. — The Woronowicz characters is the family { f, },cc oflinear function-
als on C[G] defined by

t® f)(U) =¢p

for all finite dimensional unitary representations U of G.
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That the functionals f, are well-defined can be checked using the same arguments
as the ones used in the proof of Theorem 1.6.4 to show that ¢ is well-defined. Note that
Jfo = €. The functional f; will be denoted by p. Since the dual space Z' (G) = C[G]*
is a x-algebra isomorphic to a product of full matrix algebras, the functional calculus
makes sense in Z(G). Then

fi=¢ € (G).
By Theorem 1.4.9 we have py«y = pv ® pv, which means that

A(P) =p®p, hence also §(p) = p—l,

1

since m(t ® S‘)A(p) = &(p)1 = 1. Note in passing that the identity §(p) = p~ " can also

be deduced from Proposition 1.4.7.

Proposition 1.7.2. — The linear functionals f, have the following properties:

(i) f. is @ homomorphism C[G] — C;

(ii) fo = [z

(iid) fz) * fog = Jorz-

Proof. — Part (i) follows from A (p*) = o*®¢*, X:Vhile (iii) from p*p*2 = p*17%2, To prove
(ii) note that for any o € Z'(G) we have & = §(w)*, since

$(©)*(a) = $(0)(S(@)") = 6(S(S(@))) = (@)
for any a € C[G]. As A(p?) = ¢* ® p*, we also have $(p?) = o~*. Hence
fo=8E) =) =" =/ O
Since f, are multiplicative, the maps
a—axf,=(f,®)A(a) and a+— f,xa= (1 ® f.)A(a)
are homomorphisms C[G] — C[G]. Put
6.(a) = fiy xax* fi,.
In other words, for any finite dimensional unitary representation U of G we have
(+®0:)(U) = (e @ U (p( ® 1)-

The map C 5 z — o, € Aut(C[G]) is a homomorphism, since f,, * fi, = fi42. We
also have o, (a*) = 6;(a)*, because f;, = f;;. In particular, (6,),cR is a one-parameter
group of k-automorphisms of C[G], called the modular group. The name is justified by
the following result, proved by a straightforward computation using the orthogonality
relations.

Theorem 1.7.3. — The Haar state h on C[G] is o,-invariant for all = € C, and h(ab) =
h(bo_i(a)) foralla,b € C[G].
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Example 1.7.4. — Consider the quantum group SU,(2) and its fundamental represen-
e g _(lg™t 0

tation U = . By Example 1.4.2 we have oy = . It follows that
v o 0 g

the modular group is defined by

sy = (147 0 (= el 0
0 g \y o 0 gl

|2, ou(v) = . =

s0 61(2) = |g

Denote by C,(G) the image of C(G) under the GNS-—representation w;: C(G) —
B(L?(G)). The automorphisms 6, define a strongly continuous one-parameter group
of x-automorphisms of C,(G), which we continue to denote by ¢;. The cyclic vector
£, € L?(G) defines a state on C,(G), which we also denote by the same symbol .

Corollary 1.7.5. — The state h on C,(G) is faithful.

Proof. — By Theorem 1.7.3 the state h on C,(G) is a 6-KMS_-state. A basic result on
KMS-states asserts that the cyclic vector in the GNS-representation of a KMS-state is sep-
arating, see [16, Corollary 5.3.9]. ]

As we already observed in the proof of Theorem 1.6.7, the orthogonality relations
imply that i(a*a) > 0 forall @ € C[G], a # 0. Hence the GNS-representation
is faithful on C[G]. Therefore C,(G) is a completion of C[G]. The homomorphism
A: C[G] — C[G] ® C[G] extends to a homomorphism A,: C,(G) — C,(G) ® C,(G).
Indeed, by Theorem 1.5.3 we have

Ar(a) = Wr(a® 1YW},

where W, = (1 ® ;) (W) € B(L*(G) ® L*(G)) and W € M (K(L?(G)) ® C(G)) is the
right regular representation of G. Since C[G] is dense in C,(G), by the orthogonality
relations the algebra of matrix coefficients of (C,(G), A,) must coincide with C[G].

Therefore starting from (C(G), A) we getanew compact quantum group (C,(G), A,)
with the same representation theory and a faithful Haar state. It is called the reduced
form of (C(G),A).

In addition to the reduced form we can define a universal form (C,(G),A,). The
C*-algebra Cy, (G) is defined as the C*-enveloping algebra of C[G]. This algebra is well-
defined, since C[G] is spanned by matrix coefficients of unitary matrices over C[G],
and these have universal bounds on the norms for all possible x-representations. The
homomorphism A: C[G] — C[G] ® C[G] extends to a homomorphism A,: C,(G) —
Cy(G) ® Cy(G) by universality. By universality we also have a surjective homomorphism
Cu(G) — C(G).
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Therefore we have a sequence of surjective homomorphisms C,(G) — C(G) —
C,(G),with C[G] sitting densely in all three algebras. We will discuss the question when
Cy(G) — C,(G) is an isomorphism in Section 2.7.

In addition to the modular group (o;); of the Haar state, the element p € Z'(G)
can be used to define another important family of automorphisms that provides an
analytic continuation of the even powers of the antipode. Before we introduce it, let
us first compute $2.

Proposition 1.7.6. — For any finite dimensional unitary representation U of G we have
(t®S*)U) = (v ®)U(pg' ® 1).

Proof. — Recall that S was defined by (1 ® S)(U) = U~! for finite dimensional repre-
sentations U. This can be written as (j ® S)(U) = U¢. Hence

(t® S%)(U) =U*.

By definition, if U is unitary, we have pyy € Mor(U,U%), so

(t®SHU) (v @) = (v e DU -
Remark 1.7.7. — An equivalent formulation of the above proposition is that for any
® € Z(G) we have $2(w) = pwp~!. Furthermore, as one can easily check, o is the

only positive invertible elementin Z (G) with this property and such that Tr(wy (¢)) =
Tr(my (p)~!) for any irreducible representation U of G.

Now for z € C define an automorphism 7, of C[G] by

T(a) = foiz xax* fi,.
In other words,
(@) U) = e U™ el).
We then see that §> = t_;. The one-parameter group (7;);cg of *-automorphisms
of C[G] is called the scaling group.

Example 1.7.8. — A computation similar to the one in Example 1.7.4 shows that
for G = SU,(2) we have 7;(x) = «, 7,(y) = |q|?y. O
Proposition 1.7.9. — The following conditions are equivalent:

i) e=1;

(i) the Haar state h is a trace;
(i) §% = 1;

(iv) S is x-preserving.
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Proof. — (i)=-(ii), (iii) This is clear, since ¢, and 7, are trivial when p = 1.

(ii) = (i) If & is trace, then h(ab) = h(ba) = h(ac_;(b)) for all a,b € C[G]. Since h
is faithful on C[G], we conclude that 6_; = t. By definition of ¢_; this implies that
pwp = o forall w € Z (G). Since p is positive, this is possible only when p = 1.

(iii) = (i) If $% = 1, then from Proposition 1.7.6 we see that oy € End(U). Hence oy
is scalar for irreducible U, and then gy = 1 by the normalization condition on gy/.

(iii) < (iv) This follows from S(a)* = S~!(a*). O

Under the equivalent conditions of the above proposition the compact quantum
group G is said to be of Kac type.

Note thatif G is a compact matrix pseudogroup, so that the C*-algebra C(G) is gen-
erated by matrix coefficients of one finite dimensional unitary representation U, then
G is of Kac type if and only if py = 1. Indeed, the x-algebra generated by the matrix
coefficients of U is the linear span of matrix coefficients of tensor products of copies
of U and U°. By the orthogonality relations it follows that any irreducible unitary rep-
resentation of G is equivalent to a subrepresentation of a tensor product of copies of U
and U°. Hence, if py = 1, then gy = 1 for any irreducible unitary representation V.

Example 1.7.10. — As follows from Example 1.4.2, the quantum group SU,(2) is not
of Kac type for ¢ # £1. Similarly, the quantum groups A, () and A,(F") are typically
not of Kac type. On the other hand, A, (n), A,(n), A;(n), genuine compact groups, as
well as the duals G = T' of discrete groups, are of Kac type. O

One more conclusion we can draw from the above considerations is that the map
§ is unbounded on C[G] C C(G) unless G is of Kac type. Indeed, take an irreducible
unitary representation U such that pyy # 1. Since Tr(py) = Tr(pljl) , it follows that the
spectrum of py contains a number > 1 and a number < 1. Hence, for every n € N, we
can find m € N such that for an irreducible unitary subrepresentation V of U*™ the
operator py has an eigenvalue 27 > n. It also has an eigenvalue A9 < 1. Then under
the action of §? the matrix coefficient of V defined by the corresponding eigenvectors

gets multiplied by 7\1?\2_1 > n. Hence the map $? is unbounded.

When G is not of Kac type and so § is not #-preserving, it is sometimes convenient to
consider a sort of polar decomposition of §. The automorphism 7_;/9 plays the role
of the absolute value, and the map R = S7;/9, called the unitary antipode, plays the
role of the unitary part. For finite dimensional unitary representations we have

(1.7.1) (G®S)U)=U" and (j@R)(U) =U.

Proposition 1.7.11. — The unitary antipode R is an involutive x-anti-automorphism of C[G]
such that AR = (R ® R)A°P.
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Proof. — Using that 7,(¢*) = 7z(a)* and (1 ® §) (U) = U* for unitary representations
U, a straightforward computation yields $t, = 1,§. In particular, R = 7;/95, hence
RQ = Ti/QSQTi/Q =Ll

This also follows from (j ® R) (U) = U, since U=U.

Since 1;/9 is a homomorphism and § is an anti-homomorphism, R is an anti-
homomorphism.

As § = 1_;9R = Rt_j/9 and so S(a)* = 7_;/9(R(a))* = 7i/9(R(a)*), using a* =
S(S(a)*) we get

a* = (Rr_i/2) (7i2(R(a)")) = R(R(a)").

Hence R(a*) = R(a)*.

Finally, since AS = (S ® §)A°P and A1, = (7, ® 7;)A, which is immediate from
(t®7)U) = (g ® 1)U (p;"* ® 1), we get AR = (R ® R)A°P. O

The unitary antipode on Z (G) is defined by fi(w) = p_l/Qg(oa)pl/Q = oR.Itis
an involutive x-anti-automorphism of Z(G) such that AR = (f? ® I%)A"P. This is even
easier to verify than to check the properties of R.

References. — [55], [63], [94], [97].
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CHAPTER 2

C*-TENSOR CATEGORIES

In this chapter we study compact quantum groups from a categorical point of view.
The central result is an extension of the Tannaka-Krein duality to the quantum setting.
It shows how a compact quantum group can be reconstructed from its representation
category concretely realized as a category of Hilbert spaces and, furthermore, charac-
terizes categories that arise from representations of compact quantum groups. In addi-
tion to proving this general quite abstract result, we discuss what it means for categories
of representations of Hopf x-algebras. This in particular allows us to look from a dif-
ferent angle at some of the examples from the previous chapter and generalize, using
the Drinfeld-Jimbo quantized universal enveloping algebras, the deformation SU,(2)
of SU (2) to all simply connected semisimple compact Lie groups.

2.1. BASIC DEFINITIONS

The following definition is discouragingly long, but the reader should keep in mind
that it simply tries to capture the essential properties of the category of Hilbert spaces
with bounded linear operators as morphisms.

Definition 2.1.1. — A category & is called a C*-category if
(i) Mor(U,V) is a Banach space for all objects U and V, the map

Mor (VW) x Mor (U, V) — Mor (U,W), (S,T) — ST,

is bilinear, and ||ST|| < ||S|| IT]|;

(ii) we are given an antilinear contravariant functor x: & — & thatis the identity map
on objects, so if T € Mor(U,V), then T* € Mor(V,U), and that satisfies the following
properties:

(a) T** =T for any morphism T’
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(b) ||IT*T|| = ||T||? for any T € Mor(U,V); in particular, End(U) = Mor(U,U) is a
unital C*-algebra for every object U;

(c) for any morphism T € Mor(U, V), the element T*T of the C*-algebra End(U) is

positive.

Condition (c) is sometimes omitted. In any case, if we dropped it, it would follow
for the categories we are interested in from our condition (vi) below.

Using the *-operation we can define notions of projection, unitary, partial isometry,
etc., for morphisms. For example, a morphism u € Mor(U, V) is called unitary, if u*u =
1 and uu* = 1.

The category & is called a C*-tensor category, or a monoidal C*-category, if in ad-
dition we are given a bilinear bifunctor ®: & x & — &, (V) — U ® V, natural
unitary isomorphisms

agyw: UV)eW U (Ve W),
called the associativity morphisms, an object 1, called the unit object, and natural uni-
tary isomorphisms
ilU—-U pr:U1 -1,
such that

(iii)the pentagonal diagram

(UeV)oW)e X

@l &

UeVeW)eX UeV)e (WeX)

%1,23,4 L L11,2,34

Ue ((VoW)eX) = U (Ve (WeX))

commutes; here the leg-numbering notation for the associativity morphisms means

that 12,34 = AUQUWX » etc.;

(iv) A1 = p1, and the triangle diagram

Uel)eV - U (1eV)

UV
commutes;
(v) (S®T)* =S8*®@T* for any morphisms § and 7.

In addition we will also always assume that
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(vi) the category & has finite direct sums, meaning that for any objects U and V there
exist an object W and isometries « € Mor (U, W) and v € Mor(V, W) such that uu* +
w* =1;

(vii) the category & has subobjects, meaning that for every projection p € End(U)
there exists an object V and an isometry v € Mor(V,U) such that vv* = p; note that an
object defined by the zero projection 0 € End(U) for some U is a zero object, that is,
an object 0 such that Mor(0, W) = 0 and Mor(W,0) = 0 for any W;

(viii) the unit object 1 is simple, thatis, End(1) = C1 £ C;
(ix) the category is small, that is, the class of objects is a set.

The category & is called strictif UV)@W =Ux (VeW),1U=U1 =",
and «, A and p are the identity morphisms.

The primary example of a C*-tensor category is the category Hilb of finite dimen-
sional Hilbert spaces. To be pedantic, in order to make this category small we need to
consider a set of Hilbert spaces instead of all possible spaces. We will assume that such
asetis fixed once for all, and it is big enough to accommodate all the constructions we
will encounter. We should also fix exactly what realization of tensor products we are
using, as well as choose a one-dimensional Hilbert space playing the role of the unit
object.

The associativity morphisms in Hilb, are of course (£® () ® — £® ({® 7). They
are so obvious that it is common to consider Hilb; as a strict tensor category. In fact,
it is indeed strict in the rigorous sense with a suitable definition of tensor products.
In order to see this, consider the Cuntz algebra &, the universal unital C*-algebra
generated by isometries S,, n > 1, such that the projections §,S; are mutually orthog-
onal, so that S;‘ §; = 8;;1. For every finite dimensional Hilbert space H fix a linear map
Bu: H — G such that B ()*Bu (8) = (§,0)1. If H is already a subspace of &, such
that 0*¢ = (£,{)1 forall £, € H, we take 8y to be the inclusion map. For arbitrary H
and K we then define H®K as the subspace of &, spanned by the vectors 8 (£)Bk (),
and let £ ® = By (£)Bk (¥). The unit object is of course C1 C Z.

Independently of how we define tensor products to get the strict tensor C*-category
Hilb, the unit object is a uniquely defined one-dimensional Hilbert space. It has a
unique unit vector £ such that £ ® £ = £. Therefore 1 is canonically isomorphic to C.
By slightly abusing notation we will henceforth identify 1 with C.

Another example of a strict C*-tensor category, which is our main object of inter-
est, is the category Rep G of finite dimensional unitary representations of a compact
quantum group G. Again, to be precise, we should assume that the underlying spaces
of our representations are elements of the set of Hilbert spaces used to define Hilb,.

SOCIETE MATHEMATIQUE DE FRANCE 2013



38 CHAPTER 2. C*-TENSOR CATEGORIES

By a result of Mac Lane [48, Theorem X1.5.3] (proved though in a slightly differ-
ent context than we are dealing with now), any tensor category can be strictified. This
means that it is equivalent, in a sense that will be explained shortly, to a strict tensor
category. It follows that in developing the general theory we may assume that our cate-
gories are strict. Mac Lane’s result is also useful in formal computations, as it allows one
to perform such computations as if the category one works with were strict. This will be
used in Section 4.2. At the same time a strictification is not always desirable, since cer-
tain categories are better described as nonstrict categories. Let us give a simple exam-
ple, another important example of the same type, but significantly more complicated,
will be given in Section 4.1.

Example 2.1.2. — Let T be a discrete group, and € Z3(I; T) be a normalized T-val-
ued 3-cocycle; recall that being normalized means that w(g, #, k) = 1 whenever one
of the elements g, h or k is the unit element. Define a G*-tensor category & (I', ») as
follows. First consider the category & (I') = Repf of finite dimensional unitary rep-
resentations of I'. Then define & (I, w) as the same category & (I'), except that the
associativity morphisms are given by the action of v € Z (I'3).

More concretely, by Example 1.6.3 we can choose representatives V, of simple ob-
jects of & (I', w) indexed by elements g € I'. Note that V, ® V}, = V,;,, and we can even
arrange V,; ®V), = Vy, by taking the spaces Hy, to be the unit 1 in Hilb . The associativ-
ity morphisms are defined by the operators HVg ®Hy, @ Hy, — va ® Hy, ® Hy, of multi-
plication by w(g, &, k) , or in other words, by the operators w(g, 4, k)1 € End (V). The
commutativity of the pentagon diagram is equivalent to the cocycle identity

o(h kD)o (g, kD)o (g h k) = o(gh, k1) o (g, b, k). O

Definition 2.1.3. — Let & and &’ be C*-tensor categories. A tensor functor & — &’
is a functor F: & — &’ that is linear on morphisms, together with an isomorphism
Fy: 1" — F(1) in &’ and natural isomorphisms

Fo: FUY@F(V) > FU®V)

such that the diagram

(FU)RF(V)) @ F(W) FQﬂ\F(U@ V)y® F(W) F—Q\F((UQ@V) QW)

a’t LF(“)
L®F2

F(U)®(F(V)®F(W))—\F(U)@F(V@W)F—Q\F(U@)(VQQW))
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and the diagrams

F) @ FU) 2~ FleU) FU)eFl) 22— FUe1)

F0®L] LF@) l®Fo] LF(;)

1'® F(U) ——~ F(U) FU) @1 —° FU)

commute.
We say that the tensor functor is unitary if in addition F(T)* = F(T*) on mor-
phisms, and Fo: F(U) ® F(U) — F(U ® V) and Fj are unitary.

It can be shown that Fy is uniquely determined by F and Fs. Furthermore, instead
of the existence of F it is enough to assume that F (1) = 1’. In any case, there will
always be an obvious choice for Fy, so we will often omit Fy in our considerations.

Example 2.1.4. — Let G be a compact quantum group. Define a tensor functor
F: RepG — Hilby by letting F(U) = Hy for every finite dimensional unitary repre-
sentation of G, while Fs, as well as the action of F on morphisms, are taken to be the
identity maps. 0

Definition 2.1.5. — A natural isomorphism v: I — G between two tensor functors
& — &' is called monoidal if the diagrams

FU)@F(V) 2~ FUaV)

1/
Lk 0N
N&N 1
: G

Go

GUYRGV) —=GUQYV) F(1)

commute.

Definition 2.1.6. — Two C*-tensor & and &' categories are called monoidally equiv-
alent if there exist tensor functors F: & — &’ and G: &' — & such that FG and
GF are naturally monoidally isomorphic to the identity functors. If we can choose F,
G and the natural isomorphisms FG =1 and GF 22 to be unitary, then we say that &
and &’ are unitarily monoidally equivalent.

In practice we will use the following criterion of equivalence rather than the above
definition: a (unitary) tensor functor F: & — & is a (unitary) monoidal equivalence
if and only if F is fully faithful (that is, it defines an isomorphism between Mor (U, V')
and Mor (F (U), F(V))) and essentially surjective (that is, every objectin & is isomor-
phic to F(U) for some U). Furthermore, we will mainly deal with semisimple cate-
gories, meaning that every object is a direct sum of simple ones. For such a category
& choose representatives U, of the isomorphism classes of simple objects. Then a ten-
sor functor F: & — &', where &’ is another semisimple C*-tensor category, is a
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monoidal equivalence if and only if the objects F (U, ) are simple, pairwise nonisomor-

phic, and any simple object in & is isomorphic to some F (U,).

Example 2.1.7. — Let I be a discrete group, » and o' be normalized T-valued 3-co-
cycles on I'. Consider the categories & (I, w) and & (T, ') defined in Example 2.1.2.
Assume ¢ is a T-valued 2-cochain on T such that o'o™! = &, so

(@'~ (g, h k) = c(h, k)e(gh, k)~ e(g, hk)e(g, h) .

Then we can define a tensor functor F: & (I, 0) — & (I, ') that is the identity map
on objects and morphisms, while the tensor structure Fy is given by the action of ¢~! €
% (I'%). Therefore the categories & (I, ) and & (I, ') are unitarily monoidally equiv-
alent. So up to equivalence & (I', ) depends only on the cohomology class of «. Fur-
thermore, it is not difficult to see that & (I, ») and & (T, ) are unitarily monoidally
equivalent if and only if there exists an automorphism { of I" such that the cocycles

B(w) and ' are cohomologous. O

As we already mentioned, but now can be more precise, a theorem of Mac Lane as-
serts that any C*-tensor category is unitarily monoidally equivalent to a strict C*-tensor
category. In view of Example 2.1.7 this might seem counterintuitive, since itis natural to
assume that the cohomology class of o is an obstruction for strictification of & (I, »).
Note, however, that since free groups have cohomological dimension one, any 3-co-
cycle on I becomes a coboundary when lifted to the free group with generators in I'.
The proof of Mac Lane’s theorem is based on a similar idea: the new strict category
equivalent to & has objects that are n-tuples of objects in & , while the tensor product
is defined by concatenation, see the proof of [48, Theorem XI.5.3] for details.

References. — [25], [45], [48], [61].

2.2. CONJUGATE OBJECTS AND INTRINSIC DIMENSION

Let & be a strict C*-tensor category.

Definition 2.2.1. — An object U is said to be conjugate to an object U in & if there
exist morphisms R: 1 — U ®U and R: 1 — U ® U such that

UV UeUeU X250 ad U2 0eUuel 250
are the identity morphisms. The identities (R* ®1) 0 ® R) =t and (R* @)L ® R) =1
are called the conjugate equations.
If every object has a conjugate object, then & is said to be a C*-tensor category with
conjugates, or a rigid C*-tensor category.
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Note that this definition is symmetric in U and U, so U is conjugate to U.

The notion of a conjugate object can of course be defined also for nonstrict cate-
gories. Then the conjugate equations involve the associativity morphisms and the iso-
morphisms 2 and p. But since any tensor category can be strictified, in developing the
theory it suffices to consider strict tensor categories.

Example 2.2.2. — Consider % = Hilb Iz If H is a finite dimensional Hilbert space with

an orthonormal basis {¢;};, define
r:C—H®H by r(1) =Y e,
i

and
1_’:(C—>H®I:I by 7(1) =Zei®éi~
i

Then the pair (r,7) solves the conjugate equations for H. Hence H is a conjugate ob-
ject to H. Note that r and 7 do not depend on the choice of an orthonormal basis.
At the same time the pair (r,7) is not the only possible: for any invertible operator
T € B(H) the maps

AT r=G)* @ 1)r and (T g )i= (1 () )7

also solve the conjugate equations; recall that j denotes the canonical anti-isomor-
phism of B(H) onto B(H), j(T)é =T*% for £ € H. O

Example 2.2.3. — Consider & = RepG, where G is a compact quantum group.
Let U € B(H) ® C(G) be a finite dimensional unitary representation. Consider the
maps r and 7 from the previous example. A straightforward computation shows that
¥ € Mor(1,U x U°) (more generally, if we identify H ® H with B(H), then the map
Mor(1,U x U°) — B(H), f — f(1), defines an isomorphism of Mor(1,U x U°)
onto End(U) that maps 7 into 1 € End(U)). Consider the operator gy € Mor (U, U*)
introduced in Section 1.4. By the definition of the conjugate representation we have
j(er)Y? € Mor(U¢,U). Hence the operator
R= (@)= e/ ® DF
belongs to Mor(1,U x U). Replacing U by U we also get an operator
R=(1®j(pp)"*)r e Mor(1,U x U).
By Proposition 1.4.7 we have p; = j(pr) 1, hence
R=(1®p;" %)

Therefore (R,R) is a solution of the conjugate equations for U, so U is a conjugate
objectto U. O
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Example 2.2.4. — Consider the category & (T, ) defined in Example 2.1.2. Unless the
cocycle o is trivial, this is a nonstrict category, but as we mentioned above, the notion
of a conjugate object still makes sense. Then as a conjugate to V, we can take V,1,
with R: V, — ngl ® Vg =V, to be the identity map and R:V, — Ve ® ng =V, the
multiplication by w(g, g=1,g) = w(g~', g, g~ ") (this equality follows by applying the
cocycle identity to (g, g~ ', g, g7 1)). O
Proposition 2.2.5. — For any object U in & a conjugate object, if it exists, is uniquely deter-
mined up to an isomorphism. More precisely, if (R, R) is a solution of the conjugate equations
JorU and U, and (R’, R ) is a solution of the conjugate equations for U and U', then
T=(;5®R")(R®y) € Mor(U',0)
is invertible with inverse S = (1py @ R*) (R' ® 1), and
R =T"'®)R, R =(@®T"R.

Proof. — We compute:

TS = (R (R®1)(®R) (R @)
QR (12100 R)(R®101@1) (R @)
QR (OR ©:0) (0@ R @) (R®L)
L@ R*)(R®1) =1
Similarly one checks that ST = . Next,
T'"®)R=(®R @)(R®:9)R= (R ®)(®.®RR =R
Similarly, (1 ® T*)R = R'. O

(
(
(
(

We also have the following related important result, proved by a straightforward
computation.

Theorem 2.2.6 (Frobenius reciprocity). — If an object U has a conjugate, with R and R

solving the conjugate equations, then the map
Mor(U® VW) — Mor(V,'U W), T— (g QT)(R®w),

is a linear isomorphism, and the inverse map is given by S — (R* @ vy) (. ® S) . Similarly,
Mor(V @ U W) ~ Mor(yW @ U).

Corollary 2.2.7. — Assume that U is simple and that U is conjugate to U. Then U is simple
and the spaces Mor (1,U @ U) and Mor(1,U @ U) are one-dimensional.

Proof. — By the Frobenius reciprocity the spaces End(U), Mor(1,U ® U) and
Mor(1,U @ U) are isomorphic to End(U) = C1. O
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Proposition 2.2.8. — Assume that an object U has a conjugate. Then End(U) is finite dimen-
sional.

Proof. — We will prove the proposition by showing that there exists a positive linear
functional f on End(U) such that T < f(T)1 for all T > 0, which is possible only for
finite dimensional C*-algebras.

In order to do this, define ¢y : End(U) — End(1) by letting ¢y (T) to be equal to
the composition

18 0ev0eu X,
For X € End(U) consider Y = (:® X)R € Mor(1,U x U). Then
X=Ruw)(weY)eMor(Ux1,1®U)=End).

It follows that

XX <|RIPe@Y*Y) = |RI*(:® v (X*X))
Therefore if the functional f is defined by |R||>¢y (T) = f(T)1, then f(T)1 > T for
all T € End(U)+. O

Corollary 2.2.9. — Every object with a conjugate decomposes into a finite direct sum of simple

objects.

Proposition 2.2.10. — The class of objects in & that have conjugates forms a C* -tensor subcat-
egory of & .

Proof. — Itis easy to see that the class of objects with conjugates is closed under taking
direct sums. We have to show that it is also closed under taking tensor products and
subobjects.

Assume (Ry, Ry) is a solution of the conjugate equations for U, and (Ry, Ry) is a
solution of the conjugate equations for V. Viewing Ry asa morphism 1 - V@ 1@V
put

R=(®Ry®)Ry e Mor(1,V@U QU V).
Similarly define R = (1@ Ry ®t)Ry € Mor(1,U®V @V ®U). Then (R, R) is a solution
of the conjugation equations for U ® V,so V ® U is conjugate to U @ V.

Assume now that (Ry, Ry) is a solution of the conjugate equations for U, and that
V is subobject of U, so there exists an isometry w € Mor(V,U). By the Frobenius reci-
procity, there exists a linear isomorphism End(U) — End(U), T +— TV, uniquely de-
fined by the identities

T)Ry = (T @) Ry.

This linear isomorphism is anti-multiplicative (but not, in general, x-preserving), as

(@ ST)Ry = (TV ® S)Ry = (TVSY @ )Ry.
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Hence ¢ = (ww*)" € End(U) is an idempotent. Then e is equivalent to a projection,
and since & is assumed to have subobjects, there exists an object V and morphisms
S € Mor(V,U) and T € Mor(U, V) such that TS = iy and ST = e. Put

Ry = (T ® w*)Ry and Ry = (w* ® $*)Ry.

Then (Ry,Ry) is a solution of the conjugate equations for V. Let us, for example,

check that (R, @)t ® Ry) =ty:

(Ry @) (t®Ry) = (R}, ®1) (w® ST @ w*) (1 ® Ry)
=w* (R @) (t®e®1) (1@ Ry)w
=w* (R @) (@@ ww*) (L ® Ry)w

= wrww*w = vy. O

Assume now till the end of the section that & is a C*-tensor category with conju-

gates.

Let U be a simple object, U be conjugate to U, and (R, R) be a solution of the con-
jugate equations for U and U. By Proposition 2.2.5 or by Corollary 2.2.7 any other so-
lution of the conjugate equations for U and U has the form R’ = AR, R’ = "R for
some A € C*. In particular, the number ||R| - ||R|| is independent of the solution.

Definition 2.2.11. — The number
di(U) = |RI| - ||

is called the intrinsic dimension of the simple object U.

For general U, decompose U into a direct sum of simple objects, U = @Uy, and

put &;(U) = X di(Us)-
Note that we always have d;(1) = 1.

Example 2.2.12. — For & = Hilb; we have d;(U) = dimU, since every object is a
direct sum of copies of the unit object. We get the same identity d;(U) = dim U for the
categories & (T, »), since d;(V,) = 1 by Example 2.2.4. O

Example 2.2.13. — Consider & = Rep G, where G is a compact quantum group. Let U
be an irreducible unitary representation of G. In Example 2.2.3 we showed that the
operators R = (1 ®p51/2)r and R = (9[1]/2®1)F solve the conjugate equations. Let {¢;};
be an orthonormal basis in Hy. Then

1Rl = (0 @ g5 2)r(1)] = '

N e e = Tr(pp")? = (dim, U)"/2
1

Similarly, ||R|| = (dim, U)'/%. Therefore d;(U) = dim, U. O
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The intrinsic dimension d;(U) for nonsimple objects can be expressed in terms of
solutions of the conjugate equations. In order to see this, let us introduce a partic-
ular class of such solutions. Decompose U into a direct sum of simple objects: U =
@®xUy. This decomposition means that we fix isometries w;, € Mor(Ug,U) such that
Y, wrwy, = 1. For every k choose a conjugate Uy to Uy. Let U be the direct sum of Uy,
and let @, € Mor(Uy,U) be the corresponding isometries. Let (Ry, Ry) be asolution of
the conjugate equations for Uy, and U,. Then R = D (Wr Qi) Ry, R= D (wy Q) Ry
is a solution of the conjugate equations for U and U.

Definition 2.2.14. — A solution of the conjugate equations for U and U of the form

R = Z(u_}k ® ZUk)Rk, R = Z(Wk ® sz)Rk,
k k

with Uy simple and ||Ry|| = || Ry|| = d;(Uy)"/? for all k, is called standard.
For standard solutions we have the following refinement of Proposition 2.2.5.

Proposition 2.2.15. — Assume (R, R) is a standard solution of the conjugate equations for U
andU, and (R', R') is another standard solution of the conjugate equations for U and U’ . Then
there exists a unitary T € Mor(U,U’) such that R' = (T ® )R and R' = (1 ® T)R.

Proof. — In order to simplify the notation we will only consider the case when U is a
direct sum of n objects isomorphic to one simple object V. Then we can write

R = (i ® wy) Ry, R =Y (wy ®iy) Ry,
k k

and similarly for R’ and R’ using isometries w} and u_/;, where (R, Ry) is a fixed so-
lution of the conjugate equations for V with ||Ro|| = |[Ro||. The projections wjwy}, as
well as the projections w}w}*, are minimal projections in End(U) 2 Mat, (C) that add
up to one. Hence there exists a unitary § € End(U) such that Swyw}S* = wjw;*. The
isometry Swy must coincide with w}, up to a phase factor, hence by changing § we can
arrange so that Swy = wj,. Let s;; be the scalar w;Sw; € End(V) = C. Then (s3;); is a

unitary matrix, and if we let 7' = 37, skju_/;u_)z, then T is unitary,

w} = Sw; = %skjwk and Tw, = Zsk/-zb;.
J
It follows that
ETu_Jk Q wp, = zskju'/} R wy = Zu_}; ® ?U/‘,
k k.j J
so R = (T ®t)R. For the same reason R' = (@ T)R. O
If R =3, (W ® wp) Ry and R = Y, (w; ® wy) Ry form a standard solution, then

IR)|?1 = R*R = zk:RZRk = Ek]di(Uk)l =d;(U)1.
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Similarly ||R|| = d;(U)'/2. To make this useful, we need an intrinsic characterization
of standard solutions.

Theorem 2.2.16. — Let (R, R) be a solution of the conjugate equations for U and U . Define a
map ey End(U) — End(1) by letting oy (T) to be equal to the composition

ﬂﬁU@UﬂU@Uﬂﬂ,

and similarly define Yy : End(U) — End (1) by letting by (T') to be equal to the composition

18 vet ™ ver X1
Then (R, l_?,) is standard if and only if oy = Yy . Furthermore, for the standard solutions the
maps oy and Yy are tracial, positive and faithful, and they do not depend on the choice of a
standard solution.

Proof. — If (R, R) is a standard solution, so
R = (i @ wp) Ry, R = 3 (wy @) Ry,
k k

then
ou(T) = S ou, @jTwy) and 4u(T) = 3 du, (wiTuy).
k k

We clearly have ¢y, = {y,, since both maps send 1 € End(U;) = Cl1 into d;(Uy)1 =
[ Rk[|?1 = || Ry ||?1. Hence oy = {y.

We will next check that ¢y is tracial. In order to simplify the notation assume, as in
the proof of the previous proposition, that all the objects Uy coincide with one simple
object V. In this case for any T € End(U) the morphism w;Tw; € End(V) is a scalar,
and we can identify the C*-algebra End(U) with Mat, (C) via the map T +— (w;Tw;) -
Then ¢y (T) = Tr(T)oy (1). Therefore ¢y is tracial, positive and faithful.

The fact that ¢y and ¢y are independent of the choice of a standard solution is an
immediate consequence of Proposition 2.2.15.

Finally, assume that (R, R') is an arbitrary solution of the conjugate equations for
the same U. By Proposition 2.2.5, applied to the pair (U,U) rather than to (U,U), there
exists an invertible element T € End(U) such that R’ = 1@ T*)Rand R' = (T~'®1)R.
Then for any § € End(U) we have

o (S) = qu (IST*) = gy (ST*T)
and
Yy (8) = bu (T IST™Y = Yy (ST™HT) ™Y = bu (S(T*T) 7).

It follows that g, = 4y, if and only if T*T = (T*T) ~1, thatis, T is unitary. Then (R, R')
is clearly standard, defined by the isometries T*w;, and wy. O
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Remark 2.2.17. — If & = Rep G for a compact quantum group G, then for R and R
defined in Example 2.2.3 we have ¢y = Tr(- pal)l and ¢y = Tr(-py)l. Soup to a
scalar factor the maps ¢y and ¢y coincide with the states defined in Section 1.4, and
the condition ¢y (T) = ¢y (T) for T € End(U) is exactly the condition used there to
define py.

The map ¢y = Jy: End(U) — End(1) = C defined by a standard solution of
the conjugate equations is called the trace and denoted by Try . By definition, d;(U) =
Try (1). Note also thatif § € Mor(U,V) and T € Mor(V,U), then we can extend S and

- 00 . 0 T
T to the endomorphisms § = ( ) and T = ( ) of U @V, and then get
S0 0 0

Trv (ST) = TrU@V (S’f) = TrU@V (TS) = TI‘U (TS)

Extending Theorem 1.4.9 we can now prove multiplicativity of the intrinsic dimen-

sion on tensor products.

Theorem 2.2.18. — Forany S € End(U) and T € End(V) we have
Trugv (S @ T) = Try (S) Try (T).
In particular, d;(U @ V) = d;(U) d; (V).
Proof. — Let (Ry, Ry) be a standard solution of the conjugate equations for U, and
(Ry, Ry ) be astandard solution of the conjugate equations for V. Then, as we have al-

ready used in the proof of Proposition 2.2.10, we can define a solution of the conjugate
equations for U ® V by

R=(_Q®Ry®)Ry and R= (1® Ry @ )Ry.

We claim that this solution is standard. In order to see this define the maps
ouev,Yugy: End(U ® V) — End(1) as in Theorem 2.2.16 using (R, R). For Q €
End(U ® V) we compute:
ey (Q =Ry @Ry ®1) (@10 Q) (@ Ry ®yRy

= ov((Rg @) (@ Q) (Ry ®1))

= ((Rj @) (1 ® Q) (Ry 1))

=Ry (R ®:9)(@0®L) (Ru®L®t)Ry

= (Ry@RY)(1® Q@) (Ry ® Ry).

Similarly one checks that

Yuer (Q) = (R ® R}) (0 ® Q®1) (Ry ® Ry).
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Therefore ougy = bygy, so (R, R) is standard. Then from the above identities we get
Trugy (S®T) = (R @ R}) (0@ S® T ®1)(Ry ® Ry) = Try(S) Try (7). O
We next give one more characterization of the intrinsic dimension.

Theorem 2.2.19. — For every object U we have
di(U) = min{|[R|| - | R|I},

where the minimum s taken over all solutions of the conjugate equations for U. Furthermore,
the minimum is attained exactly on the solutions that up to scalar factors coincide with standard
solutions.

Proof. — Let (R, R) be astandard solution. Then we already know that d;(U) = ||R||* =
|R||?. By Proposition 2.2.5 any other solution for the same U has the form R’ = (1 ®
T*)R, R' = (T~! @ )R for an invertible element 7' € End(U). Then

RR' = Try (IT*) and R"R' = Try ((T*)7'T7Y) = Ty (1T*)7h).
By the Cauchy-Schwarz inequality we have
Try (1) < Try (TT*)Y2 Try ((1T*)~1)1/2,

and the equality holds if and only if 77* and (T7*)~! are colinear, that is, 7T* is a scalar,
or in other words, 7" is a unitary multiplied by a scalar. But in this case (R’, R') coincides
modulo scalar factors with a standard solution. O

Corollary 2.2.20. — Let &' be a C*-lensor category with conjugates and F: & — &' be a
unitary tensor functor. Then d;(F(U)) < d;(U) for any object U in & .

Proof. — Let (R, R) be a standard solution of the conjugate equations for U. Define
R':1' — F(U) ® F(U) as the composition

- F(R B F*
12y 29 ro g Uy 2 R0 0 FOU),
and similarly define R': 1’ — F(U) ® F (U) as the composition
PR R ]
2 ray I ru e 0) 2 FU) 0 FO).

One can check that (R',R') is a solution of the conjugate equations for F(U). Fur-
thermore, ||R'|| = ||R|| = di(U)"/2, since R*R' = F;F (R*R)Fy = ||R||*1, and similarly
IR = d;(U)Y2. Hence d;(F(U)) < d;(U). O

We finish the section by showing how the operation of taking a conjugate can be
extended to a contravariant functor. Essentially this was already done in the proof of
Proposition 2.2.10.
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For every object U fix a conjugate object U and a solution (Ry, Ry) of the con-
jugate equations. By the Frobenius reciprocity, there exists a linear isomorphism
Mor(U,V) — Mor(V,U), T — TV, uniquely defined by the identities

(t®T)Ry = (T" ®)Ry.
Explicitly,
TV = (@R (8T &) (R ®L).
Note that TV is also defined by the identity
Ry (T®=RH(aT).

Theorem 2.2.21. — Themaps U — UandT — TV define a contravariant functor & — & .
If all the solutions of the conjugate equations used to define this functor are standard, then the
Sfunctor is unitary and its square is naturally unitarily isomorphic to the identity functor.

Proof. — The same computation as in the proof of Proposition 2.2.10 shows that
(ST)V =TVSVY, so we indeed get a contravariant functor.

Assuming now that the solutions of the conjugate equations are standard, in order
to check that T*Y = TY* for T € Mor(U,V) it suffices to show that Try (ST*Y) =
Try (STV*) forall S € Mor(V,U). We compute:

Try (ST*Y) = R;(ST*Y @ )Ry = Ry (S@T*)Ry = (@ T)Ry)*(S® )Ry
=Ry (TV*S ® )Ry = Try (TV*S) = Try (STV*).
Hence T*Y = TV*.

Since (Ry, Ry) and (Rg» RU) are both standard solutions of the conjugate equations
for U, by Proposition 2.2.15 there exists a unitary 7y € Mor(U,U) such that

(L ® “/]U)RU = RU and (Y]U ® L)RU = RU'
For T € Mor(U, V) we have
t@nwT)Ry = (T @nv)Ry = (T @ )Ry = (R;(T* ©1))*
_ (RE(L ® T\/*\/))* _ (L ® T\/*V*)RU — (L ® TV*\/*Y}U)RU,

so TV*V*yy = qyT. Since T*Y = TV*, we thus get TVVny = 7y T. Hence the unitaries
nu define a natural isomorphism between the identity functor and the functor U
U. O

Remark 2.2.22. —

(i) Aswe see from the proof, for any solutions (R, RU) and (Ry, Rv) of the conjugate
equations for U and V, if we let Ry = Ry and Ry = Ry, then TV*V* = T for all
T € Mor(G, V).
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(ii) The contravariant functor F defined by F(U) = U and F(T) = TV can be made
into a tensor functor by defining Fs (U, V) € Mor(V @ U,U ® V) by the identity

(FQ (U, V) RLR L) (L QR Ry ® L)Rv = RU@V-

Example 2.2.23. — Let G be a compact quantum group, and U a finite dimensional
unitary representation. By Example 2.2.3 the operators R = (1 ® pal/(z)r and R =
(pll/2 ® 1)7 solve the conjugate equations for U. Consider (R, R) as a solution of the
conjugate equations for Hy in the category Hilb; and compute TV for T € B(Hy).
We have (1®T)r = (j(T) ® 1)r. It follows that TV = j(p;/ *To;,"/?) .

Consider now T = 7wy (w), where o € Z(G) and =ny: Z (G) — B(Hy) is the
representation defined by U, so ny(0) = (1 ® o) (U). By (1.7.1) we have w5 (w) =
j(ru(R(w))), where R is the unitary antipode on Z(G). It follows that

7y ()" = j(mu (e 2wp™"?) = 75 (R 2wp™"/?)) = 75 (S(w)). O

References. — [46], [59].

2.3. FIBER FUNCTORS AND RECONSTRUCTION THEOREMS

Let & be a C*-tensor category.

Definition 2.3.1. — A tensor functor F': & — Hilb is called a fiber functor if it is faith-
ful (that is, injective on morphisms) and exact.

We will mainly deal with C*-tensor categories with conjugates. Then every objectis a
direct sum of simple ones, hence every exact sequence splits, and therefore any linear
functor & — Hilb, is exact. Furthermore, in this case a linear functor is faithful if
and only if the image of every simple object is nonzero. This is automatically true for
tensor functors F': & — Hilby, since for every nonzero object U the unit object is
a subobject of U @ U, and therefore C embeds into F(U ® U) = F(U) @ F(U), so
F(U) # 0. Therefore for C*-tensor categories with conjugates a fiber functor is simply
a tensor functor F: & — Hilby.

Let G be a compact quantum group. The simplest example of a unitary fiber functor
on Rep G is the one defined by letting F'(U) = Hy for every finite dimensional unitary
representation of G, while Fo, as well the action of I on morphisms, are taken to be
the identity maps. We call it the canonical fiber functor on Rep G.

Theorem 2.3.2 (Woronowicz’s Tannaka-Krein duality). — Let & be a C*-tensor category
with conjugates, I: & — Hilb be a unitary fiber functor. Then there exist a compact quantum
group G and a unitary monoidal equivalence E: & — Rep G such that F is naturally uni-
tarily monoidally isomorphic lo the composition of the canonical fiber functor Rep G — Hilb,
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with E. Furthermore, the Hopf x-algebra (C[G],A) for such a G is uniquely determined up to

isomorphism.

We may assume that & is strict. Replacing F by a naturally unitarily monoidally iso-
morphic functor we may also assume that F (1) = C and Fj is the identity map.

Consider the x-algebra End(F') = Nat(F F) of natural transformations from F
to I, where we consider F simply as a functor, ignoring its tensor structure. Explicitly
this algebra can be described as follows. Choose representatives U, of the isomor-
phism classes of simple objects. Since every objectin & is a direct sum of U,, a natural
transformation v: F — F is completely determined by the maps vy, : F(Uy) — F(Uy).

Therefore

End(F) 2 [[B(F(Uy)).
Using the tensor structure on F we can define a x-homomorphism

3: End(F) — End(F®?) =[] B(F(U,) ® F(Us))
%P
such that () is determined by the commutative diagrams

S(nuy
FUQFV)—=FU)QF{V),

‘| E

FURV) FUV)

eV

so 3(nuyv = FynueyFe. The homomorphisms ¢ ® 3 and § ® 1 extend to homomor-
phisms End(F®?) — End(F®?). Then (1 ® 3)8 = (3 ® t)8 by definition of a tensor
functor.

We will see that (End (F),?3) = (Z (G), A) for some G. But first we need to define an
analogue of the antipode §. In view of Example 2.2.23 the formula is easy to guess. Let
us first introduce the following notation. For T € Mor(U;V ® W) denote by ©(T) the
map FyF(T): F(U) — F(V) @ F(W). If (R, R) solves the conjugate equations for U
and U, then (O(R),O(R)) solves the conjugate equations for F(U) and F(U).

Lemma 2.3.3. — For every v € End(F) there exists a unique element 7" € End(F) such that
if (R, R) solves the conjugate equations for U and U, then (Mg = ()Y, where (ny)" is
computed using the solution (©(R),O(R)) of the conjugate equations for F (U) and F (U).

Proof. — First observe that for fixed U the map (7y)" does not depend on the solu-
tion of the conjugate equations for U and U. Indeed, by Proposition 2.2.5 any other
solution (R', R') has the form R = (@ T*)R, R = (T~! ® \)R. Then

O(R) = (1® F(T*))O(R)
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Since vy commutes with F (T*) by the naturality of 7, we conclude that (vy)" is inde-
pendent of whether we use ©(R) or O(R') to define it.

Next using the naturality of 7 it is easy to check that if for two isomorphic objects U
and U’ we choose the same conjugate object, then (ny)" = (7). We therefore get a
well-defined collection of maps (1Y)y: F(V) — F(V) such thatif V is conjugate to U,
then (7Y)y = ()" It remains to check that these maps are natural in V.

Any morphism S: V; — Vs equals TV for some morphism 7: Us — U and a fixed
choice of solutions (Rj, R1) and (Rg, R9) of the conjugate equations for (U, V) and
(Ug, Va). From 1y, F(T) = F(T)ny, we get

F(T)" (nuy) " = (o) " F (1),

where we use ©(R;) and O(Ry) to define F(T)". Using the easily verifiable identities
F(T)Y = F(TV) = F(S), we therefore get F(S)(1")v, = (1")wF(S). O

We are now ready to define a candidate (.&7,A) for (C[G],A). We take .& to be
the subspace of the dual space End(F)* consisting of the elements « such that a(7)
only depends on the operators 7y for finitely many objects U. More concretely, if we
identify End (F') with [[, B(¥(U,)), then & = @,B(F(U,))*. If a,b € &/, thena® b
is a well-defined element of End(F®2)*. Therefore we can define a product on .& by

ab = (a ® b)3.

Note thatif a« € B(F(Uy))* and b € B(F(Ug))*, then ab € ®B(F(Uy))*, where the
sum is taken of the finite set of indices y such that Mor(U,,U, ® Ug) # 0. Since 3 is
coassociative, the product on ./ is associative. The algebra . is unital, with unit given
by 1(n) = 11 € End(C) = C. Define a comultiplication A: ./ — &/ ® & by

Afa) (@ ®@ 1) = a(wy).

This is a unital coassociative homomorphism. Define also a character ¢: . — C and
alinear map §: & — & by

e(@) = a(1) and S(a) (1) = a(x").
Lemma 2.3.4. — (&7, A) is a Hopf algebra with counit € and antipode S .

In proving this lemma it will be convenient to use the following convention, which
will also be useful later. We will work with elements §() as if they were finite sums of
elementary tensors. All the computations will be valid, since for any finite set of indices
%; the image of (7)) in @;;B(F(Uy) ® F(Uy;)) coincides with the image of a finite
sum of elementary tensors. Furthermore, we will omit sums and simply write 3(7) =
N(1) ® 7(2)- This is called Sweedler’s sumless notation.
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Proof of Lemma 2.3.4. — The identities (t®<c)A(a) = a and (¢®t)A(a) = a are verified
immediately by applying v € End(F) to both sides. The identity m(1 ® S)A(a) = ¢(a)l
for all a is in turn equivalent to

(2.3.1) N1y Ny =Ml forall n € End(F).

Fix an object U and a solution (R, R) of the conjugate equations for U. Using the def-
inition of V, (1@ T)O(R) = (TV ® 1)O(R), we compute:

((10))0 (1)) o @ VO(R) = 3(1) yO(R) = F3nygF (R) = O(R)7a.
Hence (71(1)7]\(/2))0 = 1l € B(F(U)). Since this is true for all U, we conclude that

(2.3.1) holds. Similarly, using the identity @ (R)*(T ® 1) = O(R)*(1® T") for ¥, one
checks that m(S ® t)A(a) = <(a)l. O

Next define an antilinear map a — a* by

a*(1) =a(n’) = a(n").
Since 1Y*V* = 7 by Remark 2.2.22(i), we have a** = a. It is also straightforward to
check that the map A is x-preserving. On other hand, in order to show that * is anti-
multiplicative we need to know that 3(") = (¥®")3°P (7). This is not difficult to check
directly. Alternatively, on the dual side this is equivalent to anti-multiplicativity of the
antipode § on ./, and this holds in any Hopf algebra. Therefore (%, A) is a Hopf
x-algebra.
For every U in & define an element XV € B(F(U)) ® End(F)* by requiring

t®@7)(XY) =7y forall 7 € End(F).
Clearly, XV ¢ B(F(U)) @ & .

Lemma 2.3.5. — We have:

(i) the elements XU are unitary covepresentations of (%, A) ;

(i) if T € Mor(U, V), then (F(T) @ )XY = XV(F(T) @ 1);

(iii) (Fo ® 1) X1, X0, = XUV (Fy ® 1).

Proof. — (i) The identity (. ® €)(XY) = 1 is immediate by definition, since ¢ = 1 €
End(F). The identity (. ® A)(XY) = X{JQX%/3 is checked by applying t ® ® ® 1 to both
sides.

Therefore XU is a corepresentation of (.¢/,A). As we already observed in Sec-
tion 1.6, this implies that X is invertible and (:®S) (XY) = (XV)~!. Hence, for every
7 € End(F),

@0 (X)) =o)X =)= 0"
cen) ") = e ((X")").
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It follows that (XY)~! = (XY)*.
(ii) This becomes obvious upon applying t ® 7 to both sides.
(iii) Applying ¢ ® ¢ ® 7 to the left hand side we obtain

Fo(t@1@n) (X{5X35) = Fa (@1 ®3(0)) (X[5X5,) = Fod(n)uy = nuev Fo,

which is exactly what we get if we applyt ® 1 ® 7 to xvev (fo®1). O
It is now easy to complete the proof of Woronowicz’s theorem.

Proof of Theorem 2.3.2. — By Theorem 1.6.7, (&7, A) = (C[G], A) for a compact quan-
tum group G. Identities (ii) and (iii) in Lemma 2.3.5 show then that we can define
a unitary tensor functor E: & — RepG by letting E(U) = XY, E(T) = F(T) on
morphisms, and E9 = Fs. Then F is the composition of the canonical fiber functor
Rep G — Hilb with E. To show that E is a unitary monoidal equivalence it suffices to
check that the representations X Us of G are irreducible, pairwise nonequivalent, and
that they exhaust the equivalence classes of irreducible representations of G. But all
these properties follow immediately from the fact that matrix coefficients of the rep-
resentations XU« form a basis in @,B(F (U,))* = .&7.

The uniqueness follows by observing that if G’ is a compact quantum group and
F': RepG' — Hilb,

is the canonical fiber functor, then (% (G'), A) can be identified with (End(F’), ) con-
structed as above: an element w € Z (G') considered as an element of End(F’) acts
on F'(U) = Hy by ny(®). In order to see that this is indeed enough, note that if
E': & — Rep G’ is a unitary monoidal equivalence such that F'E’ is naturally unitarily
monoidally isomorphic to F, then using this isomorphism of functors we get an iso-
morphism

(Z (G),A) = (End(F),3) = (End(F"),8) = (Z (G'),A),

and from this obtain (C[G],A) = (C[G'],A) by duality. We leave the details to the
reader. O

Remark 2.3.6. — Theorem 1.6.7 is more than what is really needed for the proof of
Theorem 2.3.2. Namely, the key point of Theorem 1.6.7 is that under certain assump-
tions a Hopf x-algebra admits a faithful state. In the present case we could define such
a state by letting 2(1) = 1 and (1 ® k) (XY#) = 0 if U, % 1, and then check positivity
and faithfulness using properties of conjugate objects. We will do this in a more general
setting in the proof of Theorem 2.3.11.

Note that not every C*-tensor category admits a fiber functor.
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Example 2.3.7. — Consider the category & (T, ») from Example 2.1.2. Then by Exam-
ple 2.2.4 the object V,1 is conjugate to V,, so # (I, w) is a C*-tensor category with con-
jugates. Assume F': & (I', 0) — Hilby is a fiber functor. Since V, ® Vor =V =1, the
spaces F(V,) are one-dimensional. For every g € T fix a nonzero vector &, € F(V,).
Then Fo: F(Vy) @ F(Vy,) — F(Vg,) maps £, ®E), into ¢(g, h)Eg, and o = dc. Therefore
a fiber functor on & (T, ) exists if and only if ® is a coboundary. O

A C*-tensor category can also have fiber functors producing nonisomorphic quan-
tum groups.

Definition 2.3.8. — Compact quantum groups Gj and Gy are called monoidally equiv-
alent if the categories Rep G and Rep Gy are unitarily monoidally equivalent.

Example 2.3.9. — Assume G is a compact quantum group. By a T-valued 2-cocycle
on G we mean a unitary element & € Z (G x G) such that

(2.3.2) E)A)(E)=18&) @A) ().

Given such a cocycle, we define a unitary fiber functor F: RepG — Hilb; such that
it is the identity on objects and morphism, while the tensor structure [y is given by
the action of &*. We will discuss this in more detail in the next chapter. The functor
F defines a new compact quantum group Gg . More explicitly, the x-algebra Z (Gg)
can be identified with Z'(G), but the coproduct is different, given by

Ag(0) = EA()E*.

It follows that we can identify C[Gg ] with C[G] as vector spaces, and the coproduct A
remains the same, while the new product is given by

a-zb=m(E&* % (a®b) x&),

where w*xa = (L®w)A(e) and a*xw = (0 ®L)A(a). The x-structure on C[G#] is more
difficult to describe, we will return to this in a moment.

By construction the quantum groups Gg and G are monoidally equivalent. Now, if
G is a genuine group, the new coproduct Ag is in general non-cocommutative, so Gg
is not a group. Therefore a group can be monoidally equivalent to a genuine quantum
group. Itis more difficult, but possible, to give examples where Gg is again a group, but
it is nonisomorphic to G [32, 43]. To some extent it is possible to describe completely
all pairs of monoidally equivalent compact groups [32, 43, 69].

The most nontrivial part of the proof of Theorem 2.3.2 is the construction of the an-
tipode using conjugate objects. It is therefore interesting to express the new antipode
Sg on Z (Gg) = Z (G) explicitly in terms of & . Since we will consider a similar prob-
lem in Section 4.4, we will omit the computations and only give the final answer. Con-
sider the element u = m(1 ® S’) (£). Then u is invertible, with inverse u~! = m(§ ®
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D(E£*) = S(u*), and we have Sz = ug(-)u_l. From this we can deduce a formula for
the x-structure on C[G#]. Namely, if we denote the involution on C[Gg] by g, then,

using that a*¢ (0) = a(ﬁg (w)*), we get
a*® = (U xax ()"

Finally, we remark that the above formulas of course make sense for any Hopf alge-
bra, independently of whether it comes from a compact quantum group or not. Thus,
given a Hopf algebra (%, A) and an invertible element & € Z ® Z satisfying (2.3.2),
we can define a new Hopf algebra (Zz, Az ), called a twisting of (%, A), with Zz = %
as algebras and with Ag = gﬁ(')g’l. Its antipode is given by §g = u§(~)u*1 , where
u=m(®3S)(Z) is invertible, with inverse given by u~! =m(§ @ 1)(&). O

Example 2.3.10. — In Section 2.5 we will show that two free orthogonal compact quan-
tum groups A,(F) and A,(F'), defined in Example 1.1.7, are monoidally equivalent if
and only if FF and F'F’ have the same sign and Tr(F*F) = Tr(F"*F’), while they
are isomorphic if and only if F and F’ have the same size and F' = vFv' for a unitary

matrix v. O

A key tool to understand the relation between monoidally equivalent quantum
groups is a linking algebra, also known as a Hopf-bi-Galois object in the algebraic
literature, which we will now introduce.

Assume that & is a strict C*-tensor category with conjugates, and E, F': & — Hilb;
are two unitary fiber functors. As above, assume E(1) = F(1) = Cand Ey = Iy = ..
ForT € Mor(U,V@W) put O(T) = ESE(T) € B(E(U), E(V)®E(W)) and O (T) =
FSF(T).

Consider the space Nat(E, F') of natural transformations from E to F. It can be
identified with ], B(E(Uy), F (Uy,)). We can then define a linear map

3: Nat(E, F) — Nat(E®?, F&?)

by 8(n)uy = Fonuey Ee. Let & C Nat(E, F)* be the subspace consisting of elements b
such that b(7) depends only on the operators vy for finitely many objects U. In other
words, & = ®.B(E(Uy,), F(Uy,))*.

Define a product and an involution on % by

(be) () = (b®)3(n), b7 (n) =b(n"*).

Note that  is now a well-defined map Nat(E, F) — Nat(F E). For every object U de-
fine also an element XY € B(E(U),F(U)) ® % by

)XYy =7

Theorem 2.3.11. — With the above notation we have:
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(1) & is a unital x-algebra spanned by the matrix coefficients of the elements X U ; these elements
are unitary and they satisfy the following properties:

@) if T € Mor(U,V), then (F(T) @ NXY = XV (E(T) ® 1);
(b) (Fp @ X{3X35 = XUV (By @ 1);
(c) if (R, R) is a solution of the conjugate equations for U and U, then

(X13)*(OF (R) ® 1) = X55(Op(R) ® 1),
(©x(R)* ®1)(X%)* = (0 (R)* ® 1)XL;

(ii) the linear functional ¢ on B defined by o(1) = 1 and (+ ® ¢) (XY*) = 0 for U, % 1
satisfies the following orthogonality relations: if (R, Ra) is a solution of the conjugate equations
Jfor Uy, then

(@ ) (X")"(T'® DX') = 355 Ra| 05 (R:)* (1 @ T) O (Ri)1
JorallT € B(F(Ug), F(Uy)), and
(1@ 0) (X (T @ 1)(X'H)") = 3| Ral| O (Ra)" (T © 1) O (Ry) 1
JorallT € B(E(Uy), E(Uy)) ; in particulay, ¢ is a faithful state on & and therefore & admits

a C*-completion.

Proof. — (i) Parts (a) and (b), as well as the statement that .Z is a unital algebra
spanned by the matrix coefficients of the elements X, are simple and can be proved
in the same way as the similar statements in the proof of Theorem 2.3.2. Therefore
it remains to check that the involution is anti-multiplicative, the elements XU are
unitary and the identities in (c) hold. We will start by proving (c).

For any v € Nat(E, F) we have

@) (X)) = (o™ &) =05 = ")
Hence, if (R, R) is a solution of the conjugate equations for U, we can rewrite the iden-
tity (V)v @ )Or(R) = (1® ) Ok (R) for all 7 as

(XU)*(OF(R) @ 1) = XU, (O (R) @ 1).

The second identity in (c) can be proved similarly, but it also follows from the first one
by taking adjoints and replacing U by U.

Next, using properties (a)-(c), we compute:
X{5(Xi5)"(@r (R) ®1) = X{3X53(Or(R) ®1) = (15 ® X" (E(R) @1)
=(Fs)(F(R QDX =0r(R)® 1.

Hence XY (XY)* = 1. The identity (XV)*XY =1 is proved similarly.
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It remains to check that the involution is anti-multiplicative. For any objects U and V

we compute:
(X{3X39)*(Fs © 1) = (B3 © 1) (X"®")* = (B3 1) (XU®") 7!
-1 1 7
= (X3) " (XI3) TN @ 1) = (Xg8)" (X13) (I @ 1),

Therefore (XU;X3.)* = (Xg3)*(X{3)*. This implies that the involution is anti-
multiplicative, since the matrix coefficients of XY* span .Z .

(ii) Given indices o and £, a decomposition of U, ®Uj into simple objects is defined
by isometries w;: Uy, — Uy, ® Up such that Y}, w;w; = 1. Then

X Ux®Us _ S(F(w;) @ )X (E(w;)* @ 1),

It follows that if « = {3, so that the only copy of 1 in U, ® U, is given by the isometry
[ Re|| 'Ry, then (1@ @) (XUs®Ux) = ||R,||~2F (Ry)E(Ry)*. By (i) (b) we can write this as

(®189) (X[3X55) = |IRall OF (Ra) O (Ra) "
Using (i) (c), forany T € B(F (Uy,)) we then get
Ok (R:)"(1® (@ ) (X™)"(T @ 1)X™))
= (819 (<6E (R @ H(X*)5(1 @1 @ 1)Xy)
= (®:®9)((OF @DXZ(1OT®1)X5y)
= 1RO (R,)" <1 ® T)Or (R.) O (Ry)"
This gives the first orthogonality relation in (ii) for o = . On the other hand, if « # {3,
then (1 ® @) (X)) = 0, and a computation similar to the one above shows that
(@) (XU)*(T ® 1)XY%) = 0 forany T € B(F(Us), F (Uy)).
The second orthogonality relation is proved similarly.

As in the proof of Theorem 1.6.7, either of the two orthogonality relations implies
that ¢ (b*b) > 0 for all nonzero b € & . O

Consider now the compact quantum groups Gr and Gr defined by the functors E
and F. The space Nat(E, F) is an End(F)-End(E)-bimodule. By taking the duals of
the maps End (F) ® Nat(E, F) — Nat(E, F) and Nat(E, F) ® End(E) — Nat(E, F) we
get unital x-homomorphisms

ap: Z — C[Gr] ® % and ap: F — Z R C[GE]
such that (1®ar)ar = (Ap®t)ar and (xpRt)ap = (LQAE)ag, where Ap and Ap denote
the comultiplications on C[Gg] and C[Gr]. Explicitly, let X{ € B(E(U))®C[Gg] and
XIQ € B(F'(U)) ® C[GF] be the unitaries constructed in the proof of Theorem 2.3.2.
Then
(t@ar) (XY) = (Xp)12X(y and (t@ar) (X7) = Xjo(Xp)1s.
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The linking algebra & equipped with the actions ag and oy of Gg and Gp allows
one to deduce a lot of properties of one quantum group from the other. We refer the

reader to [23, 81, 88] for examples.

Our main examples of C*-tensor categories will appear as categories of modules.
Let (%,A) be a Hopf x-algebra. Denote the counit by ¢ and the antipode by S. Con-
sider the category Rep %’ of finite dimensional unital x-representations of Z. It is a
C*-tensor category, with the tensor product of representations n: 2 — B(H:) and
$: Z — B(Hy) defined by

(T®9%)(0) = (1@ HA(0).

The counit ¢ is the unit objectin Rep 7.
For a finite dimensional representation ©: Z° — B(H) define the contragredient
representation n‘: Z — B(H*) by

(7 (0) f) () = f(=(S(w))v) for w € Z*, fe H* veH.

If H is a Hilbert space, then identifying H* with H we have n‘(w) = ](TC(S'(Q)))) , SO
m(w)E = n(ﬁ(w))*i. In general ©° is neither a *-representation, nor is it equivalent to
a s-representation, and correspondingly not every object in Rep Z" has a conjugate.

Lemma 2.3.12. — For any finite dimensional unital x-representation ©: % — B(H) the fol-

lowing conditions are equivalent:
(1) = has a conjugate in Rep 7' ;

(ii) the contragredient representation 7° is unitarizable, that is, it is equivalent to a *-represen-
tation,

(iii) Mor (m, ) contains a positive invertible operator.

Proof. — (1) =-(ii) Assume 9: Z — B(Hj) is conjugate to w, with (R, R) solving the
conjugate equations. Consider also the maps r: C — H ® H and 7: C — H ® H from
Example 2.2.2. By Proposition 2.2.5 the map T = (R*® 1) (1 ®7): Hy — H is alinear
isomorphism. But it is easy to check that the map 7 is a morphism 1 — = ® ©° (while
r is a morphism 1 — = ® 7). It follows that T € Mor(%, =), so =¢ is unitarizable.

(ii) = (iii) By assumption there exists an invertible operator T" € B(H ) such that the
representation % = Trt ()T~ is x-preserving. Then T € Mor(n‘, 9), hence j(T) €
Mor(9¢, 7). One the other hand, starting with the identity

Tj(m(S$(w))) = ()T,
and applying j and taking the adjoints, we get

JI)* =S (0)) = j(9(0))(T)".
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Replacing » by S(m)* we see that j(T')* € Mor(x, 3¢). Therefore Mor(x, ) contains
the positive invertible operator j(T)j(T)*.

(iii) = (i) By assumption there exists a positive invertible operator p € B(H)
such that w(§2(m)) = pn(w)p~!. It is then easy to check that the representation
9 = j(p)V%x°(-)j(p)V/? is x-preserving. As we already remarked above, we have
r € Mor(1, ¢ ® %) and 7 € Mor(1, 7 ® =°). Therefore, as j(p)'/? € Mor(x’, ) and
¢ € Mor(=, %), letting

R=(j( @ )yr=010p"?)reMor(ly®m),

R=(1®j()")i=("?®1)7 € Mor(l,=® %),
we see that & is conjugate to . 0

Taking a C*-tensor subcategory & of RepZ with conjugates together with the
canonical fiber functor on it, we get a compact quantum group. We will assume that
& is full, that is, the space of morphisms is the same as in Rep Z for any pair of objects
in &. Note that by our standing assumptions on tensor categories this implies that
the class of representations in & is closed, up to isomorphism, under taking direct
sums and subrepresentations. Note also that by Lemma 2.3.12 the property of having
conjugates is equivalent to requiring that with every representation w the category
& contains a representation equivalent to =°. In this case we do not need the full
strength of Woronowicz’s theorem, the corresponding quantum group is described
via a duality result as follows.

Theorem 2.3.13. — Assume (% ,A) isa Hopf x-algebra, and & C Rep % is a full C*-tensor
subcategory with conjugates and 1 = €. Let &7 be the subspace of Z'* spanned by the matrix
coefficients of all representations © in & . Then &7 is a Hopf x-algebra with multiplication, in-
volution and comultiplication defined by

(ab) (0) = (a ® b)A(0), a*(0) =a(S(w)*), Ala)(w®v) = a(wy).

Furthermore, (.&7,A) = (C[G],A) for a compact quantum group G, and if for every = in &
we define an element U, € B(Hy) @ &7 by (1 @ 0) (Uyr) = w(w) for v € Z', then the functor
F: & — RepG defined by F(r) = Ug, F(T) = T on morphisms and with Fo = 1, is a
unitary monoidal equivalence of categories.

Proof. — The multiplication is well-defined on .7, since the product of matrix coeffi-
cients of finite dimensional representations of Z is a matrix coefficient of the tensor
product of the representations. To show that the involution is well-defined note that if
a € & is a matrix coefficient of a representation 7 in & then «¢* is a matrix coefficient
of 7. By the assumption that & has conjugates, the representation w“ is equivalent to
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arepresentation in & . Hence a* € .. It is now easy to check that ./ is a unital *-al-
gebra with unit €.

For every w in & we have (1®A) (Uz) = (Uz)12(Ux)13, since by applying t@ w @ v we
see that this identity is equivalent to multiplicativity of ©. Therefore A: .&/ — &/ @ &
is well-defined. Define also §: .& — &/ by S(a) = aSande: ./ — C by e(a) = a(1).
Note that § is well-defined for the same reason as that the involution is. It is now routine
to check that (., A) isa Hopf x-algebra with counit € and antipode §; this is essentially
what we claimed already in Section 1.6 when discussing dual Hopf x-algebras.

For every w in & we have (1 ® €) (Uz) = =(1) = 1. Therefore U is a corepresen-
tation of .. We now proceed as in the proof of Lemma 2.3.5(i). The element Uy, is
invertible and (1 ® S) (Uz) = U-'. Hence, for every v € Z/,

(@)U = (8S3(0)Us) = n(S(0) =m(S(0)")*
= (®8(w)")(U)* = (1 ® 0) U}).

Thus UZ! = UZ, so Uy, is unitary.

Therefore .7 is spanned by matrix coefficients of finite dimensional unitary corep-
resentations. By Theorem 1.6.7 we conclude that (.¢,A) = (C[G],A) for a compact
quantum group G. Clearly, the functor F: & — RepG defined by F(n) = Ux,
F(T) = T on morphisms and with Fo = t, is a unitary tensor functor. It is also clear
that Mor(x, %) = Mor(Uz,Uy) for any = and ¥ in &. Choosing representatives
7, of the equivalence classes of irreducible representations in & we conclude that
the representations U, of G are irreducible, pairwise nonequivalent, and their ma-
trix coefficients span C[G]. Hence these representations exhaust the equivalence
classes of irreducible representations of G. It follows that F is a unitary monoidal
equivalence. 0

Note once again that Theorem 1.6.7 is more than what is needed in the above proof,
since Lemma 2.3.12 and the assumption that & has conjugates make a significant part

of the proof of Theorem 1.6.7 redundant.
References. — [14], [20], [21], [23], [32], [43], [69], [74], [76], [81], [88], [96].

2.4. DRINFELD-JIMBO DEFORMATION OF COMPACT LIE GROUPS

Let G be a simply connected semisimple compact Lie group and g be its complex-
ified Lie algebra. Fix a nondegenerate symmetric ad-invariant form (-,-) on g such
that its restriction to the real Lie algebra of G is negative definite. The standard nor-
malization of this form requires that when restricting this form to a Cartan subalgebra
and considering the dual form, we get («,«) = 2 for every short root in every simple
factor of @, but we do not assume this unless stated otherwise. From this data we will
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now define, for every ¢ > 0, ¢ # 1, a compact quantum group G,. For ¢ = 1 we put
G1 =6G.

First we will define a deformation of the universal enveloping algebra Ug. In order
to fix notation recall briefly the structure of Ug. This is a Hopf x-algebra with invo-
lution such that the real Lie algebra of G consists of skew-adjoint elements, and with
comultiplication defined by

AX)=X®1+1®X for X €q.

Fix a maximal torus 7' C G, and denote by §) C g its complexified Lie algebra. For
every root & € A C b* putd, = (a,a)/2. Let H, € ) be the element corresponding
to the coroot «¥ = a/d, under the identification §) = §*, so that (H,,H) = «" (H)
for H € §). Under the same identification let i3 € §) be the element corresponding
to B € b*, so hy, = d,H, for o € A. Fix a system of simple roots {a1,...,u,}. For every
positive root o € Ay choose

E,egq,.={Xeqg|[HX]=a(H)X forall H € }

such that (E,, E}) = d;!, and put F, = E} € g_,; then [E,, F,] = H,. For the simple
roots a1, ..., o, we will use the subindices 7 instead of «;. Then the elements E;, F;, H;,
1 < ¢ < r, generate g as a Lie algebra. Finally, recall that the Cartan matrix is defined
by a;; = (ociv, ;) = (%, o;)/d;. We now define a new Hopf x-algebra by deforming the
relations satisfied by the elements E;, F;, qdiHi.

Definition 2.4.1. — For ¢ > 0, ¢ # 1, the quantized universal enveloping algebra U,q
is defined as the universal unital algebra generated by elements E;, F;, K;, Kl-_1 , 1 <
i < r, satisfying the relations

KiK' = K7'K; =1, KiK; = KiK;,

Kz'EjKiil _ q;“jEj’ KiFij] _ q;di]F],,

K — K1
LiFj — ik = 8 ——,
4 — g;
1—aj 1—a: o
pONE DL Il I0L) o )
k=0 k '
i
1—a;; i 1 — a;; k 1—aii—k
> (=1 TR =0,
k=0 k
i
m [m]g! 4 —¢"
where = ————— [m]y! = [m]g[m—1]g...[1]g, [n]g = ——= and
Mq_ (k1 — K]0 ! T g g
g =q".
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This is a Hopf x-algebra with coproduct Aq defined by
AjK) =Ki®Ki, A(E) =E®1+K®E, A(F)=FoK '+18F,
and with involution given by K = K;, Ef = FK;, F' = Kl._lEZ-.
Note that the counit §; and the antipode §q are given by
8 (K) = 1, &(E) = & (F) =0,
Sq(Ki) =K' §,(B) = =K Ei, §,(F) = ~FKi.
Lemma 2.4.2. — The Hopf x-algebras U, 18 and U,Q§ are isomorphic.

Proof. — In order to distinguish between the generators of U, 19 and U,g we will use

the superindices ¢~! and ¢q. We can then define an isomorphism by

—1 1
E! — gKIF! = ¢ E

[ [

—1 -1
F! e (KD TUF! = gFF, KT — KL O

We will next define a class of representations of U,g. First let us introduce more no-
tation. Let w1,...,», € h* be the fundamental weights, so o;(H;) = 3;;. We denote
by Q and P the root and weight lattices, respectively. For a weight A denote by A(z) the
coefficients of ) in the basis o1, ..., w,,s0 A (i) = A(H;) = (A, ;)/d;. IfV isa Uyg-mod-
ule and A € P is an integral weight, denote by V() C V the subspace of vectors of
weight A, defined by

Vo) ={EeV|KE=q"=¢0%)% forall i}.
Definition 2.4.3. — A U,g-module V is called admissible, or of type 1, if
V = &uepV ().

Denote by &;(q) the C*-category of finite dimensional admissible unitary U,g-mod-
ules.

Clearly, &;(g) is a C*-tensor category. In order to check that it has conjugates, let
us compute §3 For an element « = }; n;a; of the root lattice put K, = K;” . KT We
then have

K,EK ' = ¢ E;, K, FK' = ¢ ®%) .
Consider the weight p = w1 + - - - + ,. Itis known that p also equals half the sum of
the positive roots, so 2o € Q.

Lemma 2.4.4. — For any o € U,q we have §qz((») = KQ_pl Q).CP
Proof. — This is immediate from
S7(Ki) = Ki, S}(E) =K 'EK; =q “"E; = ¢ *"E;, S}(F)=¢"F,
as (2p0,0;) = 2d;p(¢) = 2d;. O

SOCIETE MATHEMATIQUE DE FRANCE 2013



64 CHAPTER 2. C*-TENSOR CATEGORIES

We thus see that in every finite dimensional admissible unitary U;g-module V the
square of the antipode is implemented by a positive invertible operator, the image
of K_g,. By Lemma 2.3.12 it follows that the contragredient module is unitarizable and
its unitarization gives a conjugate object to V in Rep U,g. The contragredient module
is clearly admissible. Therefore &;(g) has conjugates. Hence, by Theorem 2.3.13, it
defines a compact quantum group.

Definition 2.4.5. — The Drinfeld-Jimbo ¢-deformation of G is the compact quantum
group G, with Hopf x-algebra (C[G,],A,) defined as the subspace of the dual space
(Uy6)* spanned by the matrix coefficients of all finite dimensional admissible unitary
modules, and with multiplication, involution and comultiplication defined by

(ab) (0) = (a @ b)A (0), a*(w) =a(S,;(x)*), Ay(a)(©®v) = alwy).

Note that a priori the Hopf x-algebra (C[G,],4,) does not completely deter-
mine C(G,), as it can have different C*-completions. But as we will see in Section 2.7,
in the present case we have only one completion to a compact quantum group. Until
then we can define C(G,) to be, for example, the C*-envelope of C[G,]. Note also
that by Lemma 2.4.2 the quantum groups G, -1 and G, are isomorphic.

By Theorem 2.3.13 we have a canonical unitary monoidal equivalences of categories
F: &;(g) — RepG,. By this equivalence, if U is a finite dimensional unitary repre-
sentation of G;, then the s-representation ny: U,g — B(Hy) defined by ny (o) =
(t ® w) (U) is equivalent to an admissible representation, hence it is itself admissible.
It follows that F' is not just an equivalence, but an isomorphism of categories. We can
therefore identify & (g) with Rep G,.

Remark 2.4.6. — In addition to admissible modules U,@ has one-dimensional modules
defined by E; — 0, I; — 0, K; — =£1. It can be shown, see [18, Section 10.1], that
any finite dimensional module decomposes into a direct sum of admissible ones ten-
sored with these one-dimensional modules. It follows that the category Rep U, g of all fi-
nite dimensional unitary U;g-modules is still a C*-tensor category with conjugates, and
the corresponding compact quantum group is what can be denoted by G, x (Z/2Z)",
where on the level of U,g the action of (Z/2Z)" is defined as follows: the element 1 in
the i-th copy of Z/27Z acts by mapping E; to —E;, I; to —F;, and by leaving all other
generators intact. It also follows that &7 (g) can be defined as the category of finite di-
mensional unitary U;g-modules such that the elements K; act by positive operators.

We will next describe, without proof, the structure of the category &;(g). It is very
similar to the classical case.

Avector £ in a U;g-module V # 0 is called a highest weight vector of weight A € Py
it e V()), £;& =0foralli,and V = (U,q)%. If such a vector exists, then A is uniquely
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determined and V is called a highest weight module. Clearly, any such module is admis-
sible. The same argument as for Ug shows that for every A € P, there exists a unique
irreducible highest weight module V; of weight A.

Theorem 2.4.7. — We have:

(i) for every h € Py the module V;, is finite dimensional and unitarizable;

(i) any finite dimensional admissible U,q-module decomposes into a direct sum of the modules
Vi.; in particular, any such module is completely reducible and unitarizable;

(iii) the dimensions of Vi, as well as the dimensions of the weight spaces Vy (1), are the same as
in the classical case;

(iv) the multiplicities mf , in the decompositions

helx@ve oV
NeP ———~—

are the same as in the classical case.

Proofs of all these statements can be found for example in [18, Section 10.1].

From now on we fix a Hilbert space structure on V5 making it a unitary module.
When necessary, we will denote by m; the representation of U,g on V;. Fix also a unit
vector &; € Vi (R).

As a consequence of complete reducibility, if V is a finite dimensional admissible
U,g-module and & € V (%) is such that E;£ = 0 for all i, then there exists a unique mor-
1) ®--- ®V£7\(7)_
It follows that C[G,] is algebraically generated by the matrix coefficients of the funda-

phism V5, — V mapping &; into £. In particular, V3 embeds into Vm@i)\

mental modules V,,,; in fact, for all simple groups except the spin groups it suffices to
take one particular fundamental module, see the discussion in [75]. It is, however, not
easy to work out a complete list of relations. To the best of our knowledge this has been
done only for the groups SU (r) and Sp(n), see [51].

Example 2.4.8. — Consider the group G = SU(2) and the standardly normalized in-
variant form on g = 3l3(C). Let us show that for 0 < ¢ < 1 the quantum group G, is
exactly the quantum group SU,(2) introduced in Example 1.1.5.
The algebra U,q in this case is generated by elements E, K K, K ~1 satisfying the re-
lations
K—-K!
g—q

The weightlattice is identified with %Z. The modules Vi for nonnegative half-integers s

KK' =K 'K =1, KE = ¢°EK, KF = ¢ %FK, [E,F]=
can be explicitly written as follows. There exists an orthonormal basis {£}, & LLEL)

s—1°
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in V; such that
Bz = g (s — il [s + i+ 11) V%2,
FE = gi([s 4 il [s — i+ 1])V28
K = g2

S

recall that [n], = (¢" —¢7")/(q — ¢~ ). In particular, the fundamental representa-

tion 7y, of U,@, written in matrix form with respect to the basis {Eig, £1_/12/2}, is

g 0 ) 0 42 ) 0 0
K— , E— , F— .
0 ¢! 0 0 % 0

The contragredient representation Tt‘i /9 has the form

g 0 0 0 0 ¢'2
K — , E— — , F— —
0 ¢ V% 0 0 0
t

with respect to the dual basis; recall that in matrix form we have Tr‘i/2 (0) = W]/Q(gq((\))) .

1
—q /2

) intertwines 7w o with 7y 9. It follows that if U =
0

0
We see that
q—1/2

b
(a > € Maty(C[Gy]) is the unitary representation of G, corresponding to 71,9,

c d
0 —ql/2 a* b* _[a b 0 —ql/2
q‘l/2 0 ¢ d* c d q‘l/2 0 '

then
Hence d = a* and b = —qc*. Therefore we can define a surjective Hopf *-algebra
homomorphism 7: C[SU;(2)] — C[G,] by («) = a and w(y) =c.

In order to prove that it is injective, consider the subspace P, C C[SU,(2)] of poly-
nomials in «, «*, v, v* of degree n. Any such polynomial can be written as a sum of
monomials of the form a’y/ (y*)! and (a*)'y/ (y*)! with i + j 4+ < n. There are exactly
(k + 1)% such monomials of degree k. Therefore dim P, < Dok + 1)2.

On the other hand, since V;/9 embeds into Vl‘}%, the space ©(F,;) contains the ma-

trix coefficients of the simple modules V} 9 for all £ < n. Hence
n [y n (5
dim(P,) > 3 (dim Vy9)* = 3 (k4 1)2
k=0 k=0

It follows that = is injective on P, for all =, so it is injective on the whole algebra
C[SU,(2)]. O

Note that if the invariant form is not standardly normalized, then SU (2), = SU (2)
for some s € R*. For simple groups it makes little sense not to normalize the invariant
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form. The main point in not doing this in the semisimple case, is that this way our def-
inition of the g-deformation captures such quantum groups as e.g., SU;(2) x SUs (2).

Example 2.4.9. — Consider the group G = SU(n) and the standardly normalized in-
variant form on g. The quantum group G, is denoted by SU, () . In this case to deduce
relations in the algebra one uses two properties of the fundamental representation U.
One is that its n-th tensor power contains a trivial subrepresentation. This plays the role
of the determinant condition. The other one is that there is an explicit endomorphism
of U x U thatis a deformation of the flip; this will be discussed in Section 2.6. Together
with counting arguments similar to the case n = 2 one then gets the following descrip-
tion of C[SU,(n)] [26, 83]. It is a universal unital x-algebra generated by elements w;;,
1 <4, j < n, satisfying the relations
UipUjp = qUjRUik, Upit; = Qg for i < j,
uuge = ujpuy fori < g, k<1,
UipWjp — UjiUsp = (q — q_l)ujkuﬂ fori < j, k<,
det,(U) =1,
i = (—q) detq(U;’),

where U = (u;;);; and dety(U) = Zwesn(—q)e("’)uw(l)l < Uy (nyn> With £(w) being the
number of inversions in w € S,, and where U; is the matrix obtained from U by re-

moving the i-th row and the j-th column. The comultiplication is given by Ay (uij) =
Do Uik @ Upj - O

Although the C*-tensor category Rep G, looks quite similar to Rep G, these cate-
gories are not equivalent. One way to see this is to compare the intrinsic dimensions
of simple objects. Note first that by definition we have a canonical unital x-homomor-
phism U,g — Z'(G;) = C[G,]* with weakly* dense image. We continue to denote
by A, the ‘coproduct’ Z (G,) — % (Gy x G,).

Proposition 2.4.10. — The Woronowicz character f for Gy is equal to the image of K_g,
in Z (Gy) . In particular, dim, Vy = Trm; (K_g,) = Trm; (Kg,) forany ) € Py

Proof. — ByRemark 1.7.7 the element fj is completely characterized by the properties
that it is positive, invertible, it implements the square of the antipode, and Trm; (f1) =
Tr m; (fl_l) for all & € P, . We already know that the element K_g, satisfies all these
properties except the last one. This property, in turn, follows from the fact that the set
of weights of V; is invariant under the Weyl group action, and wpp = —p, where wy is
the longest element in the Weyl group. Another possibility is to argue as follows. Since
both f; and K_g, implement the square of the antipode, the image of K_g, is equal
to zf1 for some central element z € Z (G,) . Furthermore, z is positive and group-like,
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that is, it is invertible and Aq(z) = 2®z, since both K_g; and f) have these properties.

Aswe will see at the end of Section 3.1, the unitis the only elementwith such properties.

O

It is one of our goals to understand the exact relation between the representation
categories of G, and G.

As a consequence of the above proposition we see that the unitary antipode Ry
on Z (Gy) is given by

D 1/2¢ -1
(2.4.1) Ry(0) = KQP/QSq(w)KQP /2,

Note that the element KQIP/2 makes sense in Z(G,), but not in U,g. Nevertheless the
unitary antipode is well-defined on U,g:

(2.4.2) Ry(K)) =K', Ry(E)) = —qiK;'Ei, Ry(F) = —¢'FK;.

One topic which we are not going to touch at all is the structure of the C*-alge-
bras C(Gy). It can be shown that these C*-algebras are of type I, their irreducible rep-
resentations can be completely classified [53] and using this one can get very detailed
information about the structure of C(G,) [72].

References. — [18], [26], [20], [51], [53], [72], [75], [83], [96].

2.5. REPRESENTATION CATEGORY OF SU,(2)

In Example 2.4.8 we described all irreducible finite dimensional admissible
U,sla-modules for ¢ > 0. Itis also not difficult to understand how their tensor products
decompose into irreducibles. Namely, using the notation of that example, consider
the tensor product V; ® V7,9 for some s € %N. Then the vector &£} ® Eig has weight
s + 1/2 and is killed by E, so there exists a unique embedding Vi 1,9 — Vi ® V1,9
mapping Eiﬂ;g into £ ® i}g For similar reasons there exists a unique embedding

Vi—1/2 — Vi ® V1,9 such that
—1/2 1/2¢. 1/2 s+1/2¢. 1/2
E 1 (28] R @E )y — T TE L @8 )g
For dimension reasons this exhausts all irreducible submodules of Vs ® Vj /9, so
Vi@ V1o 2 Vir12 @ Vim0

In particular, for s = 1/2 we see that V7 9 is self-conjugate, which was already used in
Example 2.4.8. It is also easy to see that by induction we get

Vi@ Vi = Vg & V41 @ - & Vigu
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forall 5,1 € %Z+. Our goal in this section is to show that these rules essentially charac-

terize the representation categories Rep SU,(2).

We thus start with an arbitrary strict C*-tensor category & with conjugates. Assume
U is a nonzero self-conjugate object in &, so there exist R, R: 1 — U ® U solving the
conjugate equations. If in addition U is irreducible, then R = )R for some L € C*.
Then the conjugate equations read as

MR*QU)LQR) =1, \(R*Q)(L®R) =1,

so ) is real. Replacing R by [A|'/2R and R by
R = —1R,with 1 = 1 or © = —1. Let us assume that this is the case even if U is

A|71/2R, we may therefore assume that

not irreducible. To exclude completely trivial cases let us also assume that |R|| > 1
(otherwise d;(U) = 1, so U is irreducible and U @ U = 1). Thus we assume that we
have an object U and a morphism R: 1 — U ® U such that

(2.5.1) |IR|?=d and —1(R*®1)(t®R) =1,

withd>landt=1ort=-1.

We want to understand the structure of morphisms that can be obtained from R and
the identity morphisms by taking tensor products, adjoints and compositions. It is con-
venient to think of all these morphisms as living in one large algebra. Namely, consider
the space @, >0 Mor(U®",U®™). Composition of morphisms and involution define a
structure of a x-algebra on this space. This algebra has a unique completion to a C*-al-
gebra, since for every N € N the finite dimensional x-algebra @;szo Mor(U®", &™)
can be identified with the C*-algebra End(@}y:oU ®k) . Thus we can say that our goal is
to understand the C*-subalgebra generated by morphisms of the form
(2.5.2) Q- QUOR®L® - @1: UPH) , y(Hi+2),

— —
i J
Let us try to axiomatize properties of these morphisms.

For a real number d > 1 and a number 7 = £1, consider the universal C*-algebra
Ag- generated by mutually orthogonal projections z,, n > 0, and partial isometries
vij, 1, 2 0, such that

Ui = Zigjs Uit S Zigjye,

Ul j41lidl = —d 2y,

Vi, j4+-k+2Vitjk = Vidj+2,kVi,j+k>
UZj+k+2vi+j+2,k = Ui+j,kvfij+k-

Denote by Ag - (n,m) the subspace z,Aq -2, of Ag-.
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Lemma 2.5.1. — For every n > 0, the C*-algebra A; - (n,n) is generated, as a unital C*-al-
gebra with unit z,, by the projections e,; = vi,n—i—QU;kn_i_g; 0 <i < n— 2. These projections
satisfy the relations

€ninj = enjeni if ‘l —Jj =2, lnilnjlni = d_2€m' i ‘l —Jjl=1

Proof. — First of all notice that the relations in A, - imply that any element in the *-al-
gebra generated by 2z, and v;; can be written as a linear combination of projections z,

and elements of the form

(2.5.3) Vinji Vi gy U

An element of the form (2.5.3) lies in Ay, (n/,n”) for some ' and n”, and if it is
nonzero and n' = n”, then k = (. It therefore suffices to show that any element of the
form (2.5.3) with k = [ lies in the algebra Ag’T generated by the projections z, and
eij. We will show this by induction on k.

For k = 1 consider an element vi]-v;q. We may assume that i+ j = p+¢, as otherwise
this element is zero. By taking, if necessary, the adjoint of this element we may also
assume that p > i. Then

i 0
vijv;q = (—Td)[) ’yi]- (v;kjvi_;,_]’]‘,]) . (v;_l’qﬂqu)v;q € Ad,r'

Assume the result is true for k — 1. In order to prove it for k, it suffices to show that

Vij Ag,:v;q € Ag, _. Since

UsiU5; = U5 9¥Us+2,1 this is true by the case k = 1.

C AgT. For this, in turn, it suffices to show that vi‘j(vstvz‘t)v;q

The relations for e,; are verified by a straightforward computation. For example, we
have

* * *
Cnitn,it16ni = Vin—i-2 (U p_i_oVit1n—i-3) (Vi1 pi_gVin—i—2)Vjn_i_9

= diQ‘U,"n_l'_Q‘U?< 9 = d72€m'. O]

in—i—

The relations satisfied by the projections ¢,;, called the Temperley-Lieb relations,
are well studied, see e.g., [36]. In particular, it is known that unless d > 2 or d =
2cos(w/k) for an integer k > 4, for all sufficiently large n there exist no nonzero pro-
jections ey;, 0 < i < n—2, satisfying these relations, so v;j = 0 for all i, j such that i+ j
is large enough, and hence A;. = 0. We will briefly explain how to show that A;; = 0
ford € (1,2), d # 2cos(n/k), a bit later.

Therefore the algebra A, - is of interest to us only if d > 2 or d = 2cos(n/k)
(k > 4). For such d it can be shown that A, is indeed nonzero. Namely, by construc-
tion Ag. # 0 if there exists a C*-tensor category with a morphism R: 1 — U ® U sat-
isfying (2.5.1), since we then have a x-homomorphism from A, into the completion
of @y, >0 Mor(U®", U®™) mapping d'/?v;; into the morphism U®(+/) — y®i+i+2)
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defined by (2.5.2), and z, into the unit of End(U®"). For d > 2 such morphisms R
are easy to find in Hilbf.

Example 2.5.2. — For n > 2 and H = C", identify H with H and consider the canoni-
cal solution (r,7) of the conjugate equations for (H, H),so (1) = . ¢; ® ¢;. By Propo-
sition 2.2.5 any other solution has the form

R=(1Q@F), R=(F) 'glr=>1gF Hr

forsome F € GL,(C);recall that we denote by F' the matrix obtained from F by taking
the complex conjugate of every entry. This solution satisfies R = —tR if and only if
FF = —11. We also have ||R||> = Tr(F*F). Therefore any matrix F € GL,(C) such
that Tr(F*F) = d and FF = —11 defines a morphism Ry = (1® F)r satisfying (2.5.1),
and this way we get all solutions of (2.5.1) in Hilb/, for Hilbert spaces of dimension at
least 2, up to unitary isomorphisms.

0 =x
Taking F = ( . ),with 22 e [-1,1]\ {0}, wegetd = 2% +1"2| and 7 =
A0
sign (12), so already for such matrices we obtain all possible combinations of d > 2 and
T==I. O

On the other hand, for d = 2cos(n/k) itis clearly impossible to find a morphism R
satisfying (2.5.1) in Hilb, since for Hilbert spaces relations (2.5.1) imply dimU < d <
2 and therefore U must be one-dimensional and d = 1. Nevertheless the required
morphisms can be found in some other C*-tensor categories [15, 93], but since such
categories cannot have unitary fiber functors and therefore cannot lead to compact

quantum groups, we will be less concerned with this case.

Fix now d > 2 or d = 2cos(n/k) (k > 4),and t = £1. We construct a C*-tensor
category .7 . as follows. We start with a set of objects indexed by integers n > 0.
Write n for the object corresponding to n. Put Mor(n,m) = Ay (n,m). The x-alge-
bra structure on A, . defines composition of morphisms and involution. Next define
tensor product by n ® m = n 4+ m. The tensor product of morphisms is completely de-
termined by the rules v;; ® zy, = Vi j4n, 20 ® Vjj = Unyq;. This way we get a category
that satisfies all the properties of a strict C*-tensor category except that conditions (vi)
(existence of direct sums) and (vii) (existence of subobjects) in Definition 2.1.1 do
not hold. It is, however, not difficult to complete the category to get these conditions
satisfied.

Assume & is a category having all the properties of a strict C*-tensor category except
existence of direct sums and subobjects. First complete it with respect to direct sums.
For this, consider the category &’ consisting of n-tuples (Uj,...,U,) of objects in &
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for all » > 1. Morphisms are defined by
Mor((Uy,...,Uyp), (V1,...,Vi)) = @i ; Mor(U;, V;).

Composition and involution are defined in the obvious way. Note that the norm is
uniquely determined by the C*-condition ||T||?> = |T*T||, and for its existence we
do need condition (ii) (¢) in Definition 2.1.1 to be satisfied in & . The tensor product
of (Uy,...,Uy) and (V1,...,Vy) is defined as the nm-tuple consisting of objects U; ® V;
ordered lexicographically. The category &’ has direct sums: they can be defined by
concatenation. We next complete & with respect to subobjects. For this, consider the
category &" consisting of pairs (U, p), where U is an objectin &’ and p is a projection
in End(U). Morphisms are defined by

Mor((U,), (Vg)) = gMor(U,V)p,
and tensor products by (U;p) ® (Vq) = (U ® V,p ® ¢q). The category &” is called the

idempotent completion, or the Karoubi envelope, of g’ Itis a strict C*-tensor cate-
gory. It is not difficult to see that the construction of &” from & is universal in the
sense that if % is a G*-tensor category and F: & — % is a unitary tensor functor,
then F extends uniquely, up to a natural unitary monoidal isomorphism, to a unitary
tensor functor & — .Z .

Applying the above procedure to our category with objects n and morphisms
Mor(n,m) = Ag-(n,m), we get a strict C*-tensor category 7 ;.. It is called
the Temperley-Lieb category for d > 2 and the reduced Temperley-Lieb category
for d = 2 cos(n/k).

The unit 1 in .7 is the object 0. The object 1 is simple, and by analogy with
SU,4(2) we denote it by Uy /9. The category .7_% ;- is generated by U} /9, in the sense
that any simple object in .7 . is isomorphic to a subobject of U{g}z. Consider the
morphism

Rl/Q = d_1/2v00: 1— Ul/Q ® Ul/g.
Then the pair (Rj/9, —TRj/2) solves the conjugate equations for Uy /9, so the simple
object Uy y9 is self-conjugate and d;(U; /9) = d. Since & ;- is generated by an object
that has a conjugate, it is a C*-tensor category with conjugates.

Given a C*-tensor category & and a unitary tensor functor F: .9 & ;. — &, con-
sider the object U = F (Uy/2) and morphism R = FSF(Ry1/9)Fo: 1 — U ®U. Then R
satisfies (2.5.1), that is,

IR|?=d and —1t(R*®.)(1®R) =1.
Conversely, starting from these relations we can construct a unitary tensor functor.

Theorem 2.5.3. — Assume & is a strict C* -tensor category, U is an objectin & , and R: 1 —
U ® U is a morphism satisfying (2.5.1) for somed > 1 and v = £1. Thend > 2 ord =
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2cos(m/k) (k > 4), and there exists a unique, up to a natural unitary monoidal isomorphism,
unitary tensor functor F: 7L 4. — & such that F (Uy2) = U and F(Ry/2) = FoRE.
If (U',R') is another such pair in & , with the same d and =, and F': T L 4. — & is the
corresponding functor, then the functors F and F' are naturally unitarily monoidally isomorphic
if and only if there exists a unitary T: U — U’ such that R' = (T ® T)R.

Proof. — As we already discussed before Example 2.5.2, given (U R) satisfying
(2.5.1), we can define a x-homomorphism = from A;. into the completion of
@pm>0 Mor(U®",U®™) . From this we conclude that d > 2 or d = 2cos(n/k) (k > 4),
since otherwise A;. = 0 and we would get End(U®") = 0 for all n > 0. To define a
unitary tensor functor F, put

F(Uy) =U®" for n >0, F(T)=n(T) for T € Mor(Uy,Us).

We also define Fo: 1 — 1 and Fy (U, Ufjy) : UP"QUE™ — UP() 10 be the identity
maps. Since .7 ;. is the completion of the category consisting of objects Uf% with
respect to direct sums and subobjects, these formulas define a unique, up to a natural
unitary monoidal isomorphism, unitary tensor functor.

Assume now that we have another unitary tensor functor F: .7-% ;. — & such that
F(Ul/g) = U and F(Rl/g) = FQRF(;‘. The tensor structure Fy of I defines unitaries

e F(U19)®" — F (Ufy) such that

F? (Ufg/nw U{%) (npen @ Nyen

1/2 1/2> - Y]U{K}(znﬂn)

for all n,m > 0, with ng = Fo and Ny o = L- Itis easy to check that
®(i+j+2)F Vi) = F Ujj ®(i+])
VIUW (vij) ( LJ)VIUI/2
This implies that the unitaries 7;;e» define a natural unitary monoidal isomorphism 7
1/2

between the functors F and F restricted to the subcategory consisting of objects U%’;,
n > 0. Since .7 L ;. is the completion of this category with respect to direct sums and
subobjects, 1 extends uniquely to a natural unitary monoidal isomorphism between F
and F.

For the second part of the theorem we have to show thatif EF': 9% ;. — &
are two unitary tensor functors, U = F(Uy9), U' = F'(Uy/2), R = F§F (R1/2)Fy and
R = Fé*F'(Rl /Q)F(;, then F and F’ are naturally unitarily monoidally isomorphic if
an only if there exists a unitary T: U — U’ such that R’ = (T ® T)R. In one direction
this is obvious. Namely, if n: F — F’ is a natural unitary monoidal isomorphism, then
we can take 7" = 7y, ,, -

Conversely, assume we have a unitary T: U — U’ such that R’ = (T ® T)R. By the
proof of the first part of the theorem we may assume that

FUZ) =US", Fy=1, FyUS U =1,
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and similarly for F’. Then the unitaries 7": F(U%’é) — F'(U?/’fz) define a natural
unitary monoidal isomorphism between the functors F and F’ restricted to the sub-
category consisting of objects Uf@/"?, n > 0. This isomorphism extends uniquely to a

natural unitary monoidal isomorphism between F and F’. 0

Let us apply this theorem to & = Hilb;. For d = 2 cos(w/k) we already know that
there are no morphisms in Hilb, satisfying (2.5.1), hence no unitary fiber functors
J % 4~ — Hilbs. On the other hand, for d > 2 in Example 2.5.2 we described all solu-
tions of (2.5.1) in Hilb up to unitary isomorphisms. Namely, every matrix F' € GL, (C)
such that Tr(F*F) = d and FF = —1 defines such a solution Ry. Denote by ¢f a uni-
tary fiber functor .7 ; . — Hilb such that ¢p (U1®/7;) = (C"®" o (R1/2) = Rr and

k
(PF,‘Z(USW U{%) =L

Corollary 2.5.4. — Forany d > 2 and © = %1, we have:

(i) any unitary fiber functor L 4. — Hilb is naturally unitarily monoidally isomorphic
to of for some F € GL,(C) (such that Tr(F*F) = d and FF = —11);

(1) two unitary fiber functors o and g are naturally unitarily monoidally isomorphic if and

only if the matrices F and F' have the same size and there exists a unitary matrix v such that
F' = v,

Proof. — By the above discussion we only have to prove part (ii). But this is immediate,

since for a unitary matrix v we have
(vRv)Rp = (vQvF)r = (1 ® vFd')r,
and therefore the condition Ry = (v ® v) Ry is equivalent to F' = vFv'. O

Remark 2.5.5. — It is not difficult to classify matrices F up to equivalence F ~ vFv'.
First of all notice that this is the same as classifying the anti-linear operators JF up to
unitary conjugation, where J: C" — C" is the complex conjugation. The condition
FF = —<1 implies that if /' = u|F| is the polar decomposition, then (]u)2 = —71 and
(Ju)|F|(Ju)* = |F|~!. It follows that C" decomposes into a direct sum H_ @ Hy & H,
such that the restriction of |F| to H_ has eigenvalues < 1, JuH_ = Hy and |[F|Ju =
Ju|F|~! on H_, |F| acts on Hy as the identity operator and Ju acts on Hy as an anti-
linear isometry with square —t1. Itis easy to see that such an anti-linear isometry on H
is unique up to a unitary conjugation (see the proof of Lemma 4.4.1), and for T = 1 it
exists only if Hy is even-dimensional. Hence the unitary conjugacy class of JF is com-
pletely determined by the eigenvalues of |F| that are < 1 counted with multiplicities.
To summarize, for fixed d > 2, 1 = £1 and n > 2 there is a one-to-one correspon-
dence between equivalence classes of F € GL,(C) such that Tr(F*F) = d, FF = —~1
and, assuming that n is even if T = 1, vectors (A1,..., ), 0 < k < n/2, such that
0<i << <land ¥ (A2 +272) =d— (n—2k).If v = 1 and n is odd,
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then no such F exists. In particular, if n = 2, then for every d > 2 and 7 = £1 we have

exactly one equivalence class.

By Woronowicz’s Tannaka-Krein duality, the functors ¢ define compact quantum
groups. These are nothing else than the free orthogonal quantum groups A,(F) de-

fined in Example 1.1.7.

Proposition 2.5.6. — Ford > 2 and v = £1, assume F € GL,(C) is such that Tr(F*F) =
d and FF = —z1. Then there exists a unique, up to a natural unitary monoidal isomorphism,
unitary monoidal equivalence E: 7L ;. — Rep A, (F) such that E(Uy,9) = U, where U
is the fundamental representation of A,(F). The functor op is naturally unitarily monoidally
isomorphic to the composition of the canonical fiber functor Rep A,(F) — Hilb, with E.

Proof. — By definition we have F € Mor(U‘,U), whence Rr = (1® F)r € Mor(1,U x
U). It follows that there exists a unitary tensor functor E: .7 ;. — Rep A,(F) such
that E(Ufg/"é) = U®", E(R1y92) = Rr and EQ(UF}’;,U{@/’?) = 1. On the other hand,
by Woronowicz’s Tannaka-Krein duality the functor ¢r can be thought of as a uni-
tary monoidal equivalence between .7 . and Rep G for some compact quantum

group G. Put V = ¢r (Uy,9). Then
Rr=(1Q®F)reMor(1,V xV),

or equivalently, ' € Mor(V‘, V). By universality of A,(F), it follows that there exists
a unital *-homomorphism (4,(F),A) — (C(G),A) mapping the matrix coeffi-
cients of U into those of V. This homomorphism defines a unitary tensor functor
E: Rep A,(F) — RepG. The functors gp and EE are naturally unitarily monoidally
isomorphic as functors 7% ;. — RepG. Since ¢ is an equivalence of categories,
this implies that £ is a unitary monoidal equivalence between .7.% ;. and the full
C*-tensor subcategory of Rep A,(I") generated by U. But since the matrix coefficients
of U generate A,([") as a unital C*-algebra, this subcategory coincides with Rep A, (F).

The uniqueness part of the proposition is equivalent to the statement that any uni-
tary monoidal autoequivalence of .7 ;. that maps Uj /9 into itself is naturally uni-
tarily monoidally isomorphic to the identity functor. Such an autoequivalence corre-
sponds to a morphism R: 1 — Uj/9 ® Uy, 9 satistying (2.5.1), and we have to show
that R = (T ® T) Ry /9 for a unitary T'. But this is obvious, since Uj /9 is irreducible and
therefore R is a scalar multiple of Rj /9. O

Our next goal is to understand the structure of simple objects in 7. - for d > 2.
For t = 1 we already know it, since by the previous proposition .7.% ; is unitarily
monoidally equivalent to Rep SU,;(2), where ¢ € (0,1] is such that d = ¢q + g (see
Examples 1.1.7 and 2.5.2). But we will give an argument that works equally well for T =
—1 and does not rely on quantized universal enveloping algebras.
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Recall that in Section 2.2 we introduced traces Try on End(U) for any C*-tensor
category with conjugates. For the categories .7.¢"; -, in order to simplify the notation,

denote TrU% by Tr,. Recall also that z, denotes the unit in End(U{@}"?) = Ay (n,n).

Therefore Tr, (z,) = di(U{‘%) = d". We will write v for vgy = d’l/QRl/g and ¢ for eo g =
vw*. Then v;; =2 Qv®zjand ey =2, ® e @ 24— _9.

Lemma 2.5.7. — Assume d > 2 ord = 2cos(n/k) (k > 4), and v = £1. Then for any

n > 2 and any morphism T € End(USEzn_l)) in 7L -, we have

Tr, (T ® 21) (22 ®€)) = d 2 Try(T ® 21) = d~ ' Tr,_; (T).

This property of the trace is called the Markov property. In order to prove it, we will
introduce partial traces.

Assume we are given a strict C*-tensor category & with conjugates. For every object
U choose a standard solution (Ry, Ryy) of the conjugate equations for U. Then define
linear maps Try ®.: End(U ® V) — End (V) by

(Try @) (T) = (R @) (@ T)(Ry ®t).

By Proposition 2.2.15 these maps are independent of the choice of a standard solution.
Similarly, define t ® Try: End(V @ U) — End(V) by

t@Try)(T) = @R (T®L) (@ Ry).

Note that the morphisms Try (t ® Try ) and Try (Try @) coincide and, by the compu-
tation in the proof of Theorem 2.2.18, are equal to Trygy .

Proof of Lemma 2.5.7. — Since Tr, = Tr,_1(t ® Try), we just have to show that (1 ®
Tr1) (zp_9 ®e) = A1z, 1. Equivalently, we have to show that (1 ® Try) (¢) = d= 'z, or
in other words,

(L & Tr1 ) (R]/QRT/2) = 1.

But this identity follows immediately from —7(t ® R’I‘/Q) (Ri9®1) =1t. O

For every n > 2 consider the subalgebra I, of A, (n,n) generated by the projec-
tions ¢,;, 0 < i < n — 2. Itis an ideal, hence it has the form (z, — f,)Ag-(n,n) fora
central projection f, in Ay (n,n). Since Ay (n,n) = I, + Cz,, this projection is either
zero or minimal in A4 (n,n). Put fi = 21 and fy = 2.

Lemma 2.5.8. — Assume d > 2 and v = £1. Let ¢ > 0 be such that d = q + ¢q~'. Then
in Ag . foreveryn > 2 we have:

(i) the projection fy is nonzero and Tty (f) = [n 4+ 1]4;

i) o= for @ —al =M

(fnfl & Zl)(zn72 ® 6) (fnfl & Zl);
[n]q
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[n—1]q
["]q

Proof. — We will prove this by induction on n.

(iii) the projection d (fn—1 @ 21) (zn—2 @ €) (fu—1 @ 21) is equivalent to f,_o

For n = 2 we have fo = z90 — e. Since ¢ = vv*, we have Tro(¢) = Tro(29) = 1, so
Tro(fo) =d?> —1=¢>+1+¢ 2= [3],. Properties (ii) and (iii) are obvious.

Assume now that the lemma is true for n. To prove it for n 4+ 1, we start with part
(iii). Consider the elements

Ay w0 Ghe ), = (001 ) T (g n)  w o)
P—[n+1] n ® 21) (zn—1 n®21), X = CESIP n ® 21) (2n—1 .
Then p = xx*. On the other hand,
wx= e o) (e a) (o ©0)
[n+1]q n— n n— .
Since
fo®z = _ [n—1],
n®21 = fu1 ®2 d[n—]q(fnfl®Z2)(Zn72®3®zl)(fn71®22)
and
(1 ®0")(e®2)(21®v) =d 2(21 ® ") (21 ®€) (21 ®v) = d 2z
we get
* d[”] =1l _
- [n+1] <fn a- [ ] fn 1) —fnfl,

as d[n],— [n—1]; = [n+ 1],. We see that p is indeed a projection, and p is equivalent
to fn—l in Ad’f.

Turning to (ii), we already know that p is a projection. Since p < f, ® 71, it follows
that f,41 = [, ®2z —pisa projection. Since f, is orthogonal to ¢,; for all i < n — 2,
the projection fn+1 is orthogonal to ¢,,1,; = €, ® 21 forall ¢ < n — 2. We also have

d[n]y
[n+ 1]
and this implies that

(n—1 ® ) (fu @ 21) (n—1 ®€) = (241 @ V)X % (21 ® V™) = f_1 ® ¢,

P11 ®e) = (u®21) (fam1 ®@€) = (fu @ 21) (2a1 ® ),

since f; < f,_1 ®z1. Therefore an = fu®2z1 —pis orthogonal to z,_1 ® ¢ = €41 41,
hence f,41 < fur1. On the other hand, since f,11 < f; ® z1 and f,41 is orthogonal
to z,_1 ® e, we have

fn+1fn+1 = (fn ® Z1)fn+1 = fn+1-

Hence fn+1 = fus1. This proves (ii).
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Finally, using (ii) and Lemma 2.5.7 we compute:

. [7]q
Trn+1 (fn+1) = dTry(fu) — [n+—1]q

which finishes the proof of the lemma for n 4 1. O

Tr,(fy) = d[n+1], — [n], = [n+ 2],

For d > 2 and t = %1, denote by U,/9 (n > 2) asimple objectin .7.&; . defined
by the minimal projection f, € End(U1®/"2). Let us also write Uy for 1. Note that by
part (i) of the above lemma we have d;(Us) = [2s + 1], forall s € %Z+.

Theorem 2.5.9. — For any d > 2 and © = %1, the simple objects Uy, s € %Z_b in 7L g~
are pairwise nonisomorphic, and any simple object in 7L 4 - is isomorphic to one of them. For

any s,t € %Z_,_ we have
U, @U, = U\s—t\ ¥ U\s—t\-i-l @ DUy

Proof. — The objects Us, s € %Z.H in & ;. are pairwise nonisomorphic sim-
ply because they have different intrinsic dimensions. Alternatively, by the proof of
Lemma 2.5.1 we have A;.(n — 2,n) = ;1;02 Vin—i—9A4:(n — 2,n — 2), there are no
nonzero morphisms U{@}/; — Ufg/"Q for k £n (mod 2), and‘ any morphism U{g}kg — Uig/é
for k < m such that k =n (mod 2) factors through US(QH_Z) . This implies that f,T =0
for any morphism 7': U{g}k? — US"Q with k£ < n, so that U,/9 cannot be isomorphic
to Uy/9 for k < n.

By Lemma 2.5.8 we have f,_1 ® z1 = f, + pn, where p, is a projection equivalent

to f,—o. This implies that
U(n,l)/g ®@Uijo =2Uy/0 @ U(n,g)/g for n > 2.

From this the claimed formula for U; @ U;, t = n/2, is obtained by a simple induction

on 7, using that
Us @ Uing1)y/2) ® (Us @ Uin—1y/2) =2 (Us @ Uypy2) @ Uy o for n > 1.

It remains to show that any simple object in .7.%; - is isomorphic to one of U;. For
this it suffices to show that the tensor powers Ui@/’fz decompose into multiple copies
of Us. But this is again easy to check by induction on n. O

The above arguments, with small modifications, work also for d = 2 cos(n/k). The
main difference is that eventually the projections f, become equal to zero. These ar-
guments also show where the restrictions on d < 2 come from.

Briefly, assume d € (1,2) is such that A;; # 0, so that we can define the category
T Z 4. Let ¢ > 3 be such that d = 2cos(n/c). Put ¢ = ¢™/¢, so that d = [2],. The
induction argument in the proof of Lemma 2.5.8 works as long as the numbers [n +
1], = % remain strictly positive. Let £ > 4 be the integer such that k — 1 <
¢ < k. We then get that Try_1(fi—1) = [k]q. If ¢ # k, then Try_1(fr—1) < 0, so we
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get a contradiction. On the other hand, if ¢ = k, then we conclude that f, = 0 for all
n > k— 1. In this case the category 7.¢"; . contains only k — 1 nonisomorphic simple
objects Uy /9,0 <n <k —2,

Up/o @ Uy o =2 U(n+1)/2 &) U(n_l)/g for 1 <n<k-3,
and Ur_g)/2 ® Uy /9 =2 U(y_3) /2. We leave the details to the reader.

Theorem 2.5.9 characterizes the categories 7. . in the following sense.

Theorem 2.5.10. — Assume & is a C*-tensor category with conjugates such that its set of iso-
morphism classes of simple objects has representatives V, s € %Z+, such that

VS ® Vl = V‘s—t‘ D V|s—l|+l D ---D V.Y-H-
Then & is unitarily monoidally equivalent to 7L 4 » for uniquely definedd > 2 and © = £1.

Proof. — We may assume that & is strict. The unit in & must be isomorphic to Vp.
It follows that 1 is a subobject of Vj,9 ® V9, hence Vj /9 is self-conjugate. Put d =
d;(V1/92), and 7 to be the sign of —(R* ® 1) (1 ® R), where R is a nonzero morphism
1 — V9 ® V1,9 (recall the discussion at the beginning of the section). Then by The-
orem 2.5.3 there exists a unitary tensor functor F: 7. ;. — & such that F (U;/9) =
Vi /2. Comparing the decompositions of U9 ® Uj/9 and V, 9 ® V1,9 into simple ob-
jects, an easy induction argument shows that ¥ (U, ,9) = V, /9 forall n if d > 2, and
F(Uyn/2) = Vyyo for n < k — 2 and V(;_1),2 is a zero object for d = 2 cos(w/k). In the
latter case we get a contradiction, as V(;_1),9 was assumed to be simple. Hence d > 2
and F is a unitary monoidal equivalence of categories.
It remains to show that d and t are uniquely determined. The object U; /9 in & -
(d > 2) can, for example, be characterized as follows: it is a unique, up to an isomor-
phism, object in 7. . with minimal intrinsic dimension among simple objects that
are nonisomorphic to the unit object. This uniquely recovers d and = from 9 ..
O

Returning to quantum groups, the results of this section can be summarized as fol-
lows.
Theorem 2.5.11. — We have:

(i) every free orthogonal quantum group A,(F) is monoidally equivalent to SU,(2) for a
uniquely defined ¢ € [—1,1]\ {0}; namely, for q such that Tr(F*F) = |q + ¢~'| and
sign(FF) = —sign(q);

(il) two free orthogonal quantum groups A,(F) and A,(F') are isomorphic if and only if the
matrices F and F' have the same size and there exists a unitary matrix v such that F' = vFv';

(iii) if G is a compact quantum group with representation category as in the formulation of
Theorem 2.5.10, then the universal form of G is isomorphic to A,(F) for some F .
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Proof. — (i) By Proposition 2.5.6 the representation category of A,(F) is unitarily
monoidally equivalent to .7-% ., where d = Tr(F*F) and © = —sign(FF). By
Theorem 2.5.10 the numbers d and t are uniquely determined by the category. By
Example 1.1.7, describing SU,(2) as a free orthogonal quantum group, this gives the
result.

(i) An isomorphism of compact quantum groups A,(F) and A,(F') defines a
unitary monoidal equivalence of their representation categories that intertwines their
canonical fiber functors. We can identify these categories with 7. . for some d > 2
and T = 1. We then get a unitary monoidal autoequivalence of .7, . intertwining
the fiber functors gr and ¢ that define A,(F) and A,(F’). Such an autoequivalence
must map Uj 9 into an isomorphic object by the proof of Theorem 2.5.10. As was
shown in the proof of Proposition 2.5.6, it follows that the autoequivalence is naturally
unitarily monoidally isomorphic to the identity functor. Therefore the fiber functors
or and @ are naturally unitarily monoidally isomorphic. By Corollary 2.5.4 this im-
plies that the matrices F and F’ have the same size and there exists a unitary matrix v
such that F' = vFv'.

The converse follows easily by definition of free orthogonal quantum groups, as well
as from Corollary 2.5.4, since naturally unitarily monoidally isomorphic unitary fiber
functors define isomorphic Hopf x-algebras.

(iii) By Theorem 2.5.10 the representation category of G is unitarily monoidally
equivalent to 7% ;. for some d > 2 and t = =I1. The canonical fiber functor
Rep G — Hilb, defines a unitary fiber functor .7.¢ ;. — Hilb;. By Corollary 2.5.4
this functor is naturally unitarily monoidally isomorphic to ¢r for some F. Hence
the Hopf x-algebra of matrix coefficients of finite dimensional representations of G is
isomorphic to that of A,(F). It follows that (C,(G),A) = (A,(F),A). O

Finishing this section, we note that the representation categories of most of the com-
pact quantum groups we have encountered so far can be characterized by some intrin-
sic properties, see the references.

References.— [3], [4], [7], [13], [14], [15], [22], [36], [50], [73], [74], [79], [80], [91],
[93], [98], [99].

2.6. BRAIDED AND RIBBON CATEGORIES
If G is a compact group, then for any representations U and V of G the flip map

Hy @ Hy — Hy ® Hy defines an equivalence between U x V and V x U. This is no
longer the case for quantum groups, when A is not cocommutative. Nevertheless, it
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can happen that the representations U x V and V x U are still equivalent in a natural
way. This leads to the following definition.

Definition 2.6.1. — A braiding on a C*-tensor category & is a collection of natural iso-
morphisms oy : U®V — V ® U such that the hexagon diagram

Vel)eW"_UeV)egW —"=~Ug (VaW)

OLL LGIQS

Vo UeW) Ve WeU)~2— (VeW)aU

and the same diagram with ¢ replaced by ¢~! both commute.

When a braiding is fixed, the category & is called braided. If in addition ¢ = 1,

then & is called symmetric.
A monoidal equivalence F between braided C*-tensor categories & and &' is
called braided if the diagram

FU)®F(V) 2~ FUaV)

G’L LF(G)

F(V) @ F(U) 2~ F(V @ U)

commutes.

It may seem natural to require the braiding to be unitary. In our main examples,
however, it will be self-adjoint, that is, oyy = o7y,

We will mainly be interested in braidings on the representation category Rep G of
a compact quantum group G. Consider the forgetful functor F: Rep G — Hilby, that
is, F(U) = Hy on objects and F(T) = T on morphisms. Then ¢ followed by the flip
Y: Hy ® Hy — Hy ® Hy defines a natural transformation Z from F®?2 into itself.
As we have already used in Section 2.3, the algebra End(F®") can be identified with
Z (G"),so0 #Z € Z (G x G). More concretely, % is the unique element in Z (G x G)
such that

ouy = Z(my @ 7y ) (F).

We will often simply write ¢ = X% .

It easy to check that the defining properties of ¢ translate into the following prop-
erties of % .

Definition 2.6.2. — An R-matrix for G is an invertible element Z € Z (G x G) such
that

(i) FZA)Z 1 = AP,

(i) ¢t ® A) (F) = F13H#19 and (A RQUV(F) = F13F3.
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Thus we have a one-to-one correspondence between braidings on Rep G and R-ma-
trices.

Note that the condition ¢* = ¢ is equivalent to Z* = .%o, while the condition
2

6% =1 is equivalent to Z ! = Foy.

Example 2.6.3. — Let G be the dual of a discrete abelian group I'. Then Z' (G x G) is
the algebra of functions on I' xI', so an invertible elementin Z (G x G) is a function I' x
I — C*. Since A°P = A, condition (i) is satisfied for any such function .% . Condition
(ii) means that % is a bi-quasi-character, that is, %Z (a + b,¢) = % (a,¢)#Z (b,c) and
Z(a,b+c¢) = F (a,b)F (a,c) forall a,b,c € T. O

Example 2.6.4. — Consider the ¢-deformation G, of a simply connected semisimple
compact Lie group. An element of 2 (G, x G;) is determined by its action on the mod-

ules V;, ® Vi, where V,. denotes the conjugate to Vy, so of = ]A%q(w)*i. It can be shown
that there exists an R-matrix .%; such that

(2.6.1) Zy(B ®8) =q "G ®k,.

This completely determines .%,, since the vector &, ® £, is cyclic, as can be easily
checked using that &, is a highest weight vector and £, is a lowest weight vector, so
that Fi;, = 0. The R-matrix %, has the form

(2.6.2) % _ qzi,j(Bfl)z‘jH@Hj H equa((l _ C]O?Q)Fm ®Em),

a€AL

where B is the matrix ((a;/, oc;/))i,j, Hj is the self-adjoint element in Z(G,) such that

K, = qd"H", the product is taken with respect to a particular order on the set A of
positive roots, g, = qdl,
00 n
_ n(nt+l)/2 @
exp,(0) = 3 ¢""HDE—,
n=0 [n]Q'

and E, (resp. F,) is a polynomial in Kiil and E; (resp. F;) such that K;E, = q(“i"")EaKl-
(resp. K;F, = q’(“i’“)FaKl-), see [18, Theorem 8.3.9] (in the conventions of [18] we
have ¢ = ¢, K; = ¢~ E; = X~ and F; = X;1).

Note that the series exp,, ((1 — ¢;2)F, ® E,) is convergent in the weak* topology
on Z (G4 x Gy) = (C[G4] ® C[G,])*, since the elements E, and F, act by nilpotent
operators on every finite dimensional admissible U,g-module. Note also that (2.6.1)
indeed holds, because (F, ® E,) (5, ® ) = 0, Hi%, = —(h ))&, HjEy = (p,oc}/)i,rl
and 3, (B71)ij (L)) (o)) = (M)

Finally, observe that the element (%), has the form

~ ~ 1.1 .
(H exp%((l—qf)Fa@Ea)) g (B tiet,

a€AL
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where E, = F} (resp. F, = E}) is again a polynomial in Kl.jEl and E; (resp. [;) such
that KiE, = %% E,K; (vesp. KiFy = ¢~ [, K;). Tt follows that ()%, (5, ® &) =
¢ W ®E,, hence (%)) = .

From now on we consider the category Rep G, = &;(g) as a braided C*-tensor cat-
egory with braiding X.%,. O

Let us establish a number of general properties of braidings and R-matrices.

Theorem 2.6.5. — Ior any braiding on a strict C* -tensor category we have:

(1) (w @ ouy) (suw @) (w @ oyw) = (oyw @ w) (w @ suw) (ouy @ tw);

(ii) o1y = o1 =

Proof. — We will only show (i), leaving (ii) to the reader. By the hexagon relations the

left hand side in (i) equals (L ®ocyy ) sugyw. By naturality this is equal to oy guw (ouy ®
tw ), which is exactly the right hand side in (i), again by the hexagon relations. O

Properties (i) and (ii) of R-matrices in the following theorem are a direct translation
of the properties of braidings, but it is equally easy to deduce them from scratch.
Theorem 2.6.6. — Assume Z is an R-matrix for a compact quantum group G. Then
(i) %12%13%23 = %23%13%12 (Yang—Baxter equation);

(i) EQY(Z)=1=(®E)(Z):
(i) (S @) (F#) = # " and (@ S)(F# ") = Z;
(iv) (S® $)(F#) =F = (RQ R)(FZ).
Proof. — (i) Since (A ®1) (F) = H3.Fos3, by applying the flip to the first two factors
we also get (AP @ 1) (F) = Fo3.%#13. On the other hand,
(AP @1)(#) = R12(A @) (Z) Ry = Pr9F1sFosH
hence Ho3. %15 = %12%13%23%{21 .

(ii) By applying ¢ @ 1 ® ¢ to (A ® 1) (F) = F13Fo3 we get F = (¢ @ 1) (F)FZ,
whence (E®t) (%) = 1. Similarly, using (@A) (F) = F15.%)9 we get (1@E&)(Z#) = 1.

(iii) As in the case of corepresentations in Section 1.6, applying m (1 ® S) QL to (A ®
W) (F) = B33 we get | = F (S @ 1) (F). Similarly, applying t @ m(S @) to (1 ®
A (#ZY) = 2, %5 wegetl = (@8)(#HZ L.

(iv) The identity (§ ® $)(#) = Z follows immediately from (iii). Since
S = (Ad 91/2)R, it follows that

(e ReR)(P) (0! = 2.
But .# commutes with (p!/2 ® 0!/2), since

(20! = A = APV = (01 @0 ?)7.
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Hence (R® R) (F) = % . O

Our next goal is to introduce a so called ribbon structure on braided C*-tensor cat-
egories with conjugates. This will lead to some interesting identities for braidings, but
overall this notion will play only a peripheral role for us. It is, however, an important
notion in more general categories than C*-categories. We refer the reader to [48] for
a thorough discussion and for an explanation of the term ‘ribbon’. One nice property
of ribbon categories is that they allow for a notion of dimension of an object. In par-
ticular, for braided C*-tensor categories with conjugates we will see a relation between
the intrinsic dimension and its more algebraic counterparts.

Definition 2.6.7. — A twist on a braided C*-tensor category & with conjugates is a col-
lection 6 of natural isomorphisms 6y : U — U such that

bugy = (by ® Oy)oyyoyy and 6[] = (OU)V.

When a twist is fixed, & is called a ribbon C*-category.

Note that by naturality of § and the proof of Lemma 2.3.3, the morphism (6y)"
does not depend on the choice of a solution of the conjugate equations for U and U,
so the second condition in the definition of a twist is meaningful. Furthermore, the
proof of that lemma shows that for any collection 6 of natural isomorphisms we can
define a collection 6" of natural isomorphisms such that (8); = (6y)" forany U with
conjugate U. Therefore the second condition on the twist can be written as 8 = 6.

As we already mentioned, given a twist we can define dimension of an object.
Namely, consider the scalar in End (1) = C1 defined as the composition

R - Oy - OuU - *
120002 vt S ogu X1,

Using Proposition 2.2.5 it is easy to check that it is independent of the choice of U
and a solution (R, R) of the conjugate equations. This scalar is called the quantum
dimension of U and is denoted by dim,U. In order to distinguish it from the quan-
tum dimension on Rep G defined in Section 2.2 we will instead write dimg U.Itcan be
shown that dimg is multiplicative on tensor products, additive on direct sums, and that

dimg U= dimg U. The last property is immediate from the following lemma.

Lemma 2.6.8. — Assume & is a strict braided C* -tensor category, and (R, R) is a solution of
the conjugate equations for an object U . Then

Ry (T ® )R = Rog (T @ )R forall T € End(U).
Proof. — Let us first show that

(2.6.3) oyp = (R*® 15 @ w) (w ® cg]}U Qw)(w ey ®R).
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-1 _

. .. ~1 B )
By the hexagon identities we have iy ® GU,L—/ = GU@U,U (GUU ® 7). Observe next that

(R* @19)0505 = 01 g (0 @ RY) =1 @ R

It follows that
(R @) (w @ o5) = (1 ® RY) (o35 @ ).
Hence the right hand side of (2.6.3) equals
(g @R*® w) (o ®tp ®w) (w @tg @ R) = oyp-
Similarly it is proved that
(2.6.4) opp = (W ®RY) (w o5y ®w)(R® 1y ®w),
by first checking that (17 ® R*) (65}0 Qw) = (R" @) (g ®opp)-
Using identities (2.6.3) and (2.6.4) we now compute:
Royg(T®)R=R(R* ®.81)(® 05}0 R)(®L@R)(TQ®R
= (R*QR)(T® 55’10 ®1)(RQR)
—R(T®)(®:0R)(®0;;®)(ReL1® YR
=R (T ® VogpR = R*G[’LU(L ®T)R
= R*o;(TY @ )R O
Our goal is to show that every braided C*-tensor category with conjugates has a

canonical ribbon structure. In order to formulate the result recall that in Section 2.5
we introduced partial traces Try @t and 1 @ Try on End(U ® V).

Theorem 2.6.9. — Let & be a strict braided C* -tensor category with conjugates. For every object

U put by = (Try @) (oyy) € End(U). Then 6y = (L ® Try) (oyw), Ou is invertible with

inverse equal to (Try ®t) (65[1]) = (t®Try) (6[7[1]) , the collection 0 = (Oy)y is a twist on &,

0
q
self-adjoint, and if 6 is unitary, then 0 is unitary.

and dim; coincides with the intrinsic dimension d;. If in addition ¢ is self-adjoint, then 6 is

Proof. — We proceed in several steps.
Step 1. The maps 0y are natural in U .

Assume T € Mor(U, V). In order to show that 6yT = TYy it suffices to check that
Try (SOyT) = Try (STHy) for all § € Mor(V,U). We have

Try (SevT) =Try (TrV ®L) ((L ® S)GU,U(L ® T)) = TI’V®U((T ® S)G‘{U),
and
Try (ST ) = Try (Try @) (0 @ ST)oyy) = Trugu (L @ S)oyww (T ®1)).

The last expression equals Trygy ((T" ® S)oyy) by the tracial property of Tr. Hence
OyT = Toy.
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Stej) 2. We have Oygy = (by ® ev)GVUGUV .
Using the hexagon identities we can write
sUuewey = (W ® ouy @w)(oyy ®w @ w) (w @ w @ oyy) (v ® oyu @ty ).

By the proof of Theorem 2.2.18 we have, with the obvious notation, Trygy ® ® t =
(Try @ @) (Try @@ t®@t) on End(U®V U ® V). Applying Try @ ® L ® ¢ to the
above identity we get

(Try @@L ®1) (svgwev) = (cuy @w) (b @w @) (w @ oyy) (oyw @1ty)
= (w®by @w)(cuy ®w) (w o) (o ®ty)
= (w by ew) v ow)(ow ®w)(w ®ouy),

where in the last step we used Theorem 2.6.5(i). Applying Try ® ® 1 we then get
gy = (Bu @ w)ovw By @ w)oyy = (bu @ By )oyuoyy.

Step 3. We have s&llyﬂU = (0y ® )Ry and 6{/1 =(® TrU)(G{ul]), where (Ry, Ry) is a
standard solution of the conjugate equations for U .

By the Frobenius reciprocity, the map
End(U) — Mor(1,U®U), T — (T ® )Ry,

is a linear isomorphism. Let T € End(U) be such that G(;(I‘JRU = (T ®)Ry. Then

T = (w® Ry) (o5 @ w) (Ru @ w)
=(w® RE)GE,KI@U(LU ® oyy) (Ru ®w)
= (R @ w) (tg ® o) (Ru ® w) = Oy

Now for every object U put by = (t® Tr) (65[1]) Then just as for 6 one shows that
éU is natural in U and GU’URU =(® GU)RU. It follows that

Ry = oy (u ® )Ry = (1@ 0y)oygRu = (1 ® 0y00) Ru,
and therefore 6{]1 = éU.
Step 4. We have 6;; = (0y)" and dimg U=4d;U).
Since GU,URU =(® Gﬁl)RU by Step 3, Lemma 2.6.8 implies that
Try (To5') = Trg(TV0;")

forall T € End(U). On the other hand, it is immediate by definition that Try (S) =
Tr; (SY) forall § € End(U). Itfollows Trp (T (Gal)v) =Try (TVOlT]l) forall T, whence
g =0y

Since GU,U(GU ® L)RU = Ry, we have

dim{ U = Rj;6,5 (00 ® YRy = |Ryl|* = di(U).
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Step 5. We have Oy = (1 @ Try) (oyy) and 6[71 = (Try &) (617[1])

Put 0y, = (:® Try) (6yy) . Thus 0 is the inverse of the twist defined by the braiding
6~ From Step 3 we know that

(- ® 0y) Ry = o5, Ru = (05 ® )Ry
Since 6 = 6", it follows that 6’ = . Replacing ¢ by 6! we also get
(v ® Try) (o) = (Try @) (sg)-

End of proof. It remains to show that if ¢ is self-adjoint, then 6 is self-adjoint, and if ¢
is unitary, then 6 is unitary. The first statement is immediate, since (Try ®t)(S)* =
(Try ®) (S*). Assume now that ¢ is unitary. Then

65! = (Try @) (o) = (Try &) (ouy)* = 6.

Thus 0y is unitary. O

Let us see what the above result means for a braided category Rep G, with braiding
defined by an R-matrix % . A collection of natural automorphisms 6y of U defines an
invertible element 0 in the center of % (G) such that 0y = ©y (0~!). Then the condi-
tions imposed on 6 in order for it to define a twist are

A = (07 ®07")F1.#Z and $(0) =0,

where the second condition follows from Example 2.2.23. A central element 0 with
these properties is called a ribbon element. We therefore have a one-to-one correspon-
dence between twists on (Rep G, 2.%) and ribbon elements.

By Theorem 2.6.9 there is a canonical ribbon element 6 € 2 (G), given by

v (0) = (@ Try) (o),

where Try is the categorical trace on End(U), not the canonical trace on B(Hy). In
order to compute this element 6 it will be convenient to use the following convention
similar to Sweedler’s sumless notation discussed after the formulation of Lemma 2.3.4.
We will work with elements o € Z' (G x G) as if they were finite sums of elementary
tensors. Furthermore, we will omit sums, therefore writing simply ® = ] ® wg. Re-
call from Example 2.2.3 that the following defines a standard solution of the conjugate
equations for U:

Ryl =Y @02, Ryl=Ye"%00a,
: :
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where we have used module notation and have omitted wy. We have Ri}(i ®0) =
(¢!/2%,7). Hence for any £ € Hy we get

02 = (@ Rp) (F 2@ 1) (1 ® Ry)Z
= @R ((F1p! e ® (F )k e )

=" (# ek ) ()1 e
= (Z ip(# ek,

50 0 = () 1p(F 1o = (FZ1)182((F)9)p. Since (1@ ) (Z ') = .Z by The-
orem 2.6.6(iii),, we finally get
0= ﬂlg(ﬂg)p.
Since S(O) = 0, the element 6 is central and (§ ® .§) (F) = #,we can also write
0= S(o)S*(F2)S(F) = ¢S (F) F1 = S (o) Hrp™"

The element u = S(H) ), = m(S ® 1) (Ho1) is often called the Drinfeld element.
Note that since 6! is the twist corresponding to the braiding (£.%#)~! = 2%2’11, we
have

(2.6.5) 071 = (Z7)S(F 1) =S((FZ ) (F e
Theorem 2.6.9 can now be reformulated as follows.

Theorem 2.6.10. — Assume % is an R-matrix for a compact quantum group G, and put u =
m(S @ 1) (Fo1) € #(G). Then O = up™"' is a ribbon element, and dimg = dim,. If in
addition Z* = Fo1, then 0 = 0%, and if Z is unitary, then 0 is unitary.

Example 2.6.11. — Assume T is a discrete abelian group, G = I'. As we discussed in
Example 2.6.3, an R-matrix for G is a bi-quasi-character % : I' xI' — C*. Then 0(y) =
Z (v,y)"! for y eT. O

Example 2.6.12. — Let G, be the g-deformation of a simply connected semisimple
compact Lie group, and .# = %, be the R-matrix defined in Example 2.6.4. Let us
compute the ribbon element defined in the previous theorem. In this case by Propo-
sition 2.4.10 the Woronowicz character f; equals K_g,. Thus 6 = Sq (o) F1 Koy =
Z §q (H9)K_g,. In order to compute how 6 acts on a simple highest weight mod-
ule Vi, it suffice to check how it acts on the highest weight vector £;. We have
K 9.8 = g~ M200g, By virtue of Equation (2.6.2) for .%, the action of 9?1&](9?2)
Zi,j(Bil)iniQ@Hj

on &, is the same as if %, were equal to ¢ . Since the elements H;

mutually commute and §q(Hi) = —H;, we thus get

o BRSNS Ny
c@lsq(%Q)i)\ =q 2 (B )UHIHJEX-
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We have
SB Y HiHE = (B 00 %) (0b9))8 = (0,15
1,j L

Therefore, putting everything together, we get

™ (0) =™, (%1@1 (F2)K_9,) = q_(7"}‘+29>1_

Denote by C, € Z (G;) the central element that acts on every simple highest weight
module V5 as the scalar (A, 2 + 2p). Recall that in the classical case this is exactly how
the Casimir operator acts. We have thus proved that 6 = ¢~", and therefore

(2.6.6) By Fy = M (@ ). 0

The ribbon element defined in Theorem 2.6.10 is in general not the only one possi-
ble. Indeed, if z € Z'(G) is a central group-like element such that ﬁ(z) = z, then zup™!
again defines a twist on (Rep G, £%), and this way we get all possible ribbon elements.

—1

Note that if z is group-like, then §(z) = 27, so the condition S(z) = z is equivalent

to 22 = 1. As a consequence, for any choice of a twist on Rep G we have
dim{ U = +dim, U

for any irreducible representation U. We also conclude that the ribbon element 6 de-
fined by Theorem 2.6.10 is the unique ribbon element such that the quantum dimen-
sion dim?] is positive-valued.

Itis curious that zu is itself the Drinfeld element for a modified R-matrix. Namely,
consider the element

Z=1+1@2+201—-2Q12)/2.

It is easy to check that upon identifying {1,z} with Z/2Z this is the unique nontrivial
R-matrix for Z/27Z such that Z* = (%,)9,. Then # = F,.# is again an R-matrix
for G, and if Z* = %5, then we still have F* = ,/5?21. The corresponding element
U= §(c9~?2)9~?1 equals zu.

If #* = Ho1, then in addition to 6 = up~! another natural choice for a ribbon
elementis |0]. The fact that |0| is indeed a ribbon element follows by applying the polar
decomposition to the identity

F*F = (0@ 0)A0)!.

An advantage of |0] is that it is the unique element defining a positive twist on
(RepG,ZZ). For the g-deformation G; of a compact Lie group G the element

0= up_l happens to be positive, but clearly this is not true in general.

References. — [18], [48], [59], [100].
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2.7. AMENABILITY

As we discussed in Section 1.7, any compact quantum group has a reduced form
(Cr(G),Ay) and a universal form (G, (G),A,). In this section we will find necessary and
sufficient conditions for these two forms to coincide. If G is the dual of a discrete group
I, then C,(G) = C*(I') and C,(G) = C*(TI'). In this case it is well-known that C*(T') =
C} (') if and only if T" is amenable. We will extend this result to quantum groups by de-
veloping a notion of amenability for discrete quantum groups. Remarkably, amenabil-
ity can be detected simply by looking at fusion rules for G, that is, at how the tensor
product of two representations decomposes into irreducible representations. We will
therefore start with more general categorical considerations.

Throughout the whole section we will assume that & is a strict G*-tensor category
with conjugates.

Definition 2.7.1. — A dimension function on & is a map d that assigns a nonnegative
number d(U) to every object U in & such that d(U) > 0 if U is nonzero, d(U) = d(V)
iftu=V,
AU V) =dU) +d(V), dU®V) =dU)d(V), and dU) = d(U).
Note thatsince 1 = 1 ® 1 and 1 is a subobject of U ® U for every nonzero U, we
automatically have d(1) =1 and d(U) > 1.
Clearly, the intrinsic dimension d; is an example of a dimension function.

The notion of a dimension function depends on a much rougher structure than

C*-tensor categories.

Definition 2.7.2. — The fusion ring of &, which we denote by K(&), is the universal
ring generated by elements [U], U € Ob&, such that [U] = [V]ifU =2V, [U] +
[VlI=[U®V]and [U][V]=[UV].

Fix representatives U;, j € I, of isomorphism classes of simple objects. Denote by ¢ €
I the point corresponding to 1. Then we can identify K(&) with @;¢;Zj, with multi-
plication given by
ij = Eml’;k, if U @U; = @mijk.
k [

Define an involution j — j on I such that U; = l_]j. Then we can say that a dimension
function is a homomorphism d: K(&) — R such that

d(j) >0 and d(j) = d(j) forall j € I.

For every j € I denote by A; the operator of multiplication by j on the left in the
algebra C @7 K(&) = @pesCk. Our goal is to show that A; extends to a bounded
operator on ¢2(I). The proof is based on the following lemma.
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Lemma 2.7.3. — LetT' = (yi)ikrer be a matrix with nonnegative real coefficients. Assume
there exists a vector u = (u;);cr such that w; > 0 for all v € I, the vector v = Tu is well-defined
and T'v < u coordinate-wise. Then T defines a contraction on ¢*(I).

Proof. — Note that if v; = 0 for some i, then v;; = 0 for all k. Thus replacing v; = 0
by any strictly positive number for every such ¢ we get a vector v such that v; > 0 for
all i, Tu < v and I'v < u. Then for vectors £ = (&); and { = (%); in €2(I), by the
Cauchy-Schwarz inequality we get

|(TE,0)| =
i,k

% ((Yz‘kviuk_l)l/2£k) ((Yz‘k“kvl‘_1>l/2zi>

1/2 1/2
< (%Ymviu;llikF) (%Wkukv;%ﬂ) < NI,
1, 2,

so that ||I'| < 1. O

Proposition 2.7.4. — The operator A; extends to a bounded linear operator on ¢2(I). Further-
more, for every dimension function d on & we have || A;|| < d(j).

Proof. — We apply the previous lemma to the matrix I' = (m k/d( ))ix defining the
operator A;/d(j), and u; = v; = d(i). Then I'v = u by deﬁnmon of a dimension
function. Since yj; = m;?i/d(j) = m;;k/d(j) by the Frobenius reciprocity, we also have
T'u =v. 0

Fix now a dimension function d on & . For a probability measure p. on I define a
contraction A, on (1) by

's:

g_

We will write A; instead of A3.. If u. and v are two probability measures, then A A, =
j j P Y |

&

Ayxy, where

(o) () = Sty ).
2Y)

Yd(1)d(j)
We will write p.” for the n-th convolution power w*- - -xp of .. For a measure p denote
by (i the measure defined by (i (i) = p.(i). Then A, = M. A probability measure y. on [
is called symmetric if . = p, and it is called nondegenerate if U,>1 suppp” = 1.

Lemma 2.7.5. — For a probability measure . on I consider the following conditions:
(i) 1 €Sphy;
(i) Apll =15

(i) (% % p)" () /"

— 1 asn — +oo.
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Then (1) = (ii) < (iil). If pu is symmetric, then all three conditions are equivalent, and if they
are satisfied, there exists a sequence {£,}y of unit vectors in ¢%(I) such that [12;&n — En|l — O
asn — +oo forall j € Uy>1suppp”; in particulary, 1 € Sp h, for any probability measure v
such that supp v is contained in U,>1 supp .

Proof: — It is clear that (i)=-(ii), and since (¢ * p)"(¢) = ((A;2.)"3.,3,), that
(i) = (ii).

In order to show that (ii)=>(iii), consider the unital C*-algebra A generated
by 2}, . Similarly to the proof of Proposition 2.7.4, by Lemma 2.7.3 the operators of
multiplication by j € I on the right on K (%) extend to bounded operators on ¢2(1).
It follows that the vector 3§, is cyclic for the commutant A’ of A, hence (-3,,3,) is a
faithful state on A. From this we conclude that ||| is the least upper bound of the
support of the measure v on Sp A4, defined by the state (-3,,3,). Since

((7\;7\@”&;,30 = jt"dv(t) forall n >0,

it is easy to see that this upper bound is equal to

lim ((452)"30,8) " = lim (i * )" (e)'/".

n——+00 n——+00
Hence (ii) = (iii).

Next assume that p. is symmetric and condition (ii) is satisfied. Since A, is self-
adjoint and |[|A,|| = 1, there exists a sequence of unit vectors {, € 02 (I) such that
|(huZns Cu)| — 1. Consider the unit vectors &, = [{,|. Since the matrix , has non-
negative coefficients, we have (A &,,8,) > |(Au8n,Cn)|. Hence (3u8y,8,) — 1, and
therefore 1 € Sp A,

Since 7‘V~ is a convex combination of the operators A s We also see that

(7\]'571; En) — 1

for every j € supp . Since 2; is a contraction, this implies that ||A;£, — &,|| — 0. Since
||7\ﬁ£n — En|| — O forall k > 1, we similarly conclude that ||A;&, — &,|| — O for every
j € suppuk. O

The previous lemma allows us to introduce the following notion.

Definition 2.7.6. — The pair (K(&),d) is called amenable if the following equivalent
conditions are satisfied:

(i) 1 € Sph, for every probability measure y.;
(ii) ||Au]] = 1 for every probability measure u;

(iii) (& * )" (e) /" — 1 as n — +oo for every probability measure y;
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(iv) there exists a net {£,}, of unit vectors in ¢ (I) such that
120 — Eal| — 0 forall j.

The category & is called amenable if (K(&’), d;) is amenable, where d; is the intrin-
sic dimension function.

Note that Lemma 2.7.5 implies that it suffices to check any of conditions (i)-(iii) in
the above definition for a net {., }, of symmetric probability measures such that the
sets Up>1 supp .y increase with o and their union is /. In particular, if I is countable,

it suffices to consider one nondegenerate symmetric probability measure.

Proposition 2.7.7. — Let d be a dimension function on a C*-tensor category & such that

K(Z),d) is amenable. Then d(j) = |A;|| = ||(m,)ix| for every j € I, and for any other
) jk /b Y y

dimension function d' on & we have d > d.

Proof. — For (K(%"),d) to be amenable, at the very least we need the condition ||3;| =
1 to be satisfied for every j € I, but it means exactly that d(j) = ||A;||. The second
statement follows from the inequality ||A;|| < @ (j), which by Proposition 2.7.4 holds
for any dimension function d’. O

Corollary 2.7.8. — If & is finite, meaning that the set I of isomorphism classes of simple objects

is finite, then & is amenable and the intrinsic dimension is the only dimension function on & .

Proof. — Any dimension function d on & is amenable, since the vector (d(j));ers is
an eigenvector of ), with eigenvalue 1 for every probability measure p.. Hence d(j) =
14511 =

Corollary 2.7.9. — Let & and &' be C*-tensor categories with conjugates and F: & — &'’

be a unitary tensor functor. Assume & is amenable. Then d;(F (U)) = d;(U) for every object U
in&.

Proof. — Consider the dimension function d = d;F on & . By Corollary 2.2.20 we have
d < d;. On the other hand, d; is the smallest dimension function on & by amenability.
Hence d = d;. L]

We now turn to the promised application of amenability to quantum groups. For
a compact quantum group G, denote by i the Haar state on C,(G). By definition the
image of the GNS-representation w;, of C,(G) is C,(G).

For every finite dimensional unitary representation U of G put

1(U) = (Tren) (U) € C[G].

This element is called the character of U. Note that the linear span of characters is a
unital -subalgebra of C[G]: 7 (U)* = 7(U) and y(U)y (V) = (U x V).
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Theorem 2.7.10. — For a compact quantum group G the following conditions are equivalent:

(i) the fusion ring of G, that is, of Rep G, together with the classical dimension function dim

is amenable;

(ii) for every finite dimensional unitary representation U of G we have dimU € Sp 7ty (3.(U));

(iii) the counit e: C[G] — C extends to a bounded linear functional on C,(G) ;

(iv) the map =), : G, (G) — C,(G) is an isomorphism.

Proof. — (i)« (ii) Consider the norm closure A of the linear span of the opera-
tors w, (¥ (U)) in C,(G). This is a unital C*-algebra. Put H = A%, c L?(G). Since by
Corollary 1.7.5 the Haar state is faithful on C,(G), we have dimU € Sp =, (3 (U)) if
and only if dimU € Sp(w;(x.(U))|H).

Choose representatives U;, j € I, of isomorphism classes of irreducible uni-
tary representations of G. By the orthogonality relations the map T: ¢*(I) — H,
13; = y(Uj)&p, is a unitary isomorphism. Furthermore, if U = @;nU; and p =
(dimU)~! Zj nj(dimUj)3;, then one can easily check that y(U)T = (dimU)Th,.
Therefore 1 € Spi, if and only if dimU € Sp(n,(%(U))|n). Note also that if U is
self-conjugate, then p. is symmetric. Since the supports of such measures p. form a
directed set with union equal to I, we conclude that (i) and (ii) are equivalent.

(ii) < (iii) Assume (iii) holds. Then (¥ (U)) = dimU as (. ® €) (U) = 1, and since
¢ is a character of the C*-algebra C,(G), it follows that dimU € Sp &, (% (U)).

Assume (ii) holds. Let U be a self-conjugate unitary representation. Since dimU €
Spmi(x(U)) and y(U) is self-adjoint, there exists a state » on C,(G) such that
o(y(U)) = dimU. Since the inequality ||y (V)|| < dimV holds for any represen-
tation V, we conclude that w(y(V)) = dimV for any subrepresentation V of U.
Choosing an increasing net of self-conjugate unitary representations and taking a
weak* limit point of the corresponding states «, we get a state v on C,(G) such that
v(3(V)) =dimV forany V.

Next, for every finite dimensional unitary representation V, the operator X = (1 ®
v)(V) € B(Hy) has the properties | X| < 1 and TrX = dim Hy, which is possible
only when X = 1. Hence v is an extension of the counit € on C[G].

(iii) & (iv) The implication (iv)=-(iii) is obvious, as the counit is well-defined
on Cy(G).

In order to prove that (iii) = (iv), observe that the comultiplication A: C[G] —
C[G] ® C[G] extends to a x-homomorphism «: C,(G) — C,(G) ® C,(G). Indeed, con-
sider the right regular representation W € M (K (L?(G)) ® C,,(G)). Then we can define
a(a) = W(a® 1)W* for a € C,(G), see Theorem 1.5.3(ii).
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Then & = (¢ ® Va: C(G) — Cy(G) is a unital x-homomorphism such that
¥(mp(a)) = a for a € C[G]. Hence ¥ is the inverse of ©t;: C,(G) — C,(G). O

Note that by the proof of the theorem and by Lemma 2.7.5 condition (ii) can
be replaced by several other equivalent conditions. For example, if there exists a
self-conjugate finite dimensional unitary representation U such that the matrix
coefficients of U generate C[G], then we may require dimU € Spw;(y(U)) or
Imn(x(U))]] = dimU. We refer the reader to [11], [40] and [78] for some other
equivalent conditions.

Definition 2.7.11. — A compact quantum group G is called coamenable if the equiva-
lent conditions in Theorem 2.7.10 are satisfied.

We want to stress that coamenability of G is in general not the same as amenability
of the category Rep G of finite dimensional representations of G, since coamenability
refers to the classical dimension and not the quantum dimension. The two notions of
dimension coincide if and only if G is of Kac type.

Proposition 2.7.12. — Any compact group G is coamenable.

Proof. — Clearly, C,(G) = C(G) and the counit €: C(G) — C is well-defined: it is the
evaluation at the unit element of G. O

Therefore for any compact group G the category Rep G is amenable. By virtue of
Corollary 2.7.9 we then get the following result.

Corollary 2.7.13. — If G is a compact group and F: Rep G — Hilb 5 is a unitary fiber func-

tor, then dim F (U) = dim U for any finite dimensional unitary representation U .

Note that as follows from Corollary 2.5.4, the above corollary is not true for quantum

groups, specifically, for free orthogonal quantum groups.

Let us now consider some examples.

Theorem 2.7.14. — The q-deformation G4, q > 0, of any simply connected semisimple compact
Lie group G is coamenable.

Proof. — For ¢ = 1 the result is true by Proposition 2.7.12. On the other hand, by
Theorem 2.4.7 the fusion ring of G, together with the classical dimension function
does not depend on g. O

Therefore C[G,] has only one completion to a C*-algebra of continuous functions
on a compact quantum group, a result that we promised in Section 2.4.

Theorem 2.7.15. — The free orthogonal quantum group A,(I') defined by a matrix F €
GL, (C) (such that FF = £1) is coamenable for n = 2 and non-coamenable for n > 3.
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Proof. — By Theorem 2.5.11 the compact quantum group A, (F) is monoidally equiva-
lent to SU, (2) for some g € [—1,1]\ {0}, and under this equivalence the fundamental
representation of A,(F) corresponds to the fundamental representation of SU;(2). In
other words, the fusion ring of A,(F) is that of SU(2), and the dimension of the fun-
damental representation is n. If n = 2, we therefore get the classical dimension func-
tion for SU(2), hence A,(F) is coamenable (and, as follows from Theorem 2.5.11 and
Remark 2.5.5, isomorphic to SU,;(2) for some ¢). If n > 3, we get a strictly larger di-
mension function, hence A,(F) is not coamenable. O

It can also be shown that the free unitary groups A, (F) are always non-coa-
menable [4], while the free permutation groups A,(n) are coamenable for n < 4
and non-coamenable for n > 5 [7].

References. — [4], [6], [5], [7], [10], [11], [34], [40], [56], [59], [69], [78].
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CHAPTER 3

COHOMOLOGY OF QUANTUM GROUPS

In this chapter we develop a low dimensional cohomology theory for discrete quan-
tum groups. The principal resultis a computation of some of these groups for the ¢-de-
formations of semisimple Lie groups. The result itself, as well as the technique used to
prove it, will play a crucial role in the next chapter.

3.1. DUAL COCYCLES

Assume I is a discrete group. Then the cohomology groups H"(I'; C*) of I' with
coefficients in C* can be computed using the cobar complex

) RS UNNT o BNV IR

where C" is the group of functions I — C* with pointwise multiplication and the
differential 9: C" — C"*! is defined by

n+1 ik
of = [L@NY,
k=0
where

) (Y1s - Yng1) = F (Y20 Yur1)s
@O Ynr1) = (Y10 ),
@) (F1o s Yni1) = L (Ve s The b YAV ds ka2 - - Yn) for 1<k <m.

Let us now try to write a similar complex for discrete quantum groups. Assume that
G is a compact quantum group. For n > 0 and an invertible element v € Z (G") (we
let Z (G°) = C) define

62(»:1@(0, 82“(»:(»@1,

do=(18 - 20A2:1® - ®1)(0) for 1 <k<n,
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with A in the k-th position. Then put
do = (0)02(w) ... (0 HP (...

For general compact quantum groups this way we no longer get a complex. Neverthe-
less for small n we still get something meaningful. Before we turn to this, let us intro-
duce more notation.

For invertible elements 7 € Z (G"*!) and v € Z (G") put

Yo = (09(0)d3 (0) ... 70 (0 e (™) ...),

so that 1, = do.

Definition 3.1.1. — A dual C*-valued (resp. T-valued) n-cocycle on G, or a C*-valued
(resp. T-valued) n-cocycle on G, is an invertible (resp. unitary) element y of Z (G")
such that gy = 1.

A cocycle y is called normalized, or counital, if applying £ to any of the factors of
we get 1.

Given two invertible (resp. unitary) elements y’ and 3 of Z (G") we say that ' is
cohomologous to ¥ if there exists an invertible (resp. unitary) element & € Z (G"~!)
such that ' = y,,. Elements of the form dw are called coboundaries.

We stress again that for general quantum groups these notions do not have proper-
ties one would like to have: coboundaries are not necessarily cocycles, the relation of
being cohomologous in not symmetric, and so on.

Let us now introduce a class of cocycles that we will be particularly interested in.

Definition 3.1.2. — An element of Z/(G") is said to be invariant if it commutes with
the elements in the image of A1) : % (G) — # (G"), where A®~1) is defined induc-
tively as follows: A(D) = A, and A® () is obtained by applying A to any of the factors
of At=1) (w) (this gives the same element by coassociativity of A).

Given two invertible (resp. unitary) invariant elements ¥’ and y of Z(G") we say
that 3’ is cohomologous to y if there exists an invertible (resp. unitary) invariant ele-
ment w € Z (G"!) such that 3’ = ¥,,.

Let us consider what the above definitions mean for n = 1, 2, 3.
1-cocycles
A 1-cocycle on G is an invertible element u of Z (G) such that
A(u) = U u.

Such elements are also called group-like. They form a group, which we denote
by H! (G;C*). Note that instead of invertibility it suffices to assume that u # 0, since
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the identity A(u) = u ® u implies that u = &(u)u and ¢(u)1 = uS(u). Unitary group-
like elements form a group H 1((A}; T). This group is also called the intrinsic group
of G, or more precisely, the intrinsic group of (Z (G), A).

Invariant elements of 2 (G) are exactly the central elements. Considering central
group-like elements we get two more groups, which we denote by H(l; (G;C*) and
HL(G;T).

These four groups have categorical interpretations. Namely, recall that we can iden-
tify Z' (G) with the algebra of endomorphisms of the forgetful functor Rep G — Hilb,.
Then H'(G;C*) is the group of monoidal automorphisms of the canonical fiber func-
tor Rep G — Hilb Iz while H! (é, T) is the group of unitary monoidal automorphisms
of this tensor functor. Similarly, the group H(l; (G;C*) (resp. H(l; (G;T)) is the group of
all (resp. all unitary) monoidal automorphisms of the identity tensor functor on Rep G.

Another way of looking at group-like elements is that they are nonzero homomor-
phisms C[G] — C. If u is group-like, then S(u) = u~', and therefore

w(a*) = S(u)*(a) = (u=1)*(a) forall a e C[G].

Hence u is unitary if and only if u: C[G] — C is a x-homomorphism. It follows that
we can also identify H'(G; T) with the characters of the C*-algebra C, (G).

In the next section we will find all group-like elements in many cases.
2-cocycles

A 2-cocycle on G is an invertible element & € % (G x G) such that

E)Ae) (&) =10&)oA)(&).
Invertible elements &,.% € Z (G x G) are cohomologous if there exists an invertible
element u € Z (G) such that
&=, =wueu).F A"

Then & = (uQuu)d.Z (v ' @u =t @u~1), which shows that if .7 is a cocycle, then

sois & . In particular, du = (u ® u)A(u)’1 is a 2-cocycle.

Example 3.1.3. — Any R-matrix for G is a dual 2-cocycle on G: the cocycle identity is
exactly the Yang-Baxter equation. O

For 2-cocycles the property of being cohomologous is an equivalence relation.
Denote by H2(G;C*) the set of equivalence classes of 2-cocycles. The product of
two 2-cocycles is not necessarily a cocycle, so H? (é, C*) is just a set. Restricting to
unitary and/or invariant elements we get three more sets H2(G;T), Hg (G;C*) and
Hg(é; T). Note that invariant 2-cocycles do form a group under multiplication, and
coboundaries of invertible central elements in %2 (G) form a central subgroup of this
group. It follows that Hé(é; C*) and Hg(é; T) are groups.
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Applying t®E®tto (£ 1(A®)(&E)=(1R&)(®A) (&) we get
(188 (E)8l=18 (E0(E&).
It follows that
(RE(E)=(EV(&) =(Ee)(&)].
Therefore any 2-cocycle is cohomologous to a counital cocycle. Counital dual 2-cocy-

cles are often called twists, or Drinfeld twists, but we will mean by a Drinfeld twist a
different object.

The set H?(G;C*) again allows for a categorical interpretation. Consider the for-
getful functor F: Rep(G) — Hilb;. Any invertible element & € Z(G x G) defines a

natural isomorphism
~1
Fo: FUY@F(V) S FUu V).
Then & is a cocycle if and only if (F, Fo) is a tensor functor, that is, the diagram

FU) e F(V) @ F(W) ——2L _ FU V) & F(W)

1! L L(Aw) &N
FU)QF(V QW) FUQV®@W)

(@d)E)

commutes. Furthermore, two 2-cocycles are cohomologous if and only if their corre-
sponding tensor functors Rep G — Hilb are naturally monoidally isomorphic.

Note now that any functor E: Rep G — Hilb; such that dim £(U) = dimU for all
U is naturally isomorphic to the forgetful functor. If E is in addition a tensor functor,
then the tensor structure on E defines a tensor structure on the forgetful functor F,
hence a 2-cocycle. Itis easy to check that the cohomology class of this cocycle does not
depend on the choice of an isomorphism E 2 F.

To summarize, the set H? (é, C*) can be identified with the set of natural monoidal
isomorphism classes of dimension-preserving fiber functors E: RepG — Hilb,. Sim-
ilarly, the set H2(G;T) can be identified with the set of natural unitary monoidal iso-
morphism classes of dimension-preserving unitary fiber functors. Recall in passing that
by Corollary 2.7.13, if G is a genuine group, then any unitary fiber functor on Rep G is
dimension-preserving.

Another important interpretation of H?(G;T), which we are not going to discuss
(but see Example 3.1.8), is that this is the set of isomorphism classes of full multiplicity

ergodic actions of G on von Neumann algebras [14, 57, 92].

Example 3.1.4. — Consider the quantum group SU,(2), ¢ € [—1,1] \ {0}. As follows
from Corollary 2.5.4 and Remark 2.5.5, the canonical fiber functor

Rep SU,(2) — Hilb;
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is the unique dimension-preserving unitary fiber functor up to a natural unitary
—_—

monoidal isomorphism. Therefore the set H2(SU,](2);']I‘) consists of one element.

The same results describe the dual second cohomology of free orthogonal quantum

groups with coefficients in T, and we see that typically this cohomology is nontrivial.
O

Itis natural to ask whether two cohomologous 2-cocycles that happen to be unitary,
are in fact cohomologous as unitary cocycles, that is, if the canonical map H?(G;T) —
H?(G;C*) is injective. The following simple lemma settles this question in the affirma-
tive.

Lemma 3.1.5. — Let &,.% € Z (G x G) be two unitary elements such that & = #, for
an invertible element w € Z (G) . Then also & = 7, where v is the unitary part in the polar

decomposition u = v|u| of u.

Proof. — It is sufficient to show that (ju| ® |u]).% = .F A(|u|), or equivalently, that
(wu ® u*u).7 =.7 A(u*u). Since

1=&*2 =AY W @u*) (u®u).F Au),

we see that this is indeed the case. O

-1
A 2-cocycle & is invariant if it defines a natural morphism U ® V é;—> UV in

the tensor category Rep G. In this case the identity functor Rep G — Rep G becomes
a tensor functor with tensor structure given by the action of & 1. It follows that the
group Hg (G;C*) (resp. H(% (G;T)) can be identified with the group of all (resp. all uni-
tary) monoidal autoequivalences of Rep G that are naturally isomorphic to the identity
functor, considered up to natural (unitary) monoidal isomorphisms. Note that a func-
tor Rep G — Rep G is naturally isomorphic to the identity functor if and only if it maps
every irreducible representation into an equivalent one. Therefore we can say that the
groups H, ? (G;4) classify those monoidal autoequivalences of Rep G that define the triv-
ial automorphism of the fusion ring of G.

Example 3.1.6. — Consider again the quantum group SU;(2), ¢ € [—1,1] \ {0}. As
was shown in the proof of Theorem 2.5.11(ii), any unitary monoidal autoequivalence
of SU,(2) is naturally unitarily monoidally isomorphic to the identity functor. In par-

ticular, the group H, f (Sﬁq@); T) is trivial. O

Uy (2)

One of the main goals of this chapter is to compute the groups H(Q; (G;C*) and
H (% (G;T) for the Drinfeld-Jimbo deformations of arbitrary simply connected semisim-
ple compact Lie groups. On the other hand, the computation of noninvariant second
dual cohomology seems to be out of reach even for classical compact groups. We refer
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the reader to [69] for an overview of what is known in that case, but in order to get a

taste of the problem let us briefly explain two known constructions of dual 2-cocycles.

Example 3.1.7. — Assume G is a compact quantum group and H is a closed quantum
subgroup, thatis, H is a compact quantum group and we have a surjective unital *-ho-
momorphism w: C(G) — C(H) respecting the comultiplications. Then = (C[G]) =
C[H], and by duality we get embeddings Z (H") — % (G"). Given a dual cocycle on H
and using these embeddings we therefore get a dual cocycle on G. Such cocycles are
said to be induced from H. In particular, if H = I for a discrete group I', then any

2-cocycle on I defines a dual 2-cocycle on G. O

Example 3.1.8. — Assume G is a finite group and ¢ is a C*-valued 2-cocycle on G. As-
sume ¢ is nondegenerate, that is, for every element g € G\ {¢} the character & —
(g, h)e(h,g)~" of the centralizer C(g) of g is nontrivial. Consider the twisted group
algebra A generated by elements u,, g € G, satisfying the relations ugu;, = ¢(g, h)ugp.
The group G acts on A by the inner automorphisms Ad u,, so we get a representation
of G on the vector space A. Using the nondegeneracy assumption it is easy to compute
the character of this representation and conclude that the representation is equivalent
to the regular one. Therefore we can identify the G-spaces A and C(G), with G act-
ing on C(G) by right translations. The algebra structure on A defines a new product -
on C(G). Let ¢(g,h) € C be such that

(a-b)(e) = 3 &g h)a(g)b(h) forall a,be C(G).
g.heG

Since the action of G respects the new product, we then get

(3.1.1) (a-0)(s) = > ¢(g h)a(gs)b(hs) forall seG.

g.heG
Define now an element & of Z (G x G) by

& = 3 i(gh)he @My,

g.heG
where ), are the standard generators of the group algebra 7 (G) of G. Identity (3.1.1)
can then be written as
(a-b)(0) = (a®b)(EA(w)) forall e Z (G).
It follows that the associativity of the product - means exactly that & satisfies the cocy-
cle identity
EDNARYE)=(1&)(0A)(&).

It can furthermore be shown that & is invertible, so it is a dual 2-cocycle on G.

The construction of & depends on the identification of A with C(G), but it is not
difficult to see that the cohomology class of & depends only on the cohomology class
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of ¢. Therefore we get a map from the subset H(G; C*)* c H?(G;C*) of classes rep-
resented by nondegenerate 2-cocycles on G into H2(G;C*). O

For finite groups any dual 2-cocycle is obtained by inducing a dual cocycle defined
in the previous example from a subgroup [31, 64, 92]. The situation for general com-
pact groups is much less clear.

3-cocycles
A 3-cocycle on G is an invertible element ® € % (G®) such that
(3.1.2) (18D (AR)(@)@®]1)=(10.0A) (@) (A®Le1) (D).

A 3-cocycle @' is cohomologous to @ if there exists an invertible element .# € Z (G?)
such that

P =Py =(10.F)A)(F)PAR)(F Y F1al).

The relation of being cohomologous is not even symmetric. It nevertheless becomes
an equivalence relation if we consider only invariant elements, that is, when ', D
and .% are invariant. Therefore we can define the cohomological sets H, 2(@, C*) and

H(G;T).

Lemma 3.1.9. — Any (unitary) invariant 3-cocycle on G is cohomologous to a counital (uni-
tary) invariant 3-cocycle.

Proof. — Let @ be a (unitary) invariant 3-cocycle. Consider the central (unitary) ele-
ments

u=(QREtxE)(P) and v=(ERER!L) (D)
in Z (G), and put .# = u ® v~'. We claim that ® 4 is counital. Let us check, for
example, that (E®1®1)(Ps) = 1, that is,

A™HE®ie) (@) (vel) =1.

By applying ¢ ® € ® L @ to (3.1.2) we see that this is indeed the case. O
Definition 3.1.10. — A counital unitary invariant 3-cocycle on G is called an associator
for G.

The name associator is explained by the fact that any such element ® defines new
associativity morphisms (U Q@ V) @ W 3, U® (V®W) on RepG. The cocycle con-
dition (3.1.2) corresponds exactly to the pentagon diagram. For G = [ this was al-
ready discussed in Example 2.1.2. Furthermore, two associators ® and @' are cohomol-
ogous if and only if the C*-tensor categories (Rep G, ®) and (Rep G, ®’) are unitarily
monoidally equivalent via an equivalence that is naturally isomorphic to the identity
functor. Therefore we can say that Hg (G;T) classifies possible associativity morphisms
on Rep G up to equivalence.
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The set Hg(é; C*) has a similar interpretation, but then we have to go outside
C*-tensor categories and allow for nonunitary associativity morphisms. Note also
that similarly to the proof of Lemma 3.1.5 it is easy to check that the canonical map
Hg(G; T) — Hg(G; C*) is injective.

Example 3.1.11. — Consider the g-deformation G;, ¢ > 0, of a simply connected
semisimple compact Lie group G. As we will discuss in detail in the next section, the
center Z(G) of G can be considered as a central subgroup of G, so every cocycle
on Z/(E) defines an invariant dual cocycle on G;. Explicitly, the dual group of Z(G) is
canonically isomorphic to P/Q, where P is the weight lattice and Q is the root lattice,
and an n-cocycle ¢ on P/Q considered as a cocycle on éq actson V3, ® --- ® V3, as
multiplication by ¢(A1,...,A,).

Assume G = SU(2) and n = 3. In this case P = %Z, 0=7,P/Q=7Z/27Z. We have
H3(Z/27Z;T) = 7./27, with the cohomology class corresponding to 1 represented by
the counital cocycle ¢ such that ¢(1,1,1) = —1. This cocycle defines new associativity
morphisms on Rep SU;(2). By Theorem 2.5.10, if the category Rep SU,(2) with new
associativity morphisms has conjugates, then it must be unitarily monoidally equivalent
to L 4. forsome d > 2 and T = £1.Ifa pair (R, —R) solves the conjugate equations
for V1,9 in Rep SU,(2), then (R, R) solves the conjugate equations for V9 in the new
nonstrict category. It follows that the new category is indeed a C*-tensor category with
conjugates, and d = ||R||? = [2], and t = —1. Therefore, assuming that g € (0, 1], the
category Rep SU,(2) with associativity morphisms defined by the cocycle ¢ is unitarily
monoidally equivalent to Rep SU_,(2). O

In the next chapter we will prove much more: any of the categories Rep SU;(2) can
be obtained by changing the associativity morphisms in Rep SU(2), and the same is
true for the g-deformation of any simply connected semisimple compact Lie group G.

We have therefore introduced cohomological sets/groups H! (C, 9, H? (é, ),
Hé(é; ), Hg(é; -) and H(%(CAJ, -), with coefficients in T or C*. They all have categorical
interpretations, and Hé (G;-) depend only on the C*-tensor category Rep G.

References. — [14], [19], [20], [27], [31], [38], [43], [42], [57], [64], [69], [92].

3.2. GROUP-LIKE ELEMENTS

In this section we will compute the groups H'! (é; -) and H(l;(é; -) in various cases.
We start with genuine compact groups.

Theorem 3.2.1. — For any compact group G we have canonical isomorphisms

HY(G;T) =G and H}.(G;T) = Z(G),
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where Z (G) is the center of G.

Proof. — Elements of G define evaluations maps on C[G] that are characters. We have
to show that this way we get all characters of C[G]. There are several ways of proving
this. One possibility is to use coamenability of G established in Proposition 2.7.12. It
implies that any character y of C[G] extends to C(G) = C,(G), hence y is the evalua-
tion at some element of G. Therefore H'(G;T) 2 G.

This result can also be formulated as follows. The algebra Z (G) contains the group
algebra of G, generated by the elements A, such that 7wy (A,) = U, for any unitary rep-
resentation U. Then the set of unitary group-like elements in Z/(G) is exactly {}z} gec-

Clearly, }, is central in Z/(G) if and only if g is central in G. Hence Hé(é; T) =
Z(G). O

For compact Lie groups we can also describe the set of all group-like elements. In
order to do this, recall that the analytic complexification G¢ of a compact Lie group
G is a complex analytic group containing G such that any Lie group homomorphism
G — H into a complex analytic group H extends uniquely to an analytic homomor-
phism G¢ — H, see e.g., [17, Chapter 27]. Any compact Lie group has an analytic
complexification, and it is unique up to an isomorphism. Furthermore, the Lie alge-
bra of G is the complexification of the Lie algebra of G, and G¢/(G¢)° = G/G°. Since
any finite dimensional representation of G extends to a representation of G¢ on the
same space, we have an embedding G¢ — Z (G). Its image consists of group-like ele-
ments.

Theorem 3.2.2. — For any compact Lie group G we have canonical isomorphisms

HY(G;C*) = G and H}(G;C*) = Z(Ge).

Proof. — Assume a is a group-like element in Z(G). Then a*a is group-like as well,
hence |a| is also group-like. It follows that if ¢ = u|a| is the polar decomposition, then
u is group-like. By the previous theorem we know that u € G. So we just have to show
that |a| € Gc. In other words, we may assume that a is positive.

For every z € C we have

A(d*) = A(a)* = (a®a)* = d* ® d*.

In particular, the unitary elements al, t ¢ R, are group-like, hence they lie in G C
% (G). It follows that there exists an element X of the Lie algebra of G such that a! =
exptX for t € R. Then ¢* = exp(—izX) € G¢ for all z € C, since both ¢* and
exp(—izX) are analytic functions in z that coincide for z € :R. In particular, ¢ =
exp(—iX) € Gc. O
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Consider now the g-deformation G, of a simply connected semisimple compact
Lie group G, ¢ > 0. The irreducible x-representations of C[G,] for ¢ # 1 have
been classified by Soibelman, see [53]. According to this classification the characters
of C[G,] correspond to points of our fixed maximal torus T C G. Explicitly, we embed
T into Z (G,) by

exp(it; (log q1) Hi + - - - + it (log ¢;) Hy) — Ki" .. K",
where Hj, ..., H, is the standard basis in ). Note that this embedding agrees with our
conventions in Example 2.6.4, where we introduced elements H; of Z(G,) such that
K; = qu.
Theorem 3.2.3. — Forevery ¢ > 0, q # 1, we have:

(i) H'(GiT) =T and H' (Gy; C*) = Tc; in other words, the group-like elements in % (Gy)
have the form Kil K with ..., 2 € C;

(if) HY, (G T) = HY, (G C*) = Z(G) = P/Q.

Proof. — (i) As we already explained, the equality H! (éq; T) =T is part of Soibelman’s
classification of irreducible representations of C[G,]. The equality H! (éq; C*) =T¢c
is then obtained by the same argument as in the proof of Theorem 3.2.2.

(ii) By considering ¢ as a subset of Z(G,), from the relations in U,g we get

exp(H)Ejexp(—H) = ¢ E; forany H € b.

It follows that an element exp(H) is central in Z/(G,) if and only if i) =

1 forall j.
Identifying T¢ with the group of quasi-characters of the weight lattice P (namely, the
image of A € P under exp(H) is (1)) we conclude that an element of T¢ lies in the
center of %(Gq) if and only if it vanishes on the root lattice Q. Since P/Q is finite, any

quasi-character of P/Q is a character. Therefore
1 /A _ gl (A .0 ~ P/
He, (GyT) = HGq(Gq,(C ) = P/0.

Finally, it is well-known that the center Z(G) of G is contained in T and it consists ex-
actly of those characters of P that vanish on Q. O

Part (ii) of the above theorem can, in fact, be easily proved without relying on the
classification of irreducible representations of C[G,]. Since the irreducible represen-
tations of G, are classified by dominant integral weights, the center of 2/ (G,) is canon-
ically isomorphic to the algebra of functions on P, . In particular, the centers of 2 (G,)
and Z (G) are canonically isomorphic.

Lemma 3.2.4. — There exists a x-isomorphism o : Z (G;) — % (G) that extends the canonical
identification of the centers and that is the identity map on the maximal torus T . Furthermore,
there exists a unitary F € Z (G x G) such that (¢ ® cp)Aq =.F Ao().9*.
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Proof. — For every A € P, fix a representation V/q of G, and a representation Vj of G
with highest weights A. Then to define ¢ is the same as to choose a x-isomorphism
®3: B(V)fl) — B(V4) that maps the projection onto a weight space V.Aq(p,) into the pro-
jection onto V; (1) forall A € Py and u € P. Since by Theorem 2.4.7 the dimensions
of V)fl and Vf(p) do not depend on ¢, such an isomorphism clearly exists. Next, by the
same theorem, the multiplicity of V,]q in qu ® V! does not depend on ¢ either. This
means that the multiplicity of the map A;];?\,v: B(VT?) — B(V;’) ® B(Vy!) obtained by
applying A, to an element of B(Vy]q) C Z (G,) and projecting the image onto B(V,q) ®
B(V,1), does not depend on g. It follows that the two maps
Al (e @ 9)AL orts B(Vy) — B(Vi) ® B(V,)

have the same multiplicities, hence they are inner conjugate. This implies the existence
of 7. O

The existence of (¢,.# ) implies that a central elementin 2 (G,) is group-like if and
only if it is group-like in 27 (G) . Indeed, if, for example, ¢ is group-like in Z'(G), then

(v@9)A () =FA(OF " =cwc,
so ¢ is group-like in 7 (G,) as well. Hence
Hy, (G C*) = H(G;C*) = Z(Ge) = Z(G).

Finally, note that a central element ¢ € Z(G,) is simply a collection of num-
bers ¢(1), A € P, such that ¢ acts on qu as multiplication by ¢(A). Then ¢ is group-like
if and only if ¢(A) = y (i) for a character y of P/Q. In this formulation it is particu-

larly obvious that 27 (G,) has no nontrivial positive central group-like elements, as we
claimed in the proof of Proposition 2.4.10.

References. — [17], [29], [53], [70].

3.3. KAZHDAN-LUSZTIG COMONOID

In this section we will introduce a construction that will play a crucial role in the
analysis of invariant dual 2-and 3-cocycles.

Let M be any objectin a C*-tensor category & with associativity morphisms o: (U®
VYW — U® (V® W). Assume that A and p are the identity morphisms, so that
1®U =U ®1 =U. Consider the functor F = Hom(}, -) from & into the category

of vector spaces. In general there is no obvious way to define a tensor structure on F.

Definition 3.3.1. — An object M in & is called a comonoid if it comes with two mor-
phisms 8: M — M ® M and ¢: M — 1 such that

a3 =(t®3)5, (e®LI=(01Re)d=1
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Given a comonoid M and letting F = Hom (M, -) we can define natural morphisms
Fo: FO)@F(V)—-FU®YV)

by f® g — (f ® g)3. If these morphisms happen to be isomorphisms and the spaces
F (M) are finite dimensional, then (F Fy) becomes a fiber functor, with Fy: C — F(1)
defined by 1 — €.

Example 3.3.2. — Let G be a finite quantum group, thatis, C(G) is finite dimensional.
Then the triple (Z (G), A, €) is a comonoid, called the regular comonoid. The corre-
sponding fiber functor F = Hom (% (G), -) is naturally monoidally isomorphic to the
canonical fiber functor, with the isomorphisms

Hom(Z (G),U) ~U, [+ f(1).
More generally, if & is a counital 2-cocycle on G, we can define a map
3: % (G) > Z(GxG), 3(a) =Aa)& L.

Again it is easy to see that (% (G), 9, ) is a comonoid in Rep G. It represents the for-
getful functor, but now with the tensor structure associated to the cocycle &, that is,

Fo=& U@V -UsV
O

We now focus on the C*-tensor category &;(g), ¢ > 0, of finite dimensional ad-
missible unitary U;g-modules introduced in Section 2.4. The aim of this section is to
construct, rather elaborately, a comonoid M representing the canonical fiber functor.

Our comonoid cannot live inside &7 (g), since &;(g) has infinitely many nonisomor-
phic simple objects, so we have to enlarge the category &;(g), namely, to the category
pro-&;(g) of pro-objects. This means that the objects of the new category are formal
cofiltered limits, or in other words projective systems {V;}; of finite dimensional admis-
sible unitary U,g-modules, and

Hom ({Vi}:, {W;};) = limlim Homy,q (Vi, W;).
i
It is convenient, although not fully correct, to think of a pro-object {V;}; as a topo-
logical U;g-module V = lim V;, with a base of neighborhoods of zero formed by the
kernels of the canonical m;rphisms V — V;; in particular, finite dimensional admissi-
ble U;g-modules are considered with discrete topology. If the morphisms V' — V; are
surjective, then for any finite dimensional admissible U;g-module W any continuous
U;g-module map V. — W factors through V; for some i, so the space of such maps is
the inductive limit of Hoqug (Vi, W), as required.
The category pro-&;(g) is monoidal, with the tensor product defined by

{Viti® {W;}; = {Vie W;},
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but it is not a C*-tensor category.

Returning to the construction of a representing object, the simplest possibility is to
take Z(G,) . But our module M will have the additional important property that the
left action of U, extends to an action of 7 (G, x G,;) under the embedding Aq: U, g —
Z (GyxGy). Away to think of M is as a completion of U, (g®1), with the action of U,g®
U,g defined using the Poincare-Birkhoff-Witt decomposition U, (&) = U,b_®U,b,,

where the action of U, (g & §)) on U,b. is defined by identifying the latter space with
Uy(a@h) 4

Ubs S0

The construction of M is based on the following representation-theoretic result, see

the induced module Ind

e.g., [60, Proposition 23.3.10]. Recall first that for a unitary U,g-module V' we denote

by V the conjugate module, with the action of U,q given by wf = fiq(w)*i. For the
highest weight vector &; € V5, the vector £, is a lowest weight vector of weight —A.

Proposition 3.3.3. — For any finite dimensional admissible Uy§-module V and ) € P, the map
Homy,q (Ve ® Vig, V) = V(L) [ f(Eu ® Eagy),

is an isomorphism for all sufficiently large weights p. € P, .
The modules VH ® Vy4y form a projective system in a natural way.

Lemma 3.3.4. — Forany h € P and u.,n € Py such that \ + u. € P, there exists a unique
morphism

!

rP«,)\+P«: Vu+n ® V}\ﬂHr’f] - VM & V)\ﬂL

such that Eu—H} ® ix.hu_,_n — ZH & £7\+H-
Proof. — The uniqueness is clear, since the vector £, ., ® iput 18 cyclic.

In order to show the existence, we introduce auxiliary maps. For u, v € P, the vec-
tor E_\u Q ET‘ is killed by the E;’s and has weight w4 7. Hence we can define a morphism

Ty Vugn — Vo ®Vy such that £y — &) ® &y,
Similarly define a morphism
T\u,»,]: VHM — VH ® Vn such that EFH-‘G — éu ® én.

In addition, since V, is conjugate to V,, there exists a unique up to a scalar factor
nonzero morphism
SM: ‘Zu@‘{u_’VO:C-

We normalize it so that Su(éu ®E&y) =1.
Y

Then the required map tr can be written as the composition

oA+
_ T;L,v,®Tn,k+;L _ _ L®S»,‘®L _
VH+TI (9 V7\-HL+7] _ VP- [ V»,] (9 V»,) ® V7\+H _ VP- [ V7\+ii' O
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Denote by M, the pro-object defined by the projective system {V, ® Vy4y}u. By
Proposition 3.3.3 it represents the functor &;(g) — Hilb;, V +— V(3), so we have
natural isomorphisms

Hom(M,,V) =2V ().
These can also be described as follows. By slightly abusing notation denote by the same
symbol M; the topological U,g-module liin VEL ®Viqy- Let Q; € M, be the limit vector

of weight 1 defined by the cyclic vectors £, ® Li4p- Then Q; is a topologically cyclic
vector for M, and the isomorphism Homy,q (M;,V) = V(1) is given by [ — f(£y).
We are now ready to define our pro-object representing the forgetful functor:

M {@%@VW} ,
X

reX

where the index set consists of pairs (X,u) such that X C P is finite and p. € Py is
such that A 4 € Py forall A € X. The maps P, .y VH ® Vigy — Diey Vq ® Viyy are
defined for Y C X and u. — ) € Py as the composition of the projection

@‘Za ® V)\HL - @VH ® V7\+H

reX rey
with the map P, .y Vo ® Vigy, — Dier Vy ® Vo4 defined by the maps triﬁm.
If we think of M as a topological U,g-module, then
M =[] M.
rep

Due to the weight decomposition of V, the pro-object M indeed represents the forget-
ful functor &;(g) — Hilb,. Let

Ny : Hom(M,V) -V

be the canonical isomorphism of these two functors. Again, if we view M as a topo-
logical U;g-module, then this isomorphism can be described as follows. The vector
Q = () € [, M), = M is topologically cyclic, and

0 (f) = f(Q) for f e Homy,gq(MV).

Our next goal is to define a comonoid structure on M. On the level of modules
the formula is straightforward to guess. First of all note that the pro-object M ® M
considered as a topological module is

H My, ® M7~2’
A.ho€P
where

My, @ My, = lim (V{Ll ® V7~1+H1> ® (VP& ® V7\2+}L2>'
U1.t2
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Lemma 3.3.5. — There exists a unique morphism 8: M — M ® M such that on the level of
modules we have 3(Q2) = Q@ Q = (Qy; @ Myy)ny 20+

Proof. — The uniqueness is clear, since () is a topologically cyclic vector. In order to
prove the existence note that since § should preserve the weight decompositions, we
must have

(M) = (g ® Dy )ag4r9=h-
Therefore we have to show that for all A1, A9 € P there exists a morphism
3;\1’;\2: ]\4;\14_)\2 — M7\1 ® M)\2 such that 3;\1’;\2 (QM+7\2) = QM ® Q7‘2’
In order to define 3y, ), it suffices to show that there exist morphisms
Mg de® Votn @ Vigtigtptn = Vo @ Vi1 @ Vi @ Vi gy

that map ip.-&-v) ® g)\1+7\2+‘u+n into i\u ® E)\]-H,L & E‘I] ® E}\2+7]- Since Ep.—i—n ® i}\1+)\2+u+n is
a cyclic vector, the morphism m is unique, if it exists. In order to show the existence,
recall first that the braiding ¢ = X.%, in &;(q) is given by

G: va ® Vv] — Vy] ® V\u, éu ® EY] = q7<‘u’*")£n ® ép,
and then write m as the composition

— Ty,ﬁ®73.1+g,7\2+71 — —
VH-H] & V7\1+)\2-HL+T‘ — V;L ® V“r] ® VM—HL ® V)\g-‘r“f}

(A ) ¢ _ _
q (1®o®L)
—— @V @V ® iy

O

We also introduce a morphism ¢: M — C by ¢(2) = 1. In other words, ¢ is deter-
mined by the morphisms
tryy =S Vu ®V, — C.
It is straightforward to check that (M, 3,¢) is a comonoid. Since ny (f) = f(Q), by
definition of § we also immediately get nygv ((f ® 2)8) = nw(f) ® nv(g). Thus we
obtain the following result.

Theorem 3.3.6. — The triple (M, 3, ) is a comonoid in pro-&;(g) representing the canonical
Siber functor &,(g) — Hilb.

Just as the regular comonoid Z (G) is a Z' (G)-bimodule, M carries a right action
of U,g. In other words, the algebra (U,g)°P with the opposite multiplicati~on acts by
endomorphisms on the pro-object M. For an element X € U,q denote by X the same

element considered as an element of (U,q)°P.

Theorem 3.3.7. — There exists a unique representation (U,§)°P — End (M) such that on the
level of modules we have XQ = XQ forall X € U,g.
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Proof. — The uniqueness is again clear. For the proof of the existence we will assume
that ¢ # 1, the case ¢ = 1 requires only minor, mostly notational, changes.

Since K; should preserve the weight components of M, we must have K;Q; =
q;.A(i)Q-A = K;Q;. Thus we let f(,- act on M; by the scalar q;\(i). For the same reason we
must have

FiQ)\ = Fi‘Q'7\+<xi and EiQ)\ = EiQ;\,ai.
To prove the theorem it suffices to show that such morphisms M, — M;,, and
M, — M,_,, indeed exist, since then we get X,...X1Q = X;...X,Q for all
X,...,X, € {Fi,Ei,Ki,Ki_l}, which by the topological cyclicity of  shows that
any relation in (U,q)°P is satisfied by the endomorphisms F, E;, K;, Ii'i_l of M.
In order to define F;: M; — M;,,, it suffices to show that for sufficiently large

and v there exist morphisms

; o \ i
Wispitarn’ Vorn @ Vi = Vo ® Vi

such that
£p+~q & E)\ﬂuﬂ] g Aq (Fz) (iu ® E)l+ai+p) = gy ® Fii)\+mi+u'
For this, in turn, consider y, 7 € P, such that p.(i), 1(¢) > 1. Then the space (V, ®
Vy) (i + 7 — ;) is 2-dimensional, spanned by Fi£, ® £, and £, ® F;&,. As one can easily
check, this space has a unique up to a scalar factor vector killed by E;, namely,

[0y ® g — g (1001 P2y @
In other words, the isotypic component of V,, ® V;; with highest weight p. + 7 —«; is the
image of the morphism
Tignt Yoz = Vu ® Vy
such that
Sutr—a; > [0(0) ] En ® Fily — Q?(i) [7(0) 14 Fiky ® &y

K

The morphism \I,z;[,t,k+oc,j+p.

can now be written as the composition

1 _
[Tl(l)]qi TH.Y,® Cisn Ao

_ _ RSO -
Ve ®@ Vi @V @ Vipoyp — Vi @ Vigape

Vu+n )
Similarly, consider the morphisms
T Varn—o = Vu @ Vy
such that
Eutn—o; = [1(D) ] EiEy ® B — ‘]Z‘(i) [1(D) 40 ® Eify,
Then E;: M) — M, _,, is defined using the morphisms

0 -V 4 |/ 4
Pt Viotn ® Viurn = Vot ® Vi
such that

Eutn ® Enpurn = Dg(Ei) Gty ® Bgn) = Eifpra; ® Eipy,
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which are well-defined as they can be written as the compositions

— [n(i)](;il;"i;il-+o(i,v‘,®7"q,}\+“ _ _ L®S»,]®'. _
VyA—v; ® V7\+5L+‘q VLL+0(,j ® V*q ® V»,] ® V)\+p — Vuto & V’A—}-\u- O

h

The action of (U,g)°P allows us to consider the functor Hom (M, -) as a functor
from & (g) into the category of finite dimensional admissible U,g-modules: the action
of U,g on Hom(M, V) is defined by X f = fX. Furthermore, it is immediate that

3X = A/(X)d and X = ¢,(X)e
forall X € U,g. Hence Hom (M, -) is a tensor functor. This functor is monoidally iso-

morphic, via the natural isomorphisms vy, to the identity functor on &(g).

References. — [33], [49], [60], [70].

3.4. COMPUTATION OF INVARIANT SECOND COHOMOLOGY

Let G4, ¢ > 0, be the g-deformation of a simply connected semisimple compact Lie
group G. As follows from the discussion in Section 3.2, the center Z(G) of G can be
considered as a subgroup of the quantum group G,. Therefore, as was already used in
Example 3.1.11, any T-valued dual 2-cocycle on Z(G) can be induced to a dual 2-co-
cycle on G,. More explicitly, a dual 2-cocycle on Z (G) is a 2-cocycle ¢ on Z/(-(T) = P/0.
Then the induced dual cocycle & on G4 acts on V, ® V,, as multiplication by ¢(u, 7).
This cocycle is obviously invariant. It turns out that this way we get all invariant cocycles

up to coboundaries.
Theorem 3.4.1. — The homomorphism ¢ — &, induces an isomorphism
H?(P/Q;T) = ng (GyT) = Hz,q (G4 C*).

Before we turn to the proof, let us see what the result means for simple groups.
Corollary 3.4.2. — If g is simple and § £ 304, (C) forn > 1, then the groups ng(éq; T)
and ng (Gg; ©*) are trivial, and if § = 304, (C), then ng (G T) = ng (G C*) 2 Z/27.
Proof. — For simple Lie algebras the group F/Q is cyclic unless ¢ 2 $04, (C), in which
case P/Q = 7/27 x 7/2Z, see e.g., Table IV on page 516 in [39]. O

Turning to the proof of the theorem, note that it suffices to show that the map
¢ — & induces an isomorphism H?(P/Q;C*) = Hé (éq;C*). Indeed, since P/Q is

q
finite, the map H?(P/Q;T) — H?(P/Q;C*) is an isomorphism, so we conclude that
any C*-valued invariant dual 2-cocycle on G, is represented by a unitary cocycle. At the
same time the map ng (éq; T) — H(Q;q (éq; C*) is injective by Lemma 3.1.5. Therefore
we get ng (G T) = ng (G C*) = H2(P/Q;T).
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Our first goal will be to construct a homomorphism
ng (G C*) — H*(P/Q;CY)

that is a left inverse of the map [¢] — [&/].

Assume & is an invariant dual 2-cocycle on G,. Then it acts by multiplication by a
nonzero scalar on every isotypic component of V, ®V; of multiplicity one. In particular,
consider the isotypic component corresponding to the weight w + 7. It is the image of
the map Ty 4: Vigqy — Vu®Vy, Euyyy — £.®Ey, introduced in the proof of Lemma 3.3.4.
Hence there exists (i, n) € C* such that

ETuq = (s ) T
Lemma 3.4.3. — The map Py x Py — C*, (u,m) — (1, ), is a 2-cocycle on Py, that is,

e(, e +7,v) =e(m,v)e(p,n+v).

Furthermore, the cohomology class [€] of € in H*(Py;C*) depends only on the class of &
in ng (G C*).

Proof. — The assertion that ¢ is a cocycle follows from the identity

(Tu,v; 2y L)Tu+7],v =(® Tv‘,v)Tp,Tﬁv

by applying the operator (& ® 1) (A; ®1) (&) to the left hand side and the same oper-
ator (1@&)(® Aq) (&) to the right hand side.

Note that if a € Z/(G,) is a central element acting on V, as multiplication by a
scalar a(u), then the action of (¢ ® a)Aq(a)’l on the image of T, , is given by mul-
tiplication by a(w)a(n)a(w 4+ 1) ~!. This shows that the cohomology class of ¢ depends
only on that of &. O

We claim that ¢ is cohomologous to a cocycle defined on P/Q. We need some prepa-
ration to prove this.

Fix 1 < < r. For weights u,n € P, with w(¢),n(:) > 1 the isotypic component
of V, ® V;; corresponding to the weight p. 4 7 — «; is nonzero. It is the image of the
morphism

Tispnt Vitn-n = Va ® Vg
such that
B = [000) 14 ® Fity — U [0(0) 1 Pk ® &y

which we introduced in the proof of Theorem 3.3.7. Hence there exists ¢; (1, 7) € C*
such that

gTi;Hﬂ] =& (W, ) Tigu, -
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Lemma 3.4.4. — For any p.,m,v € Py with pu(i), (i), v(i) > 1 we have

gi(p+m,v)e(w,m) =&i(p, n)e( + 1 — o, v)
=c&i(Wn+v)e(nv) =ci(nv)e(w, n+v — ).

Proof. — Consider the module Veo@Vy®Vy. We have

V“®Vn®vv = (‘{u+n@‘<u+n—ai@~--) ®Vv
& (Viggty ® Vg0 @) ® Voggv-ey @) D .. ..
We see that the isotypic component corresponding to .47+ v—a; has multiplicity two,
and it is spanned by the images of (T, 4 ® 1) Tiu4qy and (Tiyq ® 1) T4 q—y;,y- Similarly,
if we first consider the decomposition of V; ® V,, we conclude that the same isotypic
component is spanned by the images of (1®T%,y) Tiju, v and (L ® Tigy) Ty, tv—a,; - These
four maps are related by the identities

(3.41) [ ] (Ton ® V) Tigprny — [V(O) g (Tign @ V) Tun—asv
=[k@) +10)](® Ti;n,\')ruv,nﬂ—aw

(3.4.2)  [() ] (0 @ Tiy) Tiggy — [1(D) ] (0 @ Tizyn) Ty —ay
= [1(0) + (@) g (Tizwn @ ) Tytg—o,v
as can be checked by applying both sides to the highest weight vector £ 41y,

The morphisms (T4 ® 1) Tiptqys (Tipg @ VIlptg—wys ¢ ® Tyy) Ty and (¢ ®
Tizny) Ty, q4v—a; are eigenvectors of the operator of multiplication by

E B, 0)(E)=10&) A7) &)

on the left, with eigenvalues (&, 0)g; (L + 7, V), & (W, N)e( + 10— x;, V), (N, V)& (1, N+
v) and ¢;(n,v)e(®, 1+ v — ;), respectively. At the same time these eigenvectors have
the property that any two of them are linearly independent and any three of them are
linearly dependent. This is possible only when all four eigenvalues coincide. O

We will also need to know that any symmetric cocycle on P, is a coboundary. This
can be easily deduced from the corresponding well-known statement for abelian
groups, but for future reference we will establish a more precise result.

Lemma 3.4.5. — Let (1, 1) — c(u,n) be a symmetric C* -valued 2-cocycle on Py. Then for
any nonzero complex numbers by, . .., b, there exists a unique map Py > u — b(p) € C* such
that

c(ia) = b +n)b(w)~'b(n) 7, ble) =b fori=1,....n

where vy, ..., w, are the fundamental weights.
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Proof. — It is clear that the map b is unique, if it exists. To show the existence, for a
weight w € Py, u = kjoy +-- -+ ko, put || = k1 + - - - + k,. Define b(p) by induction
on |u| as follows. If & — w; is dominant for some ¢, then put

b(p) = e(pr — i, 0)b(p — 0i)b(w;).

We have to check that b(u) is well-defined. In other words, if y. = v + w; + o;, then we
must show that

c(v 4 0j,0)b(v 4+ wj)b(w;) = c(v+ 0, 0;)b(v+ 0;)b(v;).
Using the cocycle identities ¢(v + o, 0;)c(v, ;) = ¢(v, wj + w;)c(0j, »;) and
c(v 4 @, 0j)c(v, 0;) = (v, 0; + wj)c(w;, 0;),
as well as that ¢(v;, w;) = ¢(wj, w;) by assumption, we equivalently have to check that
(%, 0)b(v + 0;)b(w;) = (v, 0;)b(v + ©;)b(w;).

Since ¢(v, ;) = b(v + ©;)b(v)1b(w;) 7! and ¢(v, ;) = b(v + wj)b(v) "b(w;) ! by the
inductive assumption, this identity indeed holds.

Therefore we have constructed a map b such that 6(0) = ¢(0,0), b(w;) = b; and
o, ) = by + 0)b(p) " b(w;)"! fori = 1,...,r and p. € P,. By induction on |
one can easily check that the identity ¢(,7) = b(u 4+ 7)b(w)~'b(n) " holds for all
ton € Py O

Given a cocycle on P/Q, we can consider it as a cocycle on P and then get a cocycle
on P, by restriction. Thus we have a homomorphism H?(P/Q;C*) — H?(P,;C*). It
is injective, since the quotient map Py — P/Q is surjective and a cocycle on P/Q is a
coboundary if it is symmetric.

Lemma 3.4.6. — For every invariant 2-cocycle & on éq the cohomology class of € in
H?(P,;C*) is contained in the image of H?(P/Q; C*).

Proof. — Put b(w,n) = (i, m)e(n, )~ !. The same computation as in the group case
shows that b is a skew-symmetric bi-quasi-character, so it is a C*-valued function such
that

b(p 40, v) = 0, v)0(0,v), b +v) = b, )b (s, v), b(w,p) = 1.
It extends uniquely to a skew-symmetric bi-quasi-character on P. To prove the lemma
it suffices to show that the root lattice Q is contained in the kernel of this extension.
Indeed, since H?(P/Q; C*) is isomorphic to the group of skew-symmetric bi-characters

on P/Q, it then follows that there exists a cocycle ¢ on P/Q such that the cocycle ec~!

1

on P, is symmetric. Then by Lemma 3.4.5 the cocycle ec™" is a coboundary, so € and

the restriction of ¢ to P, are cohomologous.
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By Lemma 3.4.4, for any 1 < i < r we have

si(me(p +10— o, v) = &i(1,v)e(, 0+ v — o).
Applying this to = v = 1 we get
b(2u — oy, 1) = 1.

Since b is skew-symmetric, this gives b(«;, 1) = 1. This identity holds for all u. € P, with
u(z) = 1. Since every elementin P can be written as a difference of two such elements
u, it follows that «; is contained in the kernel of . O

Hence the map & +— ¢ induces a homomorphism ng(éq;c*) — H?(P/Q;C¥).
Clearly, it is a left inverse of the homomorphism HQ(P/Q; C* — H(% (éq; C"),

7q

[¢c] — [&], constructed earlier. Thus it remains to prove that the homomorphism
ng(éq;c*) — H?(P/Q; C*) is injective.

Assume that & is an invariant 2-cocycle such that the cocycle € on P, is a cobound-
ary. We have to show that & is the coboundary of a central element in Z'(G,).

By assumption there exist ¢(u) € C* such that

e n) = c(u+mn)ew) " e(n) ™.

The numbers ¢(u), o € P4, define an invertible element ¢ in the center of Z/(G).
Then replacing & by (¢! @ ¢! )é”Aq (¢) we get a new invariant 2-cocycle that is coho-
mologous to & and is such that the corresponding 2-cocycle on Py is trivial. In other
words, without loss of generality we may assume that

(3.4.3) e(w,m) =1 forall p,m e Py.

Note that this in particular implies that & is counital, since (¢, ® 1) (&) acts on V, as
multiplication by (0, ).
As before, let ¢; (i, ) be such that &1y, = €; (4, 1) Tizug-

Lemma 3.4.7. — Assume the cocycle & satisfies condition (3.4.3). Then, for every 1 < i <r,
the numbers ¢; (i, 1)) do not depend on p., v € Py such that (i), (i) > 1.

Proof. — By Lemma 3.4.4, we have

si(m) = &i(n,v)
forall u,w,v € Py with u.(¢),n(¢),v(¢) > 1. For arbitrary y, v, &, 7, applying this identity
twice, we get g; (1, ) = & (1, &) = & (@, 7). O

Define a homomorphism 7 : Q — C* by letting  (%;) = €;(, 1) ! for i, 7 € Py with
w(@),n() > 1,1 <i <r. Extend y to a homomorphism P — C*. The restriction of y
to P, defines a central element ¢ of Z(G,) such that

(c® C)Aq(c)_lfi;uﬂ] =Wy +n— “i)_lTi;u,n = X(O‘i)Ti;u,n =&, n)_lfi;uﬂ]'
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Thus replacing & by the cohomologous cocycle (¢ ® ¢)& Aq (¢)~! we get an invariant
2-cocycle, which we again denote by &, such that

(3.4.4) gi(w,m) =1 forall 1 <i<r and p,m € Py with u(@),n() > 1.

Note that condition (3.4.3) for this new cocycle is still satisfied, since y is a homomor-
phism on Py .

Therefore to prove the injectivity of Héq (éq; C*) — H?(P/Q;C*) it suffices to estab-
lish the following result.

Proposition 3.4.8. — If& is an invariant 2-cocycle on Gq with properties (3.4.3) and (3.4.4),
then & = 1.

For G = SU(2) the weight lattice P is identified with %Z and the root lattice with
Z.For s € %N, we have V1,9 ® Vs 22 Vi1 1,9 ® Vi_1,9. Therefore conditions (3.4.3) and
(3.4.4) imply that & acts trivially on Vj 0 ® V;.

Now for s,t > 1/2 consider the morphism 779, @ t: Viy10@V, = Vi@V, @V,
and compute:

(T1)25 @) = (8 ®1)(Z) (T1/2,5 ®1)
=(1®&)A)E)E T @1) (T2, ®1)
=(1®&) (T o ®1),

since & acts trivially on V} /o ®V forany V. It follows thatif & acts trivially on V;®V;, it
acts trivially on Vi, 1 /o®V,. Therefore an induction argument shows that & acts trivially
onV;®V, forall sand ¢,s0 & = 1.

For general G one can similarly show that it suffices to check that & acts trivially
on V,, ® V,, but it is not clear whether it is possible to check this property directly
using conditions (3.4.3) and (3.4.4). We will prove the proposition by showing first that
& defines an automorphism of the Kazhdan-Lusztig comonoid M introduced in the
previous section.

Letus start by making a few remarks. For A € P let ) = —wph, where w is the longest
element of the Weyl group. It is known that if u € P, then —. is the lowest weight
of V,, so {1 is the highest weight of VH. For 1 < i < r let i be such that o; = a; and
w; = @;. Recall that in Section 3.3 we introduced morphisms 7, , and %, ,,. The first
is an isomorphism of V., onto the isotypic component of V, ® V, with lowest weight
—u — 7, that is, with highest weight . + 7. The second is an isomorphism of VHH—%‘
onto the isotypic component with lowest weight —u. — 71+ «;, hence with highest weight
&+ 7 —@;. Therefore if we fix isomorphisms V, = Vs, then TW] and Tin coincide with
Ts,7 and Tig Up to scalar factors. Hence properties (3.4.3) and (3.4.4) also imply that

gTu,*q = TH’Y) and g%i#ﬂ] = Ti-

h
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Recall also that in Section 3.3 we introduced a morphism SH: VH ® VP- —Vy=C
such that S, (£, ® £,) = 1. Since & is invertible, the morphism §,&: V, @ V,, — C is
nonzero, hence it is a nonzero multiple of S, so §,& = y(u)S, for some y(u) € C*.
Explicitly, 1 (1) = $,& (5, ® £,.).

Finally, recall that in Lemma 3.3.4 we defined morphisms

s = (@801 (T ® Tyi) : Vier © Vi — Vi @ Vi

Lemma 3.4.9. — For all p, 1 € Py and ) € P such that h + p. € Py we havew), | & =
L& trH et
Proof. — Applying 1 ® 1 ® A, to the cocycle identity
E @B, e0(E)=188)04)E&),
we get
Eolel)d,0h)E) =1 (24)E) i) &),
where A%®) = (1@ A,)A,. Replacing (1@ 4,)(£) by 10£ 1) (& ®1)(3,®:)(£) on
the right hand side, we then get
E0&) A, 0h)E) =101 B,e)E)0A?) &),
which can also be written as
B,28)(&) =(1e& (e B o)@E) el E)E o8,

since & commutes with the image of Aq by the invariance assumption.
We then compute:
), & =0®8®) Ty ®Tin)E
= (1 ®8,®1) (8 ®8)(&) (Tuy ® Tyjyy)
—tes e & o)1 481 ()

t® A )(g) (g RE™ )(Tu,n 02 Tn,‘AﬂL)'

ot

By condition (3.4.3) the last expression equals

(©8,00(188 )18 Ao E))0eA7) (&) (T, ® Ty
Since $,& = (1) Sy, Snﬁq(w) = &y(w)S, and (¢, ®1)(&) =1 by (3.4.3), this expres-

sion equals

1) (- ® 8 1) (@ A7) () (T ® i),
and using again Sy]Aq(m) =¢&4(w)Sy and (§; ® L)A = L we obtain

X(Y]) (L®S ®L)(T“y ®TT A+{.L) = X(Y])g trp. M U
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In particular, using that S, = tr%’jgn = trg’O tra,\u we get

L+ ) Suig = Sy = Sptrg ) & = 1(0)Su& try,
= 1M 7(w)Su try = % () % () Sytr-

Thus the map y: P — C* isa homomorphism, hence it extends to a homomorphism
P — C*, which we continue to denote by y. This together with the above lemma im-
plies that the morphisms

X(u)_léﬁz I_/\u Q@ Vigp — VH ® Vigu
are consistent with tr, hence define an automorphism & of the pro-object M.
Recall that according to Theorem 3.3.7 we have an action of (U,g)°P on M.

Lemma 3.4.10. — The automorphism &y commutes with the action of (U,q)°P on M .

Proof. — We will assume that g # 1, the case ¢ = 1 requires only minor changes. Let
us show first that for all 1 < i < r we have
E& = 1 ()& i, F& = &F; and K& = &K,
The morphism Ei is defined using the morphisms (I)ZH+%_))\+M given by the compo-
sition

[n() ]{711 Tigta; @ty -

_ _ RS, QL -
Vg-H] ® V)\+p.+v‘ Vg-i—o.i ® V"q & V’I] ® V7\+y. —'l) Vp.-ﬁ-a.i ® V)\—Q—‘u-

The same proof as that of Lemma 3.4.9 shows that

o & = X(n)gq)

iAo A o, A
The only difference is that TW] in that lemma gets replaced by 7jy, 4,4 and then in-
stead of condition (3.4.3) one uses condition (3.4.4). Dividing both sides of the above
identity by y (1. + 1), we get ;& = y ()& E;.

Similarly, F; is defined using the morphisms \Fgu,k gt given by the composition

[TA(i)]qj’lT’rL.Y,®"i;n,7\+mi+\lL _ ®Sn®v _
Vu & Vw‘ ® Vv] (24 V/\+o< +p VH 02y V7\+ocz~+\u-

Vit ® Vaputy
It follows that

™
\Piiu,)\—‘rai—&-\ug - X(n>g\lfz s Ao+
and dividing both sides by y (u + 1) we get F;& = &F;.

The commutation with f{ is obvious.

Since E;F; — F;E; coincides with K; — l._ up to a scalar factor, we conclude that
(1) = &K — K1) = 0.
Since & is invertible, this is possible only when y («;) = 1. Hence y is trivial on Q and
&p commutes with the action of (U,g)°P. O

COURS SPECIALISES 20



3.4. COMPUTATION OF INVARIANT SECOND COHOMOLOGY 121

Proof of Proposition 3.4.8. — Consider the functor F = Hom(M, -) from & (g) into the
category of finite dimensional admissible U;g-modules. The automorphism &, of M
defines an automorphism of F that maps f: M — V into f&. As we showed in Sec-
tion 3.3, the functor F is isomorphic to the identity functor on &(g). Hence & de-
fines an automorphism of the latter functor. Since the algebra of endomorphisms of
the identity functor can be identified with the center of Z/(G,), the automorphism &
therefore defines an invertible central element ¢ € Z'(G,) . By construction of M and
the isomorphisms 7y : F(V) — V, this means that for any morphism f: I_/‘u®V;\+M —V
we have

1) T (E Eu @) = cf Cu ® Gigu).-

Since this is true for any f and V, and the vector é\u, ® &34y 1s cyclic, we get
g = X(V“)Aq(c) on VH ® V}""”'

In other words, if we introduce a central element b that acts as multiplication by y (u)
on VH = V;, then

& =0be1)A(c).
Since & is counital, applying &, ® t and ¢ ® &, to this identity we obtain
gg(b)yc =1 = be.

Hence b and ¢ are scalar and & = 1. This finishes the proof of Proposition 3.4.8 and
thus also of Theorem 3.4.1. O

We now formulate an important corollary to Theorem 3.4.1. Recall that the category
&,(q) is braided, with braiding ¢ = £.%,.

Definition 3.4.11. — We say that an invariant dual 2-cocycle & on G, is symmetric, if
& commutes with ¢, thatis, #Z,& = £91.%,.

Corollary 3.4.12. — If & isa symmetric invariant dual 2-cocycle on Gq, then & = (¢ ®
C)Aq (e)~Y for an invertible central element ¢ € % (Gy) . Furthermore, if & is unitary, then

¢ can also be chosen to be unitary.

Proof. — Since ¢ maps the isotypic component of V, ® V; corresponding to the weight
¢+ 7 onto the isotypic component of V; ® V, with the same weight, the identity &¢ =
6& implies that e(7, u) = (u, ). Therefore the cocycle € on P, is symmetric. Hence
it is a coboundary by Lemma 3.4.5, so the image of & in H?(P/Q;C*) is trivial. O

Finally, we remark that for ¢ = 1 the above methods can be easily extended to all
connected compact Lie groups. Using that any compact group is a projective limit of
Lie groups, one then can prove the following.
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Theorem 3.4.13. — For any compact connected group G we have a canonical isomorphism
H3(G;T) = H*(Z(G);T).
If G is in addition separable, then we also have a canonical isomorphism

H2(G;C*) = H2(Z(G); C¥).

References. — [38], [70], [71].
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CHAPTER 4

DRINFELD TWISTS

In this chapter we give a precise relation between the tensor categories of repre-
sentations of a simply connected semisimple compact Lie group G and its g-deforma-
tion G, . It turns out that these categories become equivalent once we replace the triv-
ial associativity morphisms in Rep G by certain morphisms defined by monodromy of
a remarkable system of differential equations. We then discuss operator algebraic im-
plications of this result, as well as its most famous consequence, the Drinfeld-Kohno
theorem.

4.1. DRINFELD CATEGORY

Throughout the whole chapter we denote by G a simply connected semisimple
compact Lie group. As in Section 2.4, fix a nondegenerate symmetric ad-invariant
form (-,-) on g such thatits restriction to the real Lie algebra of G is negative definite.
Lett=2,x%® x' € g ® q be the element defined by this form, so {x;}; is a basis in g
and {x’}l is the dual basis. Explicitly, we can write

t=3B)iHi@Hi+ % d(F, ®E + E, ® L),
if a€Ay
where B is the matrix ((«;/, cx’.v) )ij = (dj_lal-j)i,j. By the ad-invariance of our fixed form,

the element ¢ is invariant, that is, it commutes with all elements of the form A(w) , €
Ug. Note also that since A(X) =X ® 14+ 1® X for X € g, we have

(4.1.1) A@u) () =ns+13, (@A) (1) =n2+4s.

Fix a number 7 € C. Let V1, ..., V, be finite dimensional g-modules. Denote by Y,
the set of points (z1,...,2;) € C" such that z; # z; for i # j. The system of Knizhnik-
Zamolodchikov equations in 7 variables is the system of differential equations

0 b
—v:ii e v, 1=1,...,n,
0z iZiE T
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where v: Y, - V1 ® --- ® V,. We denote it by KZ,.

This system is consistent in the sense that the differential operators
0 B tl']'
3Z1' i Z — Z]'

commute with each other, or in other words, they define a flat holomorphic connec-
tion on the trivial vector bundle over Y, with fiber V] ® - - - ® V,,. This is not difficult to
check using that ¢ is symmetric and that [;; + ¢, t;] = 0, which follows from (4.1.1)
and the invariance of ¢.

0 ¢ Y, and

v9 € V1 ® --- ® V, there exists a unique holomorphic solution v with v(z%) = .

The consistency of the KZ, equations implies that locally for each z

If v: [0,1] — Y, is a path starting at y(0) = z°, then this solution can be analyti-
cally continued along y. The map vy +— wv(y(l)) defines a linear isomorphism M,
of V] ® --- ® V,, onto itself. The monodromy operator M, depends only on the ho-
motopy class of y. In particular, for each base point z° € Y, we get a representation
of the fundamental group 71 (¥;;2°) on V; ® - - - ® V,, by monodromy operators. This
fundamental group is isomorphic to the pure braid group PB,, which is the kernel
of the canonical homomorphism from the braid group B, into the symmetric group

Sy. Recall that B, is generated by elements gj,..., g,—1 satisfying the braid relations
2igi+18i = 8i+18igi+1 and gig; = g;g; if | — j| > 1. The subgroup PB, is generated
by the elements gi...g]',lg]?gjlll ...gl-_l, 1<i<j<n-1.1fV; =... =7V, then

the representation of PB, by monodromy operators extends to the whole braid group.
Namely, the action of §, on ¥, and V1 ® - - - ®V,, allows us to define a bundle over Y, /S,
with fiber V] ® - - - ® Vy, so we get a representation of =1 (Y, /S,) 2 B, on V1 ®---®V,
by monodromy operators.

More explicitly, choose a point 20 = (x?, .. .,xg) with real coordinates such that
x? < x?+1. Consider a path ¢; of the form
RN

[ ] e [ ] [} . [ ]

X0 Xi\—/xzurl Xp
from 2° to the point obtained by flipping the coordinates x? and x?Jrl . Then, assuming
that V3 = ... =V,, we get a representation of B, on V1 ® --- ® V,, defined by

gi — 2 i1 Ms,,

where X;;,1 is the flipon V; ® V1.
For n = 2 this representation is simply g — Ze¢™". Consider the first nontrivial
case, n = 3.
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We look for solutions of KZ3 of the form

9 —Z
v(21,29,28) = (23 — 21)" (12T 3Dy (—2 1> :
23 — 21

t 1
w':ﬁ(£+ 23)10.
Z z—1

More generally, assume A and B are operators on a finite dimensional space V and

Then w must satisfy

consider solutions of the equation

(4.1.2) w'(z) = (é + %) w(z).

We need the following standard result on differential equations with singularities,
see e.g., [68, Proposition 3.3].

Proposition 4.1.1. — Let Ay, ..., Ay: D" — B(V), where D is the open unit disc in C, be
analytic functions such that the operators z; % —A;(2) pairwise commute. Assume that for every i

the operator A; (0) has no eigenvalues that differ by a nonzero integer. Then the system of equations

oG
xi— = A (x)G(x), 1< i< m,
0x;
. . m _Al (0) _A"I(O)
has a unique solution G(x) € B(V') on (0,1)" such that G(x)x, ce Xy, extends to

an analytic function on D™ with value 1 at x = 0.

Note that by assumption the operators A;(0) pairwise commute. Observe also that
since G(0) = 1 is invertible, the operator G(z) is invertible for every z € D™.

Apply the above proposition to Equation (4.1.2). Assume that neither A nor B has
eigenvalues that differ by a nonzero integer. Then there is a unique B(V')-valued solu-
tion Go(x) of (4.1.2) on the interval (0,1) such that Go(x)x~* extends to a holomor-
phic function on D with value 1 at 0. Using the change of variables z — 1 — z we
similarly conclude that there is a unique B(V)-valued solution G of (4.1.2) on (0,1)
such that G (1 — x)x~? extends to a holomorphic function on I with value 1 at 0.

Y e (0,1). Ifwy € V, then Go(x)wp is a solution of (4.1.2) with initial
value Go(x")w. If we continue it analytically along a loop yq of the form

° ° °
0 20 1

then at the end point we get Go(x?)e?™4wy. Thus the monodromy operator defined

Fix x

by vo is Go (x°)e*™ 4Gy (x°)~1. Similarly, the monodromy operator defined by a loop v
of the form
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° ° °
0 20 1

is G1 (x°)e?™8Gy (x°)~!. The fundamental group of C \ {0, 1} with the base point x° is
freely generated by the classes [yo] and [y1] of v and y;. Therefore the monodromy
representation defined by Equation (4.1.2) with the base point x* is

[Yo] = Go(x*)e*™4Go(x") 71, [v1] = Gy (x")e*™ 86y (x%) 7.

This motivates introduction of the operator ® (A, B) = Gy (x) Gy (x). It does not
depend on x, since a solution of (4.1.2) is determined by its initial value. We then see
that the above representation of 71 (C \ {0,1}) is equivalent to the representation

[Yo] = ™4, [y1] = @(4,B) "1™ D (A, B).

Note that we get something interesting only when A and B do not commute, since if
they do commute, then Gy (x) = Gy (x) = x*(1 — x)? and ®(4,B) = 1.

The operator ®(A, B) should be thought of as a normalized monodromy of (4.1.2)
along the straight line from 0 to 1. Specifically, for a € (0,1) let G, be the unique
B(V')-valued solution of (4.1.2) on (0, 1) such that G,(a) = 1. By definition the oper-
ator G, (0) is the monodromy from a to b.

Lemma 4.1.2. — Assume V is a Hilbert space and the operators A and B are skew-adjoind.
Then

® (A, B) =lima G, (1 — a)a.

al0

In particular, the operator ® (A, B) is unitary.

Proof. — Since a solution of (4.1.2) is determined by its initial value, we have G,(x) =
Go(x)Go(a)~!. Hence

a8G,(1 = a)a® = aGy(1 = a)Gy(a) 't
=a 8611 — )@ (A, B)Gy(a) 1.

B

Note next that since a¢” is unitary for all a € (0,1), we have

lima 26 (1 -a) =lima?(G1(1 —a)a")a® =lima"d” = 1.

;H)la 1(1—a) ;ﬁ)la (G1(1 —a)a™")a alf{)la a
Similarly a=2Gg(a) — 1. This proves the first statement in the formulation of the
lemma. For the second one observe that since G, is an integral curve of a time-
dependent vector field on the unitary group, the operator G,(x) is unitary for all
x € (0,1). 0
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Note that under the assumptions of the lemma the operators Gy (x) and Gy (x) are

unitary as well, since, for example,
Go(x) = Ga(%)Go(a) = Ga(x) (Go(a)a™")a",
and the last operator is close to the unitary operator G, (x)a? if a is sufficiently small.

For arbitrary A and B the operator ® (%A, iB) is well-defined at least for all # € C
outside the discrete set A of numbers n/ (A — w), where n is a nonzero integer and
) and w are different eigenvalues either of A or of B. It can happen that ® (%A, iB)
is well-defined on a larger set. For example, if V decomposes into a direct sum of two
A-and B-invariant subspaces V7 and Vs, then it suffices to require 7 # n/ (A —p.) , where
A and . are different eigenvalues of Aly, or of Bly,.

Using the analyticity of solutions of differential equations with analytic coefficients
it is easy to show that ® (%A, B) depends analytically on %z € C\ A. It can further be
shown that the first terms of the Taylor series of ® (%A, iB) at zero have the form

®(hAEB) =1 — EQC(Q)[A,B] — iigC(S)([A, [A,B]]+ [B,[A.B]]) +...,
where { is the Riemann zeta function.

Returning to the KZ equations, note that the operator ¢ is self-adjoint, so its spec-
trum consists of real numbers. Hence the operator ®(/it19, iteg) on V1 @ Vo ® V3 is
well-defined for all 7 outside a discrete subset of R*. Since this is true for all Vy, Vo, V3,
we get a well-defined element of % (G®) for all & outside a countable subset of R*.
This element is invariant, since ¢;9 and te9g are invariant. If our fixed invariant form
is standardly normalized, then the spectrum of ¢ consists of rational numbers, so
@ (L9, fites) € Z (G3) is well-defined for all i € C \ Q*. If /i € iR, then @ (fit9, ito3)
is unitary.

The elements @ (/it19, ites), when they are defined, completely describe the mon-
odromy of the KZ3 equations. Namely, assume V is a finite dimensional g-module and
consider V®3valued solutions of KZ3. There exist two B(V®?)-valued solutions Wj
and Wy of KZ3 on {x1 < x9 < x3} of the form

Bi(t1o+tog+1 X2 — X1 .
W,-(xl,xg,xg) = (X3—X1) (figt+ioz+ 13)Gl‘ (m) 5 Z:O,L

such that the functions Gy (x)x~"12 and Gy (1 — x)x~"2 extend to analytic functions
on the unit disc with value 1 at x = 0. From our discussion of monodromy of (4.1.2) it
is then not difficult to see that if we fix a base point 0= (x(l), xg, xg) with x? < xg < xg,
then the corresponding representation of the braid group is given by

g1 = Wo () Z12e™ 12 Wy (2°) 71, go > W1 (27) Sage™ B Wy (7)1
Conjugating by Wy (z°)~! we see that this representation is equivalent to

g1 — 1962 g0 s @ (lityg, filgg) T  Soge™ B D (Jity9, litas).
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This representation can be thought of as one corresponding to the base point at infin-
ity in the asymptotic zone x9 — x] < x3 — X7.

The elements ®(%t19, iteg) have the following remarkable property.

Theorem 4.1.3. — For i € C outside a countable subset of R*, the element ®(hit19, hiteg) €
Z (G®) is a counital invariant dual 3-cocycle on G.

Proof. — We will only sketch a proof of this theorem, referring the reader to the orig-
inal paper of Drinfeld [28] or to [68] for (slightly) more details.

Recall from our discussion in Section 3.1 that the cocycle identity means that
D (hity9, hteg) considered asamap (V1 ® Vo) @ V3 — V1 ® (Vo ® V3) satisfies the pen-
tagon relation. Consider five solutions of KZ4 on {x1 < x9 < x3 < x4} corresponding
to the vertices of the pentagon diagram normalized in the asymptotic zones defined
by the following rule: if V; and V; are between parenthesis and V; is outside, then
|xi — xj| < |x; — x;|. Specifically, we consider solutions of the form

W; = (x4 —x1)" Fy(u,0), 1<i<05,

where T = tj9 + t13 + t14 + tog + tog + t34 and u and v are defined as follows:

(M@ @V @Vy: u=s 21 ;=875
X3 — X1 X4 — X1
V@ (Ve@Vs))@Vy: u= 22 571
X3 — X1 X4 — X1
Vi@ ((Ve@Vs)@Vy): u= 222, _X47 %2
X4 — X2 X4 — X1
Vl@(v2®(vg®v4)):u:u, p= 7%
X4 — X2 X4 — X1
N@V) @ (Vs@Vy): u= 21 =275
X4 — X1 X4 — X1

The functions F; are required to be solutions of appropriate equations such that their
behavior near zero is as described in Proposition 4.1.1. For example, F; is the unique

solution of

oF u uy
u— = i (t12 + log + t24> B
ou u—1 uv — 1
(4.1.3)
aF uy v
vt =k (l12 + 113 + log + tog + t34> F
v uv — 1 v—1

such that the function Fy (u, v)u~"12y=(2+h3+23) extends to an analytic function in
a neighborhood of zero with value 1 at ¥ = v = 0. Therefore in the asymptotic zone
X9 — Xx] K X3 — X] < x4 — x1 we have

Wi ~ (x9 — xl)ﬁ112(x3 _ xl)ﬁ(l13+123) (x4 — x1>7i(114+l24+134)‘
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These five solutions are related by the identities
Wi =Wo(@@1), Wo=Ws(1®A®1)(®@), Ws=Wy(l®®P),

Wy=Ws(101QA) (@), Wo=WAx1x1)(®)"},

where @ = ®(hity9, fiteg), from which the cocycle identity immediately follows. Let us
for example check the first equality W1 = Wo (P ® 1).
The function Fs is the unique solution of

oFo uv
= it t tog | F.
U (23-1— —qlet o v+uv24) 2
(4.1.4)
oy uyv — v v
— = It t t t t34 ) F:
Earw (12+13+ 23+1_U+uv24+1_vg4> 2

such that the function Fo(u,v)u~ 23y~ (12+03+123) extends to an analytic function in
a neighborhood of zero with value 1 at u = v = 0.
We have Wy = WoO for some O. Then
Fy(u,v) = Fo (1 — u,v)0.
For u € (0,1) fixed, the functions

—hi(ty2+i13+123) hi(tig+t13+123)
B

v — I (u,v)v v Fo(l —u,v)v™
extend analytically to a neighbourhood of zero. Hence the function

v s pliztlis+es) @, —h(tig+ti3+igs)
also extends analytically. Since the operator 7(t19 + 13 + f23) has no eigenvalues that
differ by a nonzero integer, one can easily check that this is possible only when © com-
mutes with %(t19 + {13 + t93) . It follows that if we put

gi(u) = F(u, U)Uﬁ(ll2+t13+523) lo—0,

then g1 (w)u~"12 and go(u)u="2 are analytic in a neighbourhood of zero, with value
1 atu =0, and
g1(v) = g2(1 —u)O.
The first equation in (4.1.3) implies that

d
et ﬁ(t12+ lt%) g1,
while the first equation in (4.1.4) implies that
gz ( u )
=7t t1o ) 09.
23+ —yh2) &
Hence © = ®(lity9, hiteg) = P (hty9, fites) ® 1 by definition of ®(%t;9, hites). O
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The element ®(%tq9, fiteg) is called Drinfeld’s KZ-associator. It defines new associa-
tivity morphisms on the monoidal category Rep G. Denote this new monoidal category

by & (a,h).If i € iR, then ®(fity9, hiteg) is unitary, so Z (g, ) is a C*-tensor category.
Theorem 4.1.4. — The operator 6 = Ze™" defines a braiding on Z (g, k).

Proof. — Let us sketch a proof of the commutativity of the first hexagon diagram, see
[27] or [68] for more details. Consider six solutions W;, 1 < i < 6, of KZ3 in the simply
connected region I' = {(z1,29,23) € Y3 | Sz1 < Q29 < Qzg} normalized in the real
asymptotic zones corresponding to the vertices of the hexagon diagram according to

the following rule:

VNM1@Ve) @ Vs a1 <xg <x3, X9 — x5 K X3 —xp,
VT Vo®Vs): x1 < x9<x3, x3— X9 K X3 — X1,
V1@ (V3@ Vo) x1 <x3<xg, x9 —x3 KXo — X1,
V1 ®@Vs) @ Voi x1 <x3 <xg9, x3—x1 < %2 —xp,
Vs@ V1) @ Vo xg <y <xg, x1 —x3 K X9 — X3,
Ve @ (V1 ®@Va) @ x3 < x1 < X2, X9 —Xx] K X9 — X3.

For example, Wy is the solution obtained by the analytic continuation to I' of the so-

lution of the form

Ti(t1o-+los+t *3 — X1
(xg — x )2 tles+hs) g <x2_x1>

on {x] < x3 < xg} such that Fy(x)x~"13 extends to an analytic function in the unit
disc with value 1 at x = 0.
We claim that these six solutions are related by the identities

Wy = We®, Wy = Wgemm%, Ws = W4q)1*312,
W4 — W5€T:iht13’ W5 — Wﬁ(Dng, W6 — Wle—ﬁiﬁ(t13+[23)’
where ® = ®(hty9, iteg) . This gives
e—‘i‘tiﬁ(hg-‘rtzg)@312eniﬁt13q)1—312eﬁiﬁt23q) =1,

which is exactly the first hexagon identity.
The above identities involving ® are immediate by definition. Among the remain-
ing three identities let us, for example, check that Wy = W5emm13. In the connected

component of

{(z1,22,23) €T : |21 — 23] < |21 — 22], |21 — 23| < |22 — 23|}
that intersects {x1 < x3 < x9} and {x3 < x1 < X9} we asymptotically have

Wy ~ (23 — Zl)ﬁllz (29 — Zl)ﬁ(ll2+123)
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and
W5 ~ (Zl _ Zg)ﬁtls (ZQ _ Zg)ﬁ(t12+t23) ~ (Zl _ Zg)h’[]g (ZQ _ Zl)ﬁ<t12+t?3).

hit13

Here (23 —21)""13 is obtained by analytic continuation from {x; < x3 < x9} to I, while

(21 — 23)"™13 is obtained by analytic continuation from {x3 < x1 < x9}. Hence
it litys mility
(25 — 21)"13 = (21 — 2g) """ 13713,
Since Wy = W50 for some O, we can therefore conclude that © = (™13

The second hexagon identity follows from the first one thanks to the identity ®~! =
®391, which follows from ® (A, B) - @ (B, A), which in turn is easily checked by def-
inition using the change of variables z — 1 — z in (4.1.2). O

Therefore for all 7 € C outside a countable subset of R* (more precisely, for all
¢ UiQ*di_l, in particular, for all 7 ¢ Q* when our fixed ad-invariant form is stan-
dardly normalized) we get a braided monoidal category & (g, %) of finite dimensional
g-modules with associativity morphisms ®(fit19, fite3) and braiding Ze™’. It is called
the Drinfeld category. If i € iR, then this is a braided C*-tensor category with self-
adjoint braiding.

References. — [2], [27], [28], [30], [48], [52], [68].

4.2. EQUIVALENCE OF TENSOR CATEGORIES

The aim of this section is to sketch a proof of the following fundamental result, due
to Drinfeld in the formal deformation setting and to Kazhdan and Lusztig in the ana-

lytic case.

Theorem 4.2.1. — Assume i € iR and let ¢ = ¢™". Then there exists a braided unitary
monoidal equivalence between the Drinfeld category Z (g, h) and the category &4 (Q) that maps
an irveducible §-module with highest weight ) onto an irreducible U,§-module with highest
weight .

Without the unitarity condition the result is true for all 77 ¢ U,-Q"‘di_1 , but since we
prefer to consider only C*-tensor categories, we concentrate on the case 7 € iR.

Let us explain the idea of the proof. We will use super- and subscript ¢ for every-
thing related to & (g). We have to construct a fiber functor on & (g, i) whose endo-
morphism ring contains U,@. For this it is enough to construct a comonoid in Z (g, ),
or in a larger category, and an action of (U,q)°P on it. In Section 3.3 we defined such
a comonoid in pro-&;(g). Its construction used certain morphisms Vyfl — V.,]q V),
which were uniquely defined, up to scalar factors, by the fusion rules. If the theorem is
true, there exists a similar comonoid in pro-Z (g, ) defined using properly normal-
ized morphisms VPL — Vn ® V,. Now the idea is to construct such a comonoid from
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scratch by repeating the construction of the Kazhdan-Lusztig comonoid and changing
the normalization of the structure maps when needed. Why such changes will be neces-
sary, is because the category Z (g, /i) is nonstrict, and therefore taking tensor products
of our structure maps we have to take into account the associativity morphisms. The
point is that independently of how complicated at some points this might be, the con-
struction must work with suitable normalizations of the maps involved, if the theorem

is true.

Turning to the proof, let us say that a statement holds for generic 7 if it holds for all
except countably many . Our goal in this section is to show that 2 (g, %) and &(g)
are braided monoidally equivalent for generic 7 € (R (in fact, for generic 7 € C). In
the next section we will show that the equivalence can be chosen to be unitary and we
will then extend the result to all & € R.

Let V,, be an irreducible g-module with highest weight 1 and a highest weight vector
£.. As in Section 3.3, consider morphisms

Tt Vo = Vu ® Vi, Bpgq = 8 ® &y,
T,W,‘: V“Jrn — VH ® VY], éujw] = i\u ® En,
SH: VFL(X)V‘M—>V0:C, £H®£‘Lr—>l.
We want to define morphisms
Vot ® Vi — Vo ® Vigy
as suitably normalized compositions

- Toq®Trep 5 5
Votn @ Vigpry ——— (M ®@Vy) © (V4 @ Vigy)

Py 9,34 — —

e VM ® (V‘q ® (Vv] & V}\+M))
e®e~! 5 >

— e (@ V) ® Vi)

LRSS, ®L _
2 V@ Vi

where ® = @ (hit19, iteg) . Note that instead of (1 ® CI>_1)<1>1,2,34 we could also use (P ®
L)CI)l’ng 4» but the result would be the same by the pentagon relation. The above mor-
phisms should at least form a projective system.

Lemma 4.2.2. — Denote by g" (11, 7) the image of EM-F"] ® Ly under the composition

_ Tpq®Toy - - (1®S$,®1)B - Sy,
Vot @ Vg —— V@ V40 V4 0V ——— V@V, — G,

where B = (1 ® CD’l)<D1,2,34. Then for generic It the map (., 7)) +— g"(w,n) is a C*-valued
symmetric 2-cocycle on P, .
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Proof. — As g"(u,7) is analytic in 7 outside a discrete set and g°(u,7) = 1, we con-
clude that g" (., 1) # 0 for generic 7.
To prove that g’ (u,) is a symmetric cocycle we will use two identities. The first is

DQ(Tyy @) Tyqny = (@ Tyy) Ty prv-

To show this it suffices to check how both sides act on the highest weight vector &, 4.
But then this identity is immediate, since £, ® &, ® &, is an eigenvector for {19 and {93
and hence @ acts trivially on it. The second identity is

Ty = q(Hﬂl)Tn’w

which is again straightforward to check by looking at how both sides act on &, ;. ; recall
that 6 = X¢' = Ze™M

Now in order to simplify computations let us consider a strict braided monoidal cat-
egory equivalent to Z (g, i), which exists by Mac Lane’s theorem. We continue to use
the same symbols 7}, ;, and §, for morphisms in this new category. We then have

(Tog ® O Tusny = (@ Tyy) Tygy and ol = ¢IT,
while g” (i, 7) is defined by the identity
g (1) Syt = Su (0 ® Sy @ 1) (T ® o).
We have
5.0@8,8)(®t08 @) (1@ Ty @ Ty @) Ty ® Trivy)
= gﬁ(yl’ V>SM(L ® Sn+v ®1t) (Tu,n+v [y Tn+v,u)
= g" (1.9)8" (1 1 + V) Syt

On the other hand, the same expression equals

St ® S, ® VLRSS RL®1L) (TFH] QL Tyy) (fu+7],v ® Ty i)

=850®8®L) (T ®Tp) . ® Sy @) (Tuyny @ Typyy)
=g" () g" (n+ 1,9) Spsnio-
This proves the cocycle identity
g (wmeg" (w+nv) =g" (mv)g" (w1 +v).

It remains to show that g” (1, 1) = g" (1, ). By the hexagon identities 6195 = (6 ®
) (t® o) and Gfég =(c'®)(®0c"!) we have

s l®c= (ciég ®L)(L®06123).
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Using this and the identity 67}, ; = q(“”’)Ty},\u we compute:

g (1) St = S, (0 ® 4 ®1) (6723 ®1) (L ® 0123) (T ® o)
=5,(8, @) (. ®0c193) Ty @ )
=85,091® 8,) (@ 0123) (Tyu ® Tyy)
=5,0® 8 @) (T ® Toy)
= g" (1, 4) Syt
Hence g" (u, 1) = ¢" (n,1). -

By Lemma 3.4.5 for generic % the cocycle g" (n, M) is a coboundary, so we can write
g w,m) = g+ n)g" () g" (n)~!. Furthermore, the values g"(w;) € C* can be
chosen arbitrary and they completely determine g (). We make such a choice so
that g"(w;) depends analytically on 7 and g”(w;) = 1. In this case, for every u € Py,
the function i +— g"(u) extends to an analytic function on C excluding a closed
discrete subset. Put

and define

t r“JrrL Vu+n®V/+u+q - Vp ®VA+u

as the composition

Ty n®Tyiu (®ShenB  _
Vp,+v ® V/+p+r — (V;,L & Vv) ® (Vv ® V/+u) — Vp ® V)\er.
where B = (1@ ® 1)@ 9 34. By the choice of g" (1) the morphisms tr:’j form a projec-

. . . . i
tive system. It is easy to check that the same is true for the morphisms tr”

WAt for every

A € P. Therefore similarly to Section 3.3 we can define pro-objects
My ={V, ® Vitpty and M" = {&rexVy ® Vitutxp

in pro-Z (g, ) . They are defined for generic . For 7 = 0 these are the pro-objects M;
and M from Section 3.3 in the case ¢ = 1.

Lemma 4.2.3. — For generic i and any h € P the pro-object M)ﬁ considered as a pro-object
of Z(a,0) = &1(q) is isomorphic to M.

Proof. — Note that the maps tr o +
for i = 0, and for fixed u, v and A they are analytic in 7 outside a closed discrete

are surjective for generic 7, since this is true

subset of C. For every such 7 fix a regular weight u. € P, (thatis, p.() > 0 for all ¢)
such that A + p € P,. Then inductively define isomorphisms

fn n. ® Vl+nu - Vnu ® Vr+nu
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such that f; =t and the diagrams

_ i _
VngL ® V7\+np — V(n—l)g 0 V7\+(n—l)\u

fnll] 2Lfnl

Vnp. ® V)\—i-ng T‘ V(n—l)u ® V)\—i-(n—l)\u

commute. Such morphisms are easy to find using right inverses to tr and o, They

define the required isomorphism M{Z — M;. O

Since M represents the forgetful functor, we therefore see that for generic 7 the
functor F* = Hom(M",.) on 2 (g,) is isomorphic to the forgetful functor, so
that dim F*(V) = dim V. The main point of using M” is that it has a structure of a
comonoid and therefore F" becomes a tensor functor. Namely, define

sk

A1she

Y i 7
* M)\l—‘r)\Q - M}\l ® M}\Q

using morphisms "

W19, A1 e given as the compositions

- Toyun®Tig i dgtng - s
Vit e @ Vi thg4p1+ue (Viey ® Vi) @ (Viy 41 @ Vigps)

qMH182) B-1 (19 6@1) B

(VHI ® V%H-P-l) ® (VHQ ® V}\2+\U~2)’

where B = (1 ® @)@ 9 34. We remark that it does require some effort to prove that

m" are compatible with tr" and so define a morphism of pro-objects. They also define

a morphism 3% MP — M" @ M" that can be thought of as ZMJ\Q L
Letalso ¢": M" — V = C be the morphism defined by the morphisms

Sh:Vy®V, — C.
Lemma 4.2.4. — The triple (M",3" ") is a comonoid in pro-2 (g, 1) .
Proof. — Let us only check the coassociativity of 3" . For this it suffices to show that
(3] 5, ® V) gy = (@580 5

As in the proof of Lemma 4.2.2 let us strictify the category &Z (g, 7). In the new strict
category it suffices to check that

(61 TRTRR) (e )(T®T)
=116 (1t@.TRT)(®cx)(T®T)
as morphisms

VH1+H2+M3 ® Vl1+7\2+13+m+uz+us - VHI ® VM+M1 ® VMz ® V7\2+H2 ® VPLS ® V)\3+M3’
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where we omitted the subindices of T and T, as there is only one choice making the
above identity meaningful. The left hand side of that identity is equal to

(L®G®L®L®L)(L®L®61,23®L)(T®L®T®L)(T®T),
whereas the right hand side is equal to
(L®L®L®G®L)(L®612’3®L®L)(L®T®L®T)(T®T).
As (TOWT = (@T)T and (T®)T = (1@ T)T, we therefore only have to check that
(c®1®1)(t®0193) = (012391 (L QL ® 0T).
But this is immediate from the hexagon identities 6193 = (1 ® 6) (6 ®t) and 6193 =
(c®@1)(®a). O
We can therefore define natural maps
FIUV): FFU) @ F'(V) = FlU V), fog— (f®g)d,
which would make F" a tensor functor provided they were isomorphisms.

Lemma 4.2.5. — For generic i the maps FQE (G, V) areisomorphisms for any finite dimensional
g-modules U and V .

Proof. — It suffices to check that for all sufficiently large u.1, uo the map

@ Hom(Vy, & Vi 4, U) @ Hom(Vyy @ Vag gy, V)

Asho
— Hom(‘_/\ul.;.w ®V7‘+FL1+V“27U®V)’ f®g = (f®g)mh’

where the summation is over weights A1 of U and weights A9 of V, is an isomorphism
for generic 7. This is indeed the case, since this map is an isomorphism for 7 = 0 by
results of Section 3.3 (for ¢ = 1), and itis analytic in /i outside a closed discrete set. [

Let us summarize what we have proved so far.

Proposition 4.2.6. — For generic I the functor F* = Hom(M",.) is a fiber functor
on D (g, k) such that dim F*(V) = dim V' for any finite dimensional g-module V .

Observe that this did not require much information about ®(ht19, iteg). Namely,
the only properties that we used were that ®(hit19, hit93) |v,ev,ev, is analytic outside a
closed discrete set, with value 1 at i = 0, and that ® (%19, ife3) acts trivially on £, ®
E®&y.

We next want to define an action of U@ on F". We proceed as in Section 3.3, but
will be more sketchy, referring the reader to the paper by Kazhdan and Lusztig [49] or
to [68] for details.
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We want to define an action of (U;q)°P on M". Recalling how it was done in the

proof of Theorem 3.3.7, we use the morphisms

Tiun* Vp.-i—n—a.i - V\u & Vn’ Eg—&-n—oci — H(l)ap. ® Fiiv; - Y](Z)inu b2y in

and then attempt to define morphisms F;: M{i — M)Z_a_ using suitably normalized
compositions

— [”](i)]1[;1T§J.,7]®Ti;1,,)\+a(i+g — _
(4.2.1) Vidn ® V7\+u+"q (VpL 02y Vn) (24 (V"q & Vx+oci+“>

(@8f@)B

IR VE* ® V)\+oci+H,
where B = (1 ® q)_l)q)1,2’34. Trying to check when such normalizations become com-
patible with tr” one quickly realizes that one needs a relation between the morphisms
P (T®L)t; and (1®T)7;. Equations (3.4.1)-(3.4.2) show what we should expect. Namely,
it is not difficult to see that if the theorem holds, then there must exist normalizations
Tf of 7; such that

(4.2.2)  [1() 1@ (Ton ® Wiy yry — VO 4P (7 @ ) Ttrais
= [0() + 1)1 ¢ ® 7y ) Tt

. I . I
(4.2.3)  [1(0) ] (@ Tyy) Ty gy — [1() 14, (4 @ Til;y],v)Tu,n-i-v—oci

= [10) + () 1P (g ® Y urgsior
In order to find these normalizations we have to compute the action of ® on the two-
dimensional space of highest weight vectors in the isotypic component of V, ® V;, ® V,

corresponding to the weight u. + 1 + v — «;. Thus we have to compute ®(A, B) for
two-by-two matrices A and B. In this case solutions of the equation

, (A B )
w=|—+ w
x  x—1

can be written in terms of the Euler-Gauss hypergeometric function oF («, 3, y;x),

which is the unique solution of
x(1—x)u" + (y = (e +B+1D)x)u' —afu=0

that is analytic in a neighborhood of 0 and equals 1 at x = 0. Using known relations
for the hypergeometric function it can then be shown thatidentities (4.2.2)-(4.2.3) are
indeed satisfied with

f iz
Ti oy = - . - —.
P T A hdip ()T (1 + hdin (1)U (1 = hdi (w.(7) + (7))
This is essentially the only part of the proof, for which we need to know how

D (hty9, Iiteg) is defined.
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Using (4.2.2)-(4.2.3) and working in a strictified category of Z (g, ) one can then
check that compositions (4.2.1), with 7; replaced by T?, define morphisms F;: M)ﬁ —
M/’z_“ These morphisms define a morphism M" — M", which we continue to denote
by F;. Similarly we define E;: M" — M", see the proof of Theorem 3.3.7, as well as

A (1)

morphisms K; that act on M, i as the scalars q; . Itis then not difficult to prove the

following.

Proposition 4.2.7. — The endomorphisms EZ-, Fi and I~( ; of M h satisfy the relations

where f; (k) s defined by the identity
S(Zl‘ (" ® S({i)l ® !‘) (!‘ ® @ )q)l 2 34( i [OTHON ® Tl}'i;ooi,mi) = _[Q]qiﬁ(ﬁ)sgm,‘—ai'

In particular, f; is analytic outside a closed discrete set, and f;(0) = 1.

In order to define an action of (U,q)°P on M" one has to prove more complicated
relations for E; and F;. As we will see shortly, fortunately, this is not needed to finish
the proof of the theorem.

Proof of Theorem 4.2.1 for generic i. — We already know that for generic & the functor
F" = Hom(M?",.) is a fiber functor such that dim F"(V) = dimV. If in addition
fi(B) # 0, where f; is from the previous proposition, we define an action of U,g
on F"(V) by

Elf = (W)~ B, Flf =[F, Klf = [K:
In order to check that this is indeed an action for generic %, we have to show that the

element
1—a;

= 3D l ‘k“”] (EDEN(ED =i,
i

as well as the similar element for Fl.q, is zero. It suffices to check how G?j acts on F"(V3)
for every » € Py

The morphisms trg,’f: VH ® Viqp — Vo ® Vy = V3 define a morphism Ef: M= v,
that is, a vector in Fﬁ(Vk). We have EZE? = 0, as there are no nonzero morphisms
Vp. ® Vigwi4u — Vi In particular, Gq Ex 0. Using the relations Equ quEZ =
Su(K! — (KD /(g — ¢ "), KJE] = qk"’EqKq and K/F/ = g, F/K][ it can be easily
checked that G commutes w1th F q forall /. Therefore to prove that Gq =0on F"(W)
it suffices to show that F"(V4) is spanned by vectors Fq in Er. For thls choose a finite
set I of multi-indices (i1,...,%,) such that the Vectors F;, ... F;, &, form a basis in V.
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Since dim Fh(V;\) = dimVj, it then suffices to check that for generic 7 the vectors

Fl.li . Filf”E; are linearly independent. But these vectors are defined by morphisms

VPL ® V7\—Oti1—~-'—oti,”+u — V.
Therefore it suffices to check that these morphisms are linearly independent for
generic . Since this is true for & = 0, this is indeed the case by analyticity.

Thus for generic  the functor F” can be considered as a functor from 2 (g, #) into
%4(g). Furthermore, from the above argument we see that for generic % the module
F"(V4) has a nonzero vector of weight X killed by Elq, SO th embeds into F"(V4). Since
dim V) = dim V5, = dim F"(V; ), we conclude that F" (V;) is an irreducible U,g-module
with highest weight A. It follows that F " is an equivalence of categories.

It remains to check that F” is a braided monoidal equivalence, that is, it respects the
braiding and FQ}Z (UG, V) is a morphism of U;g-modules. For the first property, in view of
Definition (2.6.1) of the R-matrix for U,q, it suffices to show that

(8 @)Y = ¢ (E) @ E))d"
as morphisms Ml Ve ® V; , where é? € Fﬁ(‘_/k) is the lowest weight vector defined
using the morphisms triﬂ’g: V?\+71 QVy— V., ® Vo = V4. This is more or less immediate
by definition of 3" . For the second property it suffices to check that
ME; = (E; @1+ K; @ E;)3" and 3'F; = (F; @ K71+ @ F)d.

We omit this computation, which is again based on (4.2.2)-(4.2.3). O

References. — [27], [28], [33], [49], [68].

4.3. DRINFELD TWISTS

Existence of an equivalence of categories & (g, 1) and &;(g) (% € iR and ¢ = emily
can be reformulated in more concrete terms as follows. Recall that by Lemma 3.2.4
there exists an isomorphism ¢: Z/(G,) — #Z (G) extending the canonical identifica-
tion of the centers.

Theorem 4.3.1. — The categories Z (8, 1) and & (§) are braided monoidally equivalent,
with the equivalence mapping an irreducible §-module with highest weight )\ onto an irre-
ducible U,Qq-module with highest weight ), if and only if there exists an invertible element

F € Z (G x G) such that
(i) (9®)d = Fho()7 !
(i) E®)(F) = (®8)(F)
(i) (¢ ® 9) (%) = Fo1¢'F !

;
= 1 5
5
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() (@A) (F 1S )T ) Ae(F) = O(hg, fitss).
Furthermore, assuming that ¢ is a x-isomorphism, the equivalence can be chosen to be unitary

if and only if the element F  can be chosen to be unitary.

Proof. — Assume we have a braided equivalence F as in the formulation. We may as-
sume that (V) = V)q Choose linear isomorphisms 7y, : V; — Vf that implement the
isomorphism ¢: Z/(G,) — Z (G); for k = 0 we take 7y, = Fy. The isomorphisms 7y,
define natural isomorphisms vy : U — F(U) for finite dimensional g-modules U, and
we have oMy = ye(e) forall w € Z/(Gy).

Let & € Z (G x G) be the element defined by requiring commutativity of the dia-
grams

-1

UV UV

.@nt Ln

FU)RF(V) —=FU V).

2

In other words, .# actson U®YV as (7]{/1 ®7)‘71)F2 (UV) gy . Forevery o € Z4(EN)
we then have the following identities for the maps U® V — F(UQV):

Fa(n@ 1) (9 ® 9) Ay (0) = Faby(0) (n@7) = wFa(1® 1)
and
(15 "N(F Agp(0)F ) = onF L
Since Fa(n® 1) = 1.7 ~1, it follows that (¢ ® ¢)A,(0) = .F Ag(w).F L.
Property (ii) follows easily by definition, using that vy, = Fp.

Turning to property (iii), we have the commutative diagram

1 B! 7 et
U@V " FUV)—2=FU) g F(V) UeV
¢! L F(Zq") L LE‘QZI Z(o®9) (Fy)
7 B! 1 @y !
VeU—"—F(VoU)—2=F{V)eFU) VU

Therefore (9 ® ¢) (%) = & 2¢'.F !, thatis, (¢ ® ¢)(F;) = F21¢'.F L.

Finally, we also have the commutative diagrams

Fy

(FU)YQF(V)) @ F(W) FQ&\F(U®V) QFW)——F(UV)W)

L LF@

FU)® (F(V) @ F(W) SR F(U) @ F(V & W) ——=F(U & (V & W)),
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where ® = ®(fit]g, fits) . Using that Fo = 2.7 ~1 (5! @ 77 !) we get
F@) =9eA)(F Hiles HFe)@euy ()
As 71 F(®)7 = @ by naturality of 1, this is exactly property (iv).

If in addition F was unitary and ¢ was a x-isomorphism, we could choose 7y, to be
unitary, and then . would be unitary as well.

Conversely, assume we are given .# with properties (i)-(iv). Using ¢ we can consider
any g-module as a U,g-module, so we have a functor F': Z'(g,h) — &;(g). We make
it a tensor functor by letting Fy = and Fo = .% ~!. It is easy to check that F becomes
a braided monoidal equivalence. O

Note that by Lemma 3.2.4 we already know that there exists # € Z (G x G) with
property (i). Property (ii) is a simple normalization condition. The existence of .#
with property (iii) is also not difficult to show using Equation (2.6.6) for the R-matrix

and the identity

t:%(ﬁ(C)—l@C—C@l),

where C € Ug is the Casimir operator. Therefore the crucial property is number (iv).

Definition 4.3.2. — An invertible element .%¥ € Z (G x G) with properties (i)-(iv)
from Theorem 4.3.1 is called a Drinfeld twist for G, corresponding to the isomor-
phism ¢: Z'(Gy) — Z (G).

Therefore the main result of the previous section can be formulated by saying that
for generic ¢ > 0 there exists a Drinfeld twist for G,.

Lemma 4.3.3. — If the isomorphism ¢: Z (G;) — Z (G) is -preserving and there exisls a
Drinfeld twist & corresponding to ¢, then the unitary .F in the polar decomposition & =
F|& | is a unitary Drinfeld twist corresponding to .

Proof. — Indeed, since Aq, A and g are *-homomorphisms, condition (i) on & im-
plies that

Eho()E ™ = (E ) he()E™,
that is, the element &£*& € Z (G x G) is invariant. It follows that |&| is also invariant.
Hence

Eho(1E = F|E|Be()E 7T T = Fhe() 7,
so condition (i) for .# is satisfied. Condition (ii) is also obviously satisfied. Turning to
(iii), recall that the R-matrix has the property Z = (#;)21. So applying the *-oper-
ation and then the flip to the identity (¢ ® 9)(%,) = £1¢'& ! we get

(9©0)(%#) = (& N5dE™
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Therefore (£*&)91¢' = ¢'&*& and hence |£ 914" = ¢'|&|. It follows that
(¢®9)(#) =& & = Fu|&Elq|E)'F ! = Fug' T !
It remains to check (iv). As usual write @ for @ (79, fiteg) . Consider the element
O = (@A) (F H1esF NF o) (Ae)(F).
We have to show that ®; = ®. Using that |&| is invariant one easily checks that
(4.3.1) ®=el)(ETHaeER(Ele A ey (€]

Since @ is defined by the unitary element % , itis itself unitary. Since @ is also unitary,
taking the inverses in the above identity and then applying the x-operation we get

D=(0A)(E)1eENP (€] o)A (€™

Therefore

(el (e |E e (€ @) (Ao ()
=M (E)Ae|ENP (€ @) (A (&)

Since |é”\ is invariant, the positive operators ( L®A (|&]) and 1®|& |, aswell as |&|®1
and (A ®1) (|&|), commute. So we can write

(1€ @ 1) A (IE])* = (18|&]) (e A)(£]))*®.
Consequently
) (|E]@ 1) A (&) = (1|£]) (e A)(&])D,
and returning to (4.3.1) we get ® = @. O

Thus for generic ¢ > 0 there exists a unitary Drinfeld twist. In order to extend this
to all ¢ > 0 we will study continuity properties of Drinfeld twists as functions of the
deformation parameter.

For every ¢ > 0 choose a *-isomorphism ¢/: Z'(G,) — Z (G) extending the canon-
ical identification of the centers. We say that the family {97}, is continuous, if the
elements (pq(EZ), cp’l(Fl.q) and ¢?(H;), 1 < ¢ < r, depend continuously on ¢ in the
weak* topology on Z (G) = C[G]*; recall that we consider the maximal torus T" as
subset of % (G,) such that K = qu" for g # 1.

Lemma 4.3.4. — A continuous family of x-isomorphisms ¢1: Z (G;) — # (G) always exisls.
Furthermore, we may assume that ¢ is the identity map on T .

Proof. — Itsuffices to show thatfor every A € P, there eX1st unitaries u) Vq — W that
map Vq(pc) onto Vj (n) and are such that the operators u (Eq) ;{* and u?rcf (Fiq) Uy

depend continuously on g¢. It is enough to show that such unitaries exist locally.

COURS SPECIALISES 20



4.3. DRINFELD TWISTS 143

Therefore fix A and gy > 0. For every multi-index I = (if,...,%) (1 <4 <)
put el = Fq . Fq Eq € Vq We can choose multi-indices I, ..., I, such that the vectors
e?‘l) q" form a basis in Vq" The relations in U,q together with the identities F; ™

(Kq) lEq imply that the scalar products (eh,e ) depend continuously on ¢. Hence, for

some ¢ > 0, the vectors e?l . eln form a ba51s in qu forall g € (g0 —¢,q0 +¢). Apply-

ing the Gram-Schmidt orthogonalization we get an orthonormal basis d, ..., Cz,, in Vf.
Since the weight spaces are mutually orthogonal and the vectors e}l are weight vectors,
this basis consists of weight vectors. Let v: V)q — Vfo be the unitary mapping C? into
Z?" . By constructiori it maps qu (n) onto }/;m (1) . Furthermore, for every multi-index 7,
the coefficients of e; in the basis 7, .. ., Z,’L depend continuously on ¢, hence the matrix
coefficients of th (F, 7Y in this basis also depend continuously on ¢. It follows that the
operators viw! (Fq)vq* depend continuously on ¢. Since vch> (Hj)v?* = tho (H;) and
Elq = g% Hlqu , the operators vir! 3 (Elq)vq* also depend continuously on gq.

Now take an arbitrary unitary u: V)?O — V4 that maps quo (1) onto Vi (w). Then the

q

. _ g _ . .
unitaries u, = wv?, ¢ € (qo — €, qo + ), have the required properties. O

We can now easily finish the proof of Theorem 4.2.1.

Proposition 4.3.5. — Assume {@: Z (G;) — Z (G)}, is a continuous family of *-isomor-
phisms. Then the set of pairs (q,.7 1), where # 1 is a unitary Drinfeld twist for G, correspond-
ing to ¢, is closed in R x Z (G x G). In particulay, for every q¢ > O there exists a unitary
Drinfeld twist for G, corresponding to ¢4 .

Proof. — By definition of the R-matrix ﬂq and the coproduct Aq, it is easy to see that
the elements (¢! ® ¢?) (%) and (¢ ® qoq)Aq (X7), where X7 = Ef, Fl.q, H;, depend
continuously on ¢. This immediately gives the first statement in the formulation. Since
the set of unitary elements in 2 (GxG) is compact and we already know that for generic
¢ > 0 there exists a unitary Drinfeld twist for G, the second statement also follows. [

As follows from Theorem 4.3.1, existence of a Drinfeld twist for G, is independent
of the choice of an isomorphism % (G,) = Z (G) . Explicitly this can be seen as follows.
Assume ¢ and ¢ are two isomorphisms 2 (G;) — %' (G) extending the canonical iden-
tification of the centers, and .# is a Drinfeld twist corresponding to ¢. There exists an
invertible element u € Z'(G) such that ¢ = (Adu)¢ and é(u) = 1; furthermore, if ¢
and ¢ are *-preserving, then u can be chosen to be unitary. Then one can easily check
that the element

(u®u).F Au)~!
is a Drinfeld twist corresponding to ¢.

In the case § = ¢ this clearly shows that a Drinfeld twist corresponding to a fixed iso-
morphism ¢ is not unique: for any invertible central element ¢ € Z (G) with é(¢) =1
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we getanew Drinfeld twist (c®¢).7 A(c)~!. It turns out, this is the only way to construct
new Drinfeld twists.

Theorem 4.3.6. — Suppose .F and F ' are two Drinfeld twists for G, corresponding to the
same isomorphism ¢ . Then there exists an invertible central element ¢ of Z (G) such that F ' =
(c®¢).F A(c)™". When @ is a x-isomorphism and both Drinfeld twists are unitary, then ¢ can
also be chosen to be unitary.

Proof. — To simplify the notation we shall omit ¢ in the computations, so we identify
7% (Gy) and Z (G) as algebras. Set & = F'F 1. Then

M (T HlesF HNF o)A (F)

=AM (F g Y1 ') EF o) (A (EF).

®
Multiplying by (1 ® .7 ) (1 ® A)(F) on the leftand by (A 1) (% ") (F ' ®1) on
the right, and using that # A(-).7 ~! = A, we get

1=(@A)EH1eeHE )R, 01)(E&).

Therefore & is a dual 2-cocycle on G,. Since

Er(ET =EFA()FIET = FA() T =4,
the cocycle & € ?/(Gq x Gg) is invariant, and since

EnFE T =T T ET = FH( T = #,

it is symmetric. By Corollary 3.4.12 there exists a central element ¢ of Z'(G,) = Z (G)
that is unitary if £ is unitary, such that

& = (c®)Ay(e)71,
sothat 7' = (¢® ()A (c)F = (c@ ) FA(). O

Remark 4.3.7. — By Corollary 3.4.2, if g is simple and g % $04,(C), then any invariant
dual 2-cocycle on Gy is a coboundary. The above proof then implies that for any such g
the condition (9 ® ¢) (%) = F21¢'F ~! follows from the other three conditions on
Drinfeld twists. It follows that any monoidal equivalence between & (g, 1) and &(g)
is automatically braided.

We can now prove the following strengthening of Proposition 4.3.5.

Theorem 4.3.8. — Assume {01: Z' (G;) — Z (G) }, is a continuous family of x-isomorphisms
such that @' = . Then there exists a continuous family of unitary Drinfeld twists F 1 corre-
sponding to ¢! such that ' = 1.

Furthermore, if {$1: Z' (Gy) — Z (G) }4>0 is another continuous family of x-isomorphisms
such that Y =, and {& 1} >0 is a corresponding continuous family of unitary Drinfeld twists
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with &' = 1, then there exists a unique continuous family of unitary elements u! € Z (G) such
that

ul =1, U1 = ulo?(Hul* and &1 = (u! @ u!).F 1AuI)* forall q> 0.

Proof. — To prove the existence of .%#,, consider the set () of pairs (¢,# ), where ¢ >
0 and .% is a unitary Drinfeld twist for ¢?. Let p: & — R be the projection onto
the first coordinate. The compact abelian group of elements of the form (¢ ® C)A(C)* ,
where ¢ is a unitary element in the center of Z(G), acts freely by multiplication on the
right on the locally compact space €, and by Theorem 4.3.6 this action is transitive on
each fiber of the map p. Therefore if this group were a compact Lie group, then by a
theorem of Gleason [35], p: ) — R% would be a fiber bundle, hence p would have a
continuous section. Since the group of elements of the form (¢ ® c)A(c)* is not a Lie
group, we cannot apply Gleason’s theorem directly and will proceed as follows.

Choose an increasing sequence of finite subsets P, C P} such that P, = {0} and
U, P, = P For every ¢ > 0 we will construct a sequence of unitary Drinfeld twists .7,
such that .#,! = 1, the map ¢ — (7 ® 7r,)(F,) is continuous for all 4,v € P, and
n>1,and (1 ®@ %) (F,L) = (7 @ 7,) (F)) forall &,v € P, and n > 1. Then, for
every ¢ > 0, the sequence {Zq}n converges to a unitary Drinfeld twist .# ¢ with the
required properties.

Forn = 1 and ¢ # 1 we take Zq to be any unitary Drinfeld twist, and we take
Fl=1.

Assume the Drinfeld twists .%,! are already constructed for some n. Denote by Q, |
the set of pairs (¢, W), where W = (W, ,); ,, is a unitary element in

B(Vi @ V)
()\?H)€P7I+] ><Pn+l \PnXPn

such that there exists a unitary Drinfeld twist .# for ¢f satisfying
(M, @ ) (F ) = Wiy forall (h,p) € Py x Pog1 \ Py X Py,
(1, @ 7)) (F) = (m @ my) (F!) forall hp € P,

Let pyi1: Quq1 — RY be the projection onto the first coordinate. The set 2,1 isa
closed subset of

R% x 11 UVa @ V).
()"V')EPYH—I XP71+1\P71 x Py

For every ¢ > 0 the fiber p;}l (¢) is nonempty, since it contains the element

(7 ® ) (') )

Let S,41 be the set of weights A € P, such that either A € P, or V; is equivalent
to a subrepresentation of V, @V, for some p.,n € Pyy1. Put Ky = H;\esn+1 T. We have
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a homomorphism

Pnt1: Kug1 — H UVy ® VM)
()"\LL)GPn+lXPn+l\Pn X Py

such that p, 1 (¢) acts on the isotypic component of V, ® V; of type V; as multiplica-
tion by ¢,.c,0; . We also have a similar homomorphism 6,1 from K, into the unitary
group of HMLEPn BVi®Vy).

The group ker0,.1 C K,i1 acts on €,,; by multiplication by g,;1(c¢) on the
right. On every fiber of p, 1 this action is transitive, and the stabilizer of every point
is kerp,41 N ker6,,7. Since ker0,,; is a compact Lie group, by Gleason’s theorem
we conclude that p,,1: Q,,1 — R% is a fiber bundle, hence it is a trivial bundle.
Choosing a continuous section of this bundle, by definition of €,,; we conclude
that there exist unitary Drinfeld twists £ such that the map ¢ — (7 ® 7,) (&) is
continuous for all A,y € Pyy1 and (73, @ 7,) (£9) = (T, @ n“)(%ﬂ) forall A,u € P,.
There exists a unitary central element ¢ in % (G) such that £! = (¢* ® c*)A(c) We
can then set Z;{H =&1(c® c)A(c)*. This finishes the proof of the induction step.

Assume now that {{!: Z'(G;) — Z (G)}4>0 is another continuous family of *-iso-
morphisms such that ! = 1, and {& 1} 450 is a corresponding continuous family of
unitary Drinfeld twists with &' = 1. For every & € Py, let of ,4I: B(V!) — B(1)
be the isomorphisms defined by ¢? and {?. The set of unitaries v € B(V;) such that
44? = vcp%()v* forms a circle bundle over R* , so it has a continuous section v;{ . Since
L]J} = <p71\ =1, we may assume that vi = 1. The unitaries v;{ define a continuous family
of unitaries v! € Z (G).

For every ¢ > 0, the element (v! ® vq)qu(vq)* is a unitary Drinfeld twist for 7.
Hence, for every ¢, there exists a unitary central element ¢ € Z'(G) such that

(4.3.2) &1 = (11 ®v").F 1AW (c ® c)A(c)*.

Furthermore, the element ¢ is defined up to a group-like unitary element in the center
of Z (G), that is, by Theorem 3.2.1, up to an element of the center Z(G) of G. There-
fore, applying once again Gleason’s theorem (which in this case is quite obvious as
Z(G) is finite), we see that the set of pairs (g, ¢) with ¢ satisfying (4.3.2) is a principal
Z(G)-bundle over R , hence it has a continuous section ¢ — (g, ¢?). The element ¢!
is group-like, so replacing ¢? by ¢fc!* we may assume that ¢! = 1. Letting u/ = /v?, we
get the required continuous family of unitary elements.

Finally, if 4? is another continuous family of unitary elements with the same proper-
ties, then ¢! = @%u?* is a unitary central group-like elementin 2 (G), hence ¢! € Z(G).
Since ¢¢ depends continuously on ¢, Z(G) is finite and ¢! = 1, we conclude that ¢/ = 1
for all ¢. 0
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We finish the section by explaining Drinfeld’s initial motivation for defining
Z (g, k) and proving the equivalence of categories. Given a strict braided C*-tensor
category & and an object V in &, we can define a representation ©: B, — End (V®")
of the braid group B, by n(g;) = 641 for 1 < i < n — 1. Theorem 2.6.5(i) shows
that the braid relations are indeed satisfied. More generally, even if the category is
nonstrict, it is equivalent to a strict one, so we still get a representation of B, on an
object V®" that is defined as the n-th tensor power of V with some fixed arrangement
of brackets; for example, we can take

VO = (L (VeV)®V)..) eV

The following result is a version of the famous Kohno-Drinfeld theorem.

Theorem 4.3.9. — Assume i € iR and q = ¢™". Let V be a finite dimensional §-module and
V4 be the corresponding Uy, G -module, so the multiplicity of V)? in V1 is the same as the multiplicity
of Vs, in' V_ for every \ € Py.. Then the representation of B, on V®" defined by monodromy of the
K7, equations with the parameter h is equivalent to the representation of B, on (V1)®" defined
by braiding on & (g) .

Proof. — First one has to show that the representation of B, on V®" defined by
monodromy is equivalent to the representation defined by braiding on Z (g, ) cor-
responding to some fixed arrangement of brackets on V&". For n = 2 this is easy,
while for n = 3 this follows from our discussion in Section 4.1, Indeed, we showed
there that the representation defined by monodromy with respect to some base point

is equivalent to
g1 Z19e™M2, go s ®(Nityg, fitgs) ! g™ BB (kg hitgs),

which is exactly the representation defined by braiding on (V®V) ®V.For n > 3 this
requires a bit more thorough discussion of monodromy of the KZ-equations, which we
omit, see e.g., [30].

Consider now a braided monoidal equivalence F': Z'(g,h) — &,(g) as in Theo-
rem 4.2.1. We can take V¢ = F(V). Let =" be the representation of B, on V" de-
fined by braiding on Z (g, 1), and =/ be the representation of B, on F (V)®" defined
by braiding on &} (g) . The tensor functor gives us an isomorphism F (V&") — F(V)®",
which intertwines Fr with 7. On the other hand, as we have already used in the
proof of Theorem 4.3.1, there exists a natural isomorphism 7 of the forgetful functor
on Z(g,%) and the functor F. Then by naturality vye.: V" — F(V®") intertwines
=" with Fr". Hence the representations =" and =/ are equivalent.

Somewhat more explicitly this equivalence can be described as follows. To simplify
the notation consider the case n = 3. Fix an isomorphism ¢: Z'(G;) — % (G) and a
Drinfeld twist .# . This gives us a braided monoidal equivalence F: Z (g, %) — &4(q),
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with F(V) =V considered as a U,g-module using ¢ and Fo = & ~!. Then
(F@)ARL)(F): VS V3

intertwines the representation =" of Bs on (V ® V) ® V with the representation n¢
on F(V)®3 =y®3, O

References. — [27], [30], [52], [66], [68], [70], [67], [72].

4.4. NORMALIZATION OF DRINFELD TWISTS

In this last section we will study the behavior of Drinfeld twists under the action of
the antipode, and will show that there is a class of Drinfeld twists for which this action
has a particularly nice form.

It will be convenient to choose an isomorphism ¢: 2 (G;) — % (G) satisfying addi-
tional properties. Recall that we denote by fi‘,q the unitary antipode on 2 (Gy) . For ¢ =
1 it coincides with the antipode S.

Lemma 4.4.1. — For every q > 0 there exists a x-isomorphism ¢: Z (Gq) — Z (G) that ex-
tends the canonical identification of the centers and satisfies the property (p}?q =S ©. Furthermore,
such isomorphisms can be chosen to be continuous in q and such that they are the identity maps

on the maximal torus T .

Proof. — If we identify Z/(G) with [[,cp, B(V)) and Z/(G,) with I, cp, B(V)"), then
choosing ¢ is the same as choosing *-isomorphisms ¢; : B(Vf) — B(13). Let A be the
highest weight of V,q, we know that A = —uwj}, but this will not be important. The
unitary antipode maps B(V)q) onto B(Vj\q). For every representative A of a set {, 4}
with % # ), we can take ¢; arbitrary and then let 05 = S’cp;ﬁq.

Assume now that A = 1, so Vy? = V)q This means that there exists an anti-linear
isometry J;: V/q — qu such that J,o = }A%q(w)*]q for v € Z (G,). To construct ¢; we
have to find a unitary V)fl — V;, intertwining [, with | = J;. Since 1%3 =1, the operator
]q2 is a scalar, say ]qz = ¢,;1 for some ¢; € T, and then

cofy = Iy = Joegl = Tl
whence ¢; = £1. Furthermore, the operator J, is uniquely determined up to a phase
factor, while the sign of]q2 is independent of any choices.
Claim 1. The sign ofjt}2 is the same for all ¢ > 0.

We will show that the sign depends continuously on ¢. Multiplying J, by a phase
factor we may assume that J, maps the highest weight vector Z;I onto a fixed lowest
weight vector Z;{ of norm one. There exist indices i1, ...,, such that the vector Z? =
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F;i F;i £ is nonzero. Then we can take ¢! = ﬁ;{/”if” Furthermore, as we have al-
ready used in the proof of Lemma 4.3.4, the scalar products of vectors of the form
F;Il ... F]{fnig{ depend continuously on ¢. Hence the same indices ¢, ...,i, can be used
to define a lowest weight vector for all values of the deformation parameter close to q.
We have
2 q -1
UgEL 5D = I8 Uy - FELE)
g 1,5 .
= G (Ry (D)™ Ry (F)* T2 E])
o R .
= IS (F - FLEL Ry(F) . Ry(F)E)).
As }A{q(Fl-) = —ql._lFZ-Ki by (2.4.2), we see that (];ZE;{, EZ) depends continuously on g.
The first part of the lemma follows now from the following elementary result.

Claim 2. For any finite dimensional Hilbert space H , the unitary conjugacy class of an anti-linear
isometry | on H such that J* = %1 is completely determined by the sign of J*.

Indeed, if J? = 1, then the space of vectors invariant under J forms a real form of
the Hilbert space H, and any two real forms are unitarily conjugate. If J2 = —1, then
for any vector £ we have J& L £, since

(EJ5) = UEJE) = —(E.J5)-

This implies that there exists an orthonormal basis in H of the form

€1,]€1, e >€m,]em-
Any two such | are clearly unitarily conjugate.

In order to prove the second part, recall that by Lemma 3.2.4 there already exists a
continuous family of isomorphisms ¢/ = (cp;l): % (Gy) — Z (G) that are the identity
maps on 1. We modify @g as follows. For every representative % of a set {A, 1} with
A # ), we keep cp;{ intact and let @g = §<p;1\ﬁq. In the case % = ) recall from the proof of
Lemma 3.2.4 that locally cp;{ are implemented by unitaries u({: qu — V5, defined using
orthonormal bases in V.Aq () that consist of linear combinations of vectors of the form
F;]] . F}iﬂ E;{ with coefficients continuous in ¢. If ], is chosen as in the proof of Claim 1
above, then the matrices of J; in these bases depend continuously on ¢, so the anti-
linear isometries ugjqui]* on Vy are continuous in ¢. Note also that ], maps V{’(p.) onto
th (—p) . We now modify uf as follows. For every representative . of a set {y., —u} with
u # 0, we keep the restriction of u? to V{I(pt) intact and let ug{ :]_1ugjq on qu(—p,).
Finally, it is clear from the proof of Claim 2 that we can choose a continuous family of
unitaries w? on V5 (0) such that wqu;l qu;l*w’l* = J. We then replace the restriction of u?
to V;(0) by whu! . O

From now on fix ¢ > 0 and a *-isomorphism ¢: Z'(G,) — #Z (G) such thatit extends
the canonical identification of the centers, acts as the identity map on the maximal
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torus T', and satisfies (pf%q = S(p. By (2.4.1) it follows that
98, = (Adg ") S5,

Denote by v, the central element in 2 (G) that acts on V; as multiplication by

1/2
( dim V;, ) /
. q .
dlmq V)\

Theorem 4.4.2. — Let & € Z (G x G) be a unitary Drinfeld twist for G, corresponding to
the isomorphism @ . Then

m(®8)(F) =vyq"
for some S-invariant central unitary element v € Z (G), wherem: Z (G x G) — Z (G) is

the multiplication map. In particulay, there exists a unitary Drinfeld twist F such that m(1 ®

SY(F) = veq .

We will divide the proof into several lemmas. We will use notation from Section 2.6
by working with elements of Z'(G") as if they were elementary tensors. Then, for ex-
ample, the element m(1 ® §)(.F) can be written as 778(.%3).

Let 7 € iR be such that ¢ = ¢™".
Lemma 4.4.3. — For the element ® = ® (hit19, iteg) we have <D1$’(<I>2)(I>g = '\{g.

Proof. — For ) € P, the element ®1§(®2)CD3 acts on Vj as the composition
. } ® . .
K (G @) 8l = e (helh) =5 W,
where (7,7) is the canonical solution of the conjugate equations for the space V; de-
fined in Example 2.2.2. At the same time, since Z (g, i) is unitarily monoidally equiv-
alent to £;(gq), there exists a solution (R, R) of the conjugate equations for (V;,V;)
such that |R| = |R| = (dim, Vf)l/?. Then by definition the above composition with
(r,7) replaced by (R, R) is the identity map. Since the space of morphisms 1 — V; @V
is one-dimensional, the morphisms R and R coincide with 7 and 7 up to scalar factors.

Since ||r|| = ||7|| = (dim V3)1/2, it follows that ®;S(®9)®5 acts on V5 as a scalar cg(1)

of modulus dim V;

- ;- The scalars ¢, (1) depend continuously on ¢.
dim, V;'
As we remarked at the end of the proof of Theorem 4.1.4, we have o1 = Dgo1 .

Since ® is unitary, it follows that the element (D1§(®2)®3 is self-adjoint. Hence ¢, ()

dim V
is real, and therefore it must be equal to & O
dim, qu

Put u = .718(.%3).

Lemma 4.4.4. — We have u™! = ﬂ{fﬁ(ﬁﬁ*)ﬁ‘f
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Proof. — Apply m® (L ® S® 1), where m®) = m(m ®1), to the identity
(4.4.1) P=(RA)(IFTHN1F)NT o)A (F).

By the previous lemma, on the left hand side we get Y?. In order to compute the right
hand side observe that for every element & € Z (G*) we have

n® (1 ©§®1) (A @) (F)) = 015108 (F1)S (02) 055
= 018(02)03(E® 1) (F) = 018(w2)0s.
Similarly,
mP (@S (@A) (F ) =n? (e e1)(v).
Using these identities, by applying m2 (t® S ®1t) to the right hand side of (4.4.1) we
get
n?(eSe)((1eF)(F o) =718(F)5(F)75,
SO Y? = uS(Z*)%" O
Lemma 4.4.5. — We have cpﬁq = (Ad u)gcp Therefore the element uq" is central.

Proof. — We claim that the map S, = (Ad u)g is an antipode for the comultiplication
As = (Ad.9)A in the sense that

m(Sy @AF =21 =m(®S)As.
We will only check the first identity. We have

m(Sy @ 1)As (0) =

By the previous lemma,
S(FN)u Fy =1, 28(F1)S(F)Fy T = v, mS @)(F T ) =1, %
Therefore
m(Sy ®1)As (0) = v, uS (F)S(w1)) 0@ Ty = i(0)y, us(F)Fy =é(o)l.

On the other hand, §' = cpS'qcp*1 is also an antipode for A & . The standard proof of
the uniqueness of the antipode shows that S = Su;

() =8®8)Asr(0) =mlS" @mt e S)As)As (v)
=@ @10 8,)A% (0) = $u(w).
The last statement in the formulation follows from cpgq = (Ad q*hp)g ®. O

Lemma 4.4.6. — We have S(u)u* = Y? and uu* = Y?q*}%.
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Proof. — The first identity easily follows from Lemma 4.4.4:

A

= (F18(F2))" = SS(F)F) = S(yiu™") = vaS(u)~".

For the second one, we have

w = F18(52)8(F) 7 =mP (@S @) (18 F5)(F @1)).

(s
Put Z = (¢ ® 9) (%) = F21¢'F *. Then 73, = /. *Z ', and we get
w =nPeeSen (1o F )T @l)
= Z18(F)S((ZH1)S(F)S () ()2 F5 (Z e

From the identity ¢ = %( (C) —1®C —C®1),where C is the Casimir operator, we
get
S (@2 =g

It follows that
un* = ¢ CF18(F2)S((Z " H1)S(F )T (F e = ¢ CruS(FH)u (Z ).

Now recall from Example 2.6.12 that the twist 6 for G, equals ¢ %, while 6-1 =
Sy((Z;71)1) (#;1)2g" by (2.6.5). This shows that S, ((Z,)1) (Z, )2 = ¢“og">
which means that

uS((Z 1w (#e = ¢ g

—C.,2,C ~hs,

Therefore uu* = q~“y;q"q = qu—hzo_ 0

Proof of Theorem 4.4.2. — Since uu* = ﬁq‘h% by the previous lemma, we have by polar
decomposition that u = 'yqq*hpv for a unitary v. Since ug is central by Lemma 4.4.5,
the element v must be central. From the identity S(u)u* = Y:f we then get S(v)v* =1,
50 v is S-invariant.

If v # 1, consider the Drinfeld twist 7 = (w* ® w*)?ﬁ(w) , where w is a central
unitary element such that é(w) = 1. Then

F18(F3) = ' F15(F2)S (w)* = w*S (w) vy,

Therefore to prove the second part of the theorem it suffices to show that for every
central unitary $-invariant element v such that (v) = 1 there exists a central unitary
element w such that v = wﬁ(w) and &(w) = 1. This is straightforward, we can even
choose w to be S-invariant. O

For a unitary Drinfeld twist .# such that .7 S'(,%) = Y,[q’hP consider the unitary
element

& =8935 (Fn)7.
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Theorem 4.4.7. — The unitary & does not depend on the choice of ¢ and F with properties
as described above. It satisfies the following properties:

(i) & € Z (G x G) is invariant, that is, it commutes with all elements of the form A(m);
(i) €@ (&) =(®e) (&) =1;
(i) &9 = &';
(iv) @ (12, fitzs) = (1 @A) (£7) (1@ )P (—htrg, —litz3) (£ @ 1) (A @) (£);
v) & is (S ® S)-invariant;
(Vi) m(t® 8) (&) = 1.
Proof. — We start by verifying property (i) for fixed ¢ and .# . Applying S® S to the
identity
(6 ®9)A) = F Ag().F
and using S¢ = 9R,, we get
(6 @9) ARy = $®8)(F)AeR (VS ® $)(F),
so that by applying the flip we obtain
(¢®9)4 = ($©9)(F)Ae() S © 5)(Fn).
It follows that the element & = (§ ® §) (F21)-7 is invariant.

Assume now that (§,.7) is another pair with properties as prescribed before. By
Theorem 4.3.6 and the discussion preceding it, there exists a unitary v € Z'(G) such
that = (Adv)g,.7 = (v®v).F A(v)* and &(v) = 1. Since § is assumed to be the
identity map on the maximal torus, the element v commutes with ¢~". Then

m(t®8)(F) =vm(t®8)(F)S(v) = vS(v)y,q "
Hence vﬁ(v) = 1. Then
S ®8)(F2)F =AS@") (S @ 3)(Fa1) (S(@)v ® S (0)v).F A(v*) = AS(v*)EA(v").

The last expression is equal to & , since & is invariantand $ (v)v = 1. Thus & isindeed
independent of (¢, % ).

Property (ii) follows from the corresponding property of .# .
In order to prove property (iii) apply S® S to the identity
(9®9)(Fy) =Fng' T
Using that (R, ® R,) (%) = %, by Theorem 2.6.6(iv), we get
(3 9)(Z) = $®8)(F )¢ ($ ) (Fn).

It follows that
&g =4&.

SOCIETE MATHEMATIQUE DE FRANCE 2013



154 CHAPTER 4. DRINFELD TWISTS

Since & is invariant and ¢ = %(A(C) —-1®C—-C®1), the element & commutes with
t. Hence &5 = & .

Turning to (iv), first note thatif A and B are operators on a finite dimensional space
V, and « is an anti-automorphism of B(V'), then %(P(A,B))"! = ®(—a(A), —a(B)).
This follows from the definition of ® by observing that if G is an invertible solution of

A B
G’:<—+ )G,
x  x—1

then for G = «(G)~! we have
G = () a(G)a(G)™!
A B A B)\ -
— —a(6) s ((; v 2 1) c) 2(6) = (“(x ), 2 i) G

It follows, by letting o = S, that

(S® 8 ® 8) (%) = ®(—htyg, —Titgs),

where ® = ®(hit19, hiteg) . At the same time
D* = D391 = (A@1)(F}) (Foi @ 1) (1@ Fa1) (1 @ A) (Fo1),
so applying $ ® § ® § and using (S ® S) (F21) = &F * we get
SeSe 9 (@) =(ed)(EF)1esF ) (F& e l)(de(FE)
= (0M)E)(1RE)PE 1) (AL (E),
where we again used invariance of & . This proves (iv).
Property (v) is a consequence of (iii), since
B®9E) = (@8 (F)Fn =&
Finally, in order to prove property (vi) observe thatsince & is invariant, the element

¢ = &5(&) is central. Indeed, if © € Z (G), then from £A(0) = A(w)& we get
g(w)e= w(l)cSA'(mQ)), and writing o (1) ® w2) ® ws) for A®) (») we compute:

e = o) cE(we)) = (,\)(1)65((,0(2))0)(3) = E(u(1))co @) = co.

Hence c=1. O

For every fixed ¢ properties (i)-(vi) in the above theorem do not completely deter-
mine &, but the whole family of such elements for all ¢ > 0 turns out to be uniquely
determined by them. To formulate the result, observe that this family must be con-
tinuous. Indeed, by Lemma 4.4.1 there exists a continuous family of x-isomorphisms
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0! Z (Gy) — Z (G) such that they are the identity maps on the maximal torus and
satisfy cpqlflq =3 ¢7. By Theorem 4.3.8 there exists a continuous family of unitary Drin-
feld twists .# 1 corresponding to ¢?. By Theorem 4.4.2 we can modify # 7 such that
we get m(L ® 5) (F1) = qu—hp, Furthermore, from the proof of that theorem, which
consists simply of taking square roots in the algebra of S-invariant central elements, it
is clear that we can arrange the modified family to remain continuous. Then the ele-
ments (S ® S) (%‘11)7‘1 depend continuously on ¢.

Theorem 4.4.8. — There exists a unique continuous family {& 1},50 of unitary elements
in Z (G x G) such that &' = 1 and such that for every ¢ > 0 the unitary £ satisfies
properties (i)-(vi) from Theorem 4.4.7 (with I € iR such that ¢ = emil),

Proof. — Let us first show that if & and & are two unitary elements satisfying prop-
erties (i)-(vi) for some ¢ > 0, then there exists a central unitary element v such that
& = (v® v)éﬂﬁ(v)*. Take a unitary Drinfeld twist &# for G, corresponding to some
x-isomorphism 7 (G,) = Z (G). Put & = F&*& . Then .7 is a Drinfeld twist corre-
sponding to the same isomorphism, with properties (i)-(iv) of the Drinfeld twist follow-
ing from the corresponding properties (i)-(iv) of & and £. By Theorem 4.3.6 there

exists a central unitary element v € Z(G) such that
FEE =F = (1®v).F A@)",
whence & = (v ® v)&A(v)*.
Furthermore, property (ii) implies €(v) = 1. Property (v) shows that

S @S@)AS®) = (o)A@,
that s, v*g(v) is group-like, while property (vi) gives vS (v) = 1. Therefore the element
v? is central and group-like, so it is an element of the center of G.

Assume now we have two continuous families {£ 7}, and {g” 7}, of unitaries satisfy-
ing properties (i)-(vi) such that &1 = &1 = 1.For every ¢ > 0 choose a central unitary
element v, such that &1 = (v ® vq)qu(vq)*. As in the proof of Theorem 4.3.8 we
can arrange these unitaries to be continuous in ¢ and assume v; = 1. Then {vg}q is
a continuous family of elements of the finite center of G, hence v,? = 1 for all ¢. But

then using continuity once again we get v, = 1. Thus £1=&1, O

It would be interesting to get a more explicit and conceptual description of the fam-
iy {&7},.
References. — [27], [68].
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The book provides an introduction to the theory of compact quantum groups,
emphasizing the role of the categorical point of view in constructing and an-
alyzing concrete examples. The general theory is developed in the first two
chapters and is illustrated with a detailed analysis of free orthogonal quantum
groups and the Drinfeld-Jimbo g-deformations of compact semisimple Lie
groups. The next two chapters are more specialized and concentrate around
the Drinfeld-Kohno theorem, presented from the operator algebraic point
of view. The book should be accessible to students with a basic knowledge of
operator algebras and semisimple Lie groups.
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