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A Companion to Quantum Groups

Bart Vlaar

7.1 Introduction

Note that the category of modules of a bialgebra has a tensor product structure.
Given two modules V,W, in general it is not clear that V ® W is isomorphic
to W ®V as modules. If the bialgebra possesses a quasitriangular structure,
i.e. a universal R-matrix, then there exists a natural isomorphism which is
compatible with the tensor structure. Quantum groups form a rich family of
(non-commutative and non-cocommutative) quasitriangular bialgebras which
in some sense deform associative algebras naturally associated with certain
groups and Lie algebras.

Quantum groups were discovered in the 1980s in the context of quantum
integrability (simultaneous diagonalizability of commuting Hamiltonians via
solutions of the Yang—Baxter equation), initially in [27]. Their theory is a vast
topic that has developed immensely in the last four decades. There are various
reasons why quantum groups are interesting: there are connections with low-
dimensional topology (e.g. representations of braid groups and construction of
quasi-invariants for knots, links, etc.), g-deformed harmonic analysis (closely
connected to the older theory of special functions depending on a deformation
parameter) and non-commutative geometry (the study of deformed algebras of
functions on algebraic groups).

It is difficult to give a precise definition of a quantum group that encom-
passes the various classes of examples which are known as such. Focusing
on deformations of cocommutative bialgebras, one may propose the following
“soft” definition, which will be our guide in these notes:

A quantum group is a non-commutative bialgebra depending on a
parameter that is
(1) quasitriangular for all values of the parameter and
(2) cocommutative only for special values of the parameter.
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We will showcase a special class of quantum groups: quantized enveloping
algebras U,g, also known as Drinfeld-Jimbo quantum groups, and explain the
construction of the universal R-matrix. The representation theory of U,g, if ¢
is not a root of unity, stays close to that of Ug, i.e. that of g, which is well
known. Unfortunately it is beyond the scope of this account to discuss in detail
other types of quantum groups (e.g. Yangians and RTT algebras, compact quan-
tum groups, bicrossproduct quantum groups) or delve very deep into particular
advanced branches and applications of this theory such as: Lie bialgebra quan-
tization; diagonalization of commuting transfer matrices; the definition of knot
(quasi-)invariants; root-of-unity phenomena; canonical bases (crystal bases)
and the g — 0 limit; Knizhnik—Zamolodchikov equations. Standard textbook
resources focusing on quantum groups are for instance [7, 17, 23, 24, 30, 32].
For an account tailored to the application of quantum groups to quantum in-
tegrability. We recommend the lecture notes [36] and the book [19]. Note that
quantum groups have applications in mathematical physics beyond integrabil-
ity; one can in particular point out their role in quantum gravity (see [31]).

We hope that these notes provide the reader with a basic working knowledge
of quantum groups and spur them on to a deeper investigation in this rich vari-
ety of topics. For most of these lecture notes, we assume fairly little background
knowledge beyond abstract linear algebra and basic notions of group theory and
representation theory, although some familiarity with Lie theory and category
theory is helpful.

7.1.1 Outline

First of all we will review bialgebras, Hopf algebras and their representations
(and introduce notation that we will use throughout this chapter) in Section
7.2. We discuss quasitriangular bialgebras and the induced braiding on their
categories of representations in Section 7.3. In Section 7.4 we discuss their
quantizations, Drinfeld—Jimbo quantum groups U, g, and in Section 7.5 the qu-
asitriangular structure of U,g; in these sections we pay particular attention to
the special case U,sl,. We end the notes with a brief investigation in Section 7.6
into more recent developments involving quasitriangularity for special types of
subalgebras of bialgebras, and the associated cylindrically braided structure on
the category of modules.

7.1.2 Acknowledgements

The author was supported by EPSRC grant EP/R009465/1. The lecture series
associated with these notes, part of the LMS Autumn Algebra School 2020,
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Council and hosted by the International Centre for Mathematical Sciences. The
author is grateful to Stefan Kolb for useful comments.

7.2 Bialgebras

In this section we recall some basic theory surrounding bialgebras and monoidal
categories, setting the stage for the next section which deals with quasitriangu-
lar bialgebras and braided monoidal categories. For more background on some
of this material the reader can consult for instance [7, Sec. 4.1] or the lecture
notes [39].

7.2.1 Notation

We fix an arbitrary! field k; linear structures will always be with respect to k,
which we may suppress from the notation. In this way ® = ®; is the tensor
product over k, Hom(V, W) = Homy (V, W) is the vector space of k-linear maps
from V to W and End(V) = End; (V) is the algebra of k-linear maps on V.

Let V,W be vector spaces. We denote the identity map on V by idy. We
denote by oy w the unique linear map from V @ W to W ® V which sends v w
tow®v for all v € V,w € W. If there is no cause for confusion, we will simply
write id instead of idy and o instead of oy y.

7.2.2 Algebras

We consider an algebra A over k, i.e. a vector space that possesses a bilinear
multiplication map: A X A — A which is compatible with scalar multiplication:
A(ab) = (Aa)b = a(Ab) for all A € k and a,b € A. Note that since the multi-
plication map is bilinear we can view it as a linear map m : A ®A — A. We will
always? assume that A is associative, i.e.

mo(m®idg) =mo(idg @ m) € Hom(A,AQARA), (7.2.1)
and unital, i.e. there is a linear map 1 : k — A such that
mo(N®idy) =idg =mo(idg ®n) € End(4,A), (7.2.2)

where we have used that k ® A = A = A ® k. Note that such 17 must be injective
and hence we can, and shall, identify k with 1(k) C A. In particular, there is an

! Later we will assume that & is of characteristic zero and algebraically closed.
2 Note that Lie algebras are not algebras using this restricted definition.
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element 17(1) € A, which we simply denoted by 1, with the property la =al =
a for all a € A (conversely, given such an element, there is a unique linear map
n:k—Asending 1 €ktol€A).

Let A and B be algebras with multiplications my4, mp and unit maps ng,
N, respectively. An algebra morphism from A to B is a linear map f: A — B
such that

mgo (f®f)=fomy € Hom(A®A,B), ng=fona € Hom(k,B).
Also, A ® B is an algebra in a natural way, with multiplication

Magp = (mp @mp) o (idy ® 0p p@idp)

(7.2.3)

€ Hom(A® B® A®B,A® B)

(note that the swap o is really necessary here) and unit map
Nawp = Na ® N € Hom(k,A® B). (7.2.4)

Naturally associated to an algebra A are two groups: the subset A* of in-
vertible elements and the set of algebra automorphisms Aut,g(A) (invertible
algebra morphisms from A to itself). For any x € A* we denote by Ad(x) the
automorphism of A given by conjugation by x: Ad(x)(a) = xax~! for all a € A;
thus we obtain a group morphism Ad from A* to Aut,g(A).

7.2.3 Algebra Representations

In general, a good way to study (or “test”) A is by looking at representations
of A. A representation of A on V is an algebra morphism 7y : A — End(V)
(more loosely, we also say that V carries a representation of A if such a wy
exists). For all a € A and v € V the element 7ty (a)(v) depends linearly on both
a and v and is thus a linear map on the tensor product A ® V. Accordingly,
we say that V has a (left) A-module structure consisting of the left action map
Ay :A®V — V defined by Ay (a ®v) = my (a)(v), which is sometimes denoted
a - v if the representation or the module structure is clear from the context.

If V,W are left A-modules, then we call a linear map ¢ : V — W an A-
intertwiner (or A-module morphism) if @ commutes with the action of A, i.e. if
the following diagram commutes for all a € A:

¢

R ——

w (7.2.5)
iﬂw (a)

—W.

Vv
7y (a) \L
v ¢
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7.2.4 Tensor Products of Modules

If V and W are left A-modules, then V @ W is not automatically an A-module,
but merely an A ® A-module, with representation map iy Q Ty : A QA —
End(V) @ End(W) C End(V @ W).

Example 7.1 Let G be a group and consider the group algebra kG (the k-linear
space with basis given by the group elements, which we turn into an algebra by
extending the group multiplication linearly). Note that group representations of
G are in a natural 1-to-1 correspondence with algebra representations of kG; if
7 : G — GL(V) is a group representation then the corresponding algebra repre-
sentation from kG on V is denoted by the same symbol. If we have two group
representations 7y : G — GL(V) and 7w : G — GL(W) then V ® W automati-
cally carries a representation Ty gy : G — GL(V @ W) defined by

Tyew (g)(vew) == my(g)(v) ® mw(g)(w) (7.2.6)

forall g€ G,v eV and w € W. Viewing 7y, Ty and Tygw as algebra repre-
sentations, note that we have defined mygw = (Ty @ ) o A, where A is the
algebra morphism form kG to kG ® kG uniquely determined by A(g) = g® g
forall g € G.

In general, a natural framework for constructing representations of A from
tensor products of representations of A arises whenever there is a distinguished
algebra morphism A : A — A®A: in this case we immediately see that Ty gy 1=
(my @ mw ) o A is an algebra morphism from A to End(V ® W). In this way we
have related an additional structure on the representations of A to an additional
structure on A itself.

The simplest meaningful representations of A are 1-dimensional representa-
tions or characters, i.e. algebra morphisms from A to End(k) = k. To guarantee
the existence of such a representation, it is convenient to further extend the
structure on A given by A by stipulating that we also have a distinguished alge-
bra morphism € : A — k.

Note that the new structure maps A and € are similar to m and 1, respec-
tively, but go in the reverse direction. Therefore we call them coproduct (or
comultiplication) and counit (map).

7.2.5 Monoidal Categories

The notion of A-module is naturally bolted onto a more basic notion of vector
space, to which is associated a notion of taking tensor products and a special
vector space k, which acts as a neutral element when taking tensor products.
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We want to constrain the structure maps A, € so that tensor products of A-
modules and the special module k behave as tensor products of vector spaces
and the special vector space k. So we need to capture which properties of vector
spaces we wish to preserve.

Note that for all vector spaces U,V,W we have?

URV)eW2UR(VeW), kaVVekXV. (7.2.7)

These properties are reminiscent of the definition of a monoid, and we call a
category C a monoidal category (or tensor category) if there exists a bifunctor
®: € x € — € and a special object 1¢ that are abstractions of the tensor product
operation on vector spaces and the special vector space k. To flesh this out
precisely requires a bit more work; the precise definition of monoidal category*
is given for instance in [7, Sec. 5.1B]. In particular, the collection of k-linear
spaces together with the k-linear maps between them constitutes a monoidal
category, called Vect, with the monoidal structure given by the usual tensor
product of vector spaces and the vector space k.

The representations of our algebra A together with their intertwiners also
form a category, which we denote by Rep(A). Note that we have a forgetful
function For from Rep(A) to Vect, mapping each module to the underlying
vector space and each intertwiner to the underlying linear map. It is natural to
require of A that the isomorphisms in (7.2.7) are preserved when we interpret
them as statements about Rep(A). More precisely, we want For to become a
monoidal functor (i.e. it maps the tensor product of A-modules to the tensor
product of vector spaces). It gives rise to the following definition.

7.2.6 Bialgebras

Definition 7.2 An algebra A is called a bialgebra if there exist algebra mor-
phisms A: A - A®A and € : A — k satisfying coassociativity and counit

axioms:
(A®idg) oA = (idg ®A) oA € Hom(A,AQRA®A), (7.2.8)
(e®idg)oA=idy = (idy ®€)0A € End(A). (7.2.9)

Remark A vector space A which possesses linear maps A: A -+ A®A and
€: A — k satisfying (7.2.8-7.2.9) is called a coalgebra. Bialgebras are at the

3 Here we are careful in writing isomorphisms instead of identities, since tensor products of
vector spaces are only defined up to isomorphism.

4 Often the terms monoidal category and tensor category are used interchangeably but in [7] the
terminology tensor category and quasitensor category correspond to what is commonly known
as a symmetric monoidal category and braided monoidal category, respectively.
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same time algebras and coalgebras in such a way that the two types of addi-
tional structures are compatible: the coalgebra structure maps A, € are algebra
morphisms (equivalently, the algebra structure maps m, 1 are coalgebra mor-
phisms).

Before we study examples of bialgebras, we will develop the basic theory
further. If A is a bialgebra, the properties (7.2.8) and (7.2.9) guarantee that the
identities in (7.2.7) are identities of A-modules, so Rep(A) forms a monoidal
category. In fact, we have a somewhat stronger statement:

Theorem 7.3 ([e.g. 39, Prop. 1.1]) Let A be an algebra with multiplication
map m. Let A:A — AQA and € : A — k be algebra maps. Let @ : Rep(A) X
Rep(A) — Rep(A) be the functor which associates to a pair of A-modules
(V,W) a module, uniquely defined by stipulating that the underlying vector
space is the usual tensor product V QW and the representation is

Tyew = (Ty @ Tw) oA : A — End(V) ® End(W) C End(V @ W).  (7.2.10)

Also let k be an A-module with representation m, = € : A — End(k) = k. Then
(Rep(A), ®,k) is a monoidal category with the same isomorphisms as Vect in
(7.2.7) if and only if (A, €) satisfies (7.2.8-7.2.9).

If B C A is a subalgebra and A(B) C B® B then we call B a subbialgebra of
A (as a consequence, B is a bialgebra in its own right). If A and B are bialge-
bras with coproducts A4, Ap and counits &4, €p, respectively, then a bialgebra
morphism is an algebra morphism f : A — B with the additional property

(f@f)oA=Apof,  ex=epof. (7.2.11)

Let A be a bialgebra. In order to describe explicitly the A-module structure
of a tensor product of any (finite) number of A-modules, we can recursively

define iterated coproducts A" € Hom(A,A®") for n € Z as follows:
AV =g AD = (AW @id)oA (7.2.12)

so that A = id by (7.2.9) and hence A? = A, By virtue of (7.2.8), replacing
the recursion in (7.2.12) by A1) = (id ®A(")) oA for any or all n produces
the same linear maps A,

Remark Since A" maps into A®", for a € A and n € Z- there exist (non-
unique) @, al? ... a" € A such that

et

A@) =Y dwd” @---wad”. (72.13)
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This may be abbreviated to Sweedler notation:
A @)=Y aV®ad? @ ®a". (7.2.14)

For example, we may write (7.2.9) as ¥ £(a())a? = a =Y aVe(a?).

7.2.7 Commutativity and Cocommutativity

Let A be a bialgebra. The opposite bialgebra A°P is the bialgebra obtained from
A by replacing the multiplication map, say m: A QA — A by m°P :=mo c. We
call A commutative if A°? = A, i.e. if m°® = m (in other words the underlying
algebra is commutative).

We will be more interested in the co-opposite bialgebra A°°P. 1t is the bialge-
bra obtained from A by replacing A by A°P := o o A. We call A cocommutative
if AP = A, i.e. if A°® = A. Note that if A is cocommutative then the monoidal
category Rep(A) is symmetric: for all V,W € Rep(A) there is an A-intertwiner
cyw from the object V@ W to the object W @ V such that cwycyw = idyew.
It is given by cyw = oy,w. The fact that 6y w is an intertwiner is equivalent to
A= AP,

7.2.8 Antipodes and Hopf Algebras

Many bialgebras appearing “in nature” have an additional structure map called
antipode, which enriches the category of representations of such a bialgebra. To
define it, first let A and B be bialgebras with multiplications mg4, mp, unit maps
N4, N, coproducts A4, Ap and counit maps €4, €g. The set of linear maps from
A to B, Hom(A,B), possesses a natural product structure called convolution
product, sending f,g: A — B to

fxg:=mpo(f®g)oAs:A— B. (7.2.15)

It follows from the definition of bialgebra that (Hom(A, B), *) is a monoid with
neutral element 1p o €4 : A — B called the convolution monoid. Setting B = A
and suppressing subscripts, an antipode is a map S € Hom(A,A) which is a
x-inverse of id € Hom(A,A). In other words, an antipode S satisfies

mo(S®id)oA=nog=mo (id®S)oA. (7.2.16)

One can now combine the convolution monoid construction with uniqueness
of inverses to prove a slew of basic properties of antipodes. For proofs of the
following we refer for instance to [10, Sec. 4.2].

Lemma 7.4 Let A be a bialgebra with antipode S. Then
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1 S is unique;

2 S is a bialgebra morphism from A to (A°®)® (and hence S is a bialgebra
endomorphism of A);

3 if S is invertible (with respect to composition) then S~ is an antipode for
the bialgebras A°P and A<°P;

4 if A is commutative or cocommutative then S is involutive;

5 if B is another bialgebra with antipode S' and f : A — B is a bialgebra
morphism, then S'o f = foS.

Since we are interested in “deformations” of (co)commutative bialgebras,
considering Lemma 7.4 (4), it is natural to require that S is invertible (although
we have to relinquish involutiveness).

Definition 7.5 We call a bialgebra A a Hopf algebra if it has an antipode which
is invertible (with respect to composition).

7.2.9 Representations of Bialgebras and Hopf Algebras

We review some more standard terminology of the representation theory of
bialgebras. Let A be a bialgebra. Any vector space V automatically becomes
a left A-module if we set a-v = €(a)v for all a € A, v € V. This is called the
trivial A-module structure on V.

The (left) regular representation of A is the A-module structure on A itself
given by left multiplication. If A is additionally a Hopf algebra, the antipode
also allows us to define the (left) adjoint representation of A on itself. Namely,
for all a,b € A set, in terms of Sweedler notation,

ad(a)(b) := Y aVbS(a?). (7.2.17)

It is a nice exercise to show that the map ad : A — End;(A) defined by this
assignment is indeed an algebra morphism.

If A is a Hopf algebra then the dual V* = Hom(V, k) of V € Rep(A) becomes
an A-module by setting

(a-f)v) = f(S(a)-v) foralla€ A, feV* , veV. (7.2.18)

As a consequence of the first equation of (7.2.16), this action of A on V* implies
that the canonical linear map: V* ® V — k is an A-intertwiner.

Note that S can be replaced by S~! in (7.2.18), requiring us to distinguish
between the right-dual V* and the left-dual *V of A-modules. A natural condi-
tion on a Hopf algebra A which implies that V* = *V as A-modules is that the
square of the antipode is inner, i.e. if S> = Ad(u) for some u € A*. This claim
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follows from the observation that ¢, : V* — *V defined by f ~— u~!- f is an
A-intertwiner.

7.2.10 Key Example 1: Group Algebras

We discuss some important families of examples of bialgebras which can be
defined in terms of a group G or a Lie algebra g, both algebraic structures with
a well-defined notion of representations.

Let G be a group. Restating the key observation of Example 7.1, the group
algebra kG becomes a Hopf algebra if we set

Ag)=gmg,  €lg=1, Sg =g (7.2.19)

for all g € G and extend linearly. The adjoint representation of kG on itself
extends the conjugation action of G on itself given by g-h = ghg™! for all
g,h € G. More generally, we can let G be a monoid and the same assignments
for A and € define a bialgebra structure on kG, which extends to a Hopf algebra
structure if and only if G is a group.

We can “dualize” this example. Consider the commutative algebra k% of
functions f : G — k (with pointwise addition and multiplication). Note that
kG ® kC naturally embeds into k°*©. If G is finite then this is an algebra iso-
morphism, so we may identify these algebras, and in that case the following
definitions make sense:

A(f)(g:h) = f(gh),  e(f)=f(la), SN =rf(g") (7220

for all f € k% and g,h € G. This endows k© with a Hopf algebra structure.
There are also infinite groups and associated function algebras F(G) where
we can make the identification F(G) ® F(G) = F(G x G) so that the same
construction endows F(G) with a bialgebra structure, for instance:

e let G be an algebraic group over k and replace F(G) by the algebra of
regular functions;

e let G be a compact topological group, set k = R or k = C and replace F(G)
by the algebra generated by the matrix entries of all finite-dimensional
representations of G.

7.2.11 Key Example 2: Universal Enveloping Algebras

Let g be a Lie algebra. Consider its tensor algebra

Tg:=k®gdga--, (7.2.21)
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a free algebra with multiplication given by the tensor product. The universal
enveloping algebra is the algebra Ug := Tg/I, where I is the two-sided ideal of
T g generated by all elements of the form x®y —y®x — [x,y] for x,y € g. Before
we give the bialgebra structure, we highlight two key properties of universal
enveloping algebras (see e.g. [5]).

1 The universal property of Ug and the canonical embedding t : g — Ug is
the following statement. For any Lie algebra morphism ¢ : g — A (where A
is any algebra) there exists a unique algebra morphism @ : Ug — A such
that @ = @ o 1. In particular we may take A = End(V) with V a vector space
and obtain that Lie algebra representations of g correspond 1-to-1 to algebra
representations of Ug.

2 The Poincaré—Birkhoff-Witt theorem states that given a totally ordered
k-basis X of g, a k-basis of Ug is given by the set

U{l(xl)---l(x,,)|x17...,xn eX,x; << xp ke (7.2.22)

n>0

The natural Hopf algebra structure on Ug is uniquely determined by
AX) =x®1+1®x, e(x) =0, S(x) =—x (7.2.23)

for all x € g. This map A corresponds precisely to the standard action of Lie al-
gebras on tensor products of their representations: if 7y : g — End(V) and my :
g — End(W) are Lie algebra representations then 7y ow defined by ygw (x) :=
7y (x) ®idw +idy ® my (x) for all x € g is a representation of g on V@ W. Also,
in this case the adjoint representation of Ug on itself corresponds to the usual
adjoint representation of g given by x-y = [x,y] for all x,y € g.

7.2.12 Grouplike and Skew-primitive Elements

Let A be a bialgebra. Inspired by the examples above we highlight two impor-
tant types of elements of A. We call an element a € A grouplike if

Ala) =a®a, a#0. (7.2.24)

The set of grouplike elements is denoted by Gr(A). From (7.2.9) it follows that
€(a) =1 for all a € A and hence Gr(A) NA* is a group. If A has an antipode S
then Gr(A) is a subgroup of A* and S acts on Gr(A) by inversion.

We call a € A skew-primitive if there exist g,h € Gr(A) such that

Ala)=a®g+h@a. (7.2.25)

The set of such elements, denoted Pri, ,(A), is a subspace of Ker(g). If A has
an antipode S then for all g, € Gr(A), S acts on Prig;(A) as a — —h~lag™".
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Elements of Prij | (A) are called primitive. We have an inclusion of Lie algebras
(with Lie bracket given by the commutator) Prij ;(A) C Ker(g) C A.

Note that Ug is generated by primitive elements. More precisely, the embed-
ding 1 maps g into Pri; ;(Ug) C Ug and the Poincaré—Birkhoff-Witt theorem
can be used to deduce that, if & is of characteristic 0, Pri; ; (Ug) = g. A result
due to Kostant [26] gives a wide-ranging converse to this observation: if k is
algebraically closed of characteristic zero then any cocommutative Hopf alge-
bra A such that G(A) = {1} is isomorphic to the universal enveloping algebra
of Prij 1 (A). One can in fact remove the constraint on G(A) and show that A
is isomorphic to a particular type of semidirect product U (Pri; 1(A)) X kG(A)
known as Hopf smash product. The Hopf algebras we will highlight in these
notes will be generated by grouplike and skew-primitive elements.

7.3 Quasitriangular Bialgebras and Braided
Monoidal Categories

Note that the bialgebras discussed so far are all either cocommutative or com-
mutative. We will see that quantum groups arise in a certain way as non-
(co)commutative variations of them. Note especially that in algebraic geometry
one studies algebraic groups via their (commutative) algebras of regular func-
tions; it is natural to consider a “modified” or “deformed” algebraic group by
making the algebra of regular functions non-commutative. This is the origin of
the name “quantum group”.

7.3.1 Generalizing Cocommutativity

To provide a context for this, we discuss a generalization of cocommutativity. It
starts with the following idea. Let A be a bialgebra with coproduct A. Suppose
there exists R € (A ®A)* such that

A% = Ad(R) oA, (7.3.1)
i.e. RA(a) = A°P(a)R for all a € A. Note that (7.2.9) implies that
u) = (e@id)(R) eA*,  u®:=(idoe)(R) cA” (7.3.2)
are central elements of A and hence the element

R:=(e@e)(R)- P 2uV) - Re (AnA)* (7.3.3)
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satisfies both (7.3.1) and (e ®id)(R) = (id ® €)(R) = 1. Hence without loss of
generality we may assume that R satisfies

(e®id)(R) = (id®€)(R) = 1. (7.3.4)

Let us explore how (7.3.1) constrains the element R. Both A and A“°P are
bialgebras and hence (7.2.8) is satisfied both as-is and with A replaced by A°P.
Note that the coassociativity axiom (7.2.8) is a statement about linear maps
from A to A®A ®A. It is therefore convenient to identify the three canonical
linear embeddings of A®A into A®A ® A and introduce notation for them. For
all a,b € A we will write

(a®b)p=axb®1, (a®b);3=a®1®b, (a®b)z=1®a®b (7.3.5)

and extend this notation linearly, so that e.g. Rj = R® 1. Now note that
(A°? ®id) 0 A°P = (id ® A°P) o A°P together with (7.3.1) implies

Ad(Ri2(A®id)(R)) o (A®id) oA = Ad(Rp3(id ® A)(R)) o (id @A) 0 A.
Now using (7.2.8) for A itself we obtain that the element
X = (Ro3- (d®A)(R)) - Rpp- (AQId)(R) € ARARA)"  (73.6)
centralizes the image of A®) inA®A®A. Owing to (7.3.4) we have
(e®id®id)(X)=(deerid)(X)=(didee)X)=11.  (7.3.7)

The simplest possible X satisfying these constraints is X = 1 ® 1 ® 1. If we
assume this, R satisfies the cocycle condition

R12(A®id)(R) = Rp3(id @ A)(R). (7.3.8)

Without loss of generality we may write (A ® id)(R) = Rj3Rp3Y for some
Y € (A®A®A)*. Taking counits again, we obtain

(e®id®id)(Y) = (dwe®id)(Y) = (deidee)¥) =1,  (7.3.9)

and hence again we assume the simplest possible solution: ¥ = 1 ® 1 ® 1, so
that

(A®id)(R) = Ri3Ra3. (7.3.10)
Combining (7.3.8) and (7.3.10) and applying (7.3.1), we obtain
R12R13R23 = R12(A®id)(R) = Raz(id @ A)(R) = (id @ AP) (R)Ro3,
so that (id ® A%P)(R) = RjpR ;3. Left-multiplying by id ® o, we obtain
(iId®@A)(R) = Ri3Ria. (7.3.11)
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7.3.2 Quasitriangularity: Definition and Basic Properties

The above analysis motivates the following generalization of cocommutativity
based on (7.3.1), originally due to Drinfeld [12].

Definition 7.6 Let A be a bialgebra and R € (A®A)*. The pair (A, R) is called
quasitriangular and R a (universal) R-matrix for A if (7.3.1) and (7.3.10-7.3.11)
hold.

If (A,R) and (B, 8) are quasitriangular bialgebras then a bialgebra morphism
v : A — Bis called a quasitriangular morphism if (y @ y)(R) = 8.

Lemma 7.7 Let (A,R) be a quasitriangular bialgebra.
1 The (universal) Yang—Baxter equation is satisfied:
R12R13R23 = Rz R13 R EARARA. (7.3.12)

2 The bialgebras (A,o(R)™"), (A%, 6(R)) and (A°P,c(R)) are
quasitriangular.
3 The counit condition (7.3.4) is satisfied.
4 IfA is a Hopf algebra then
§* = Ad(u), whereu= (mo(S®id)oo)(R) € A* (7.3.13)
(SRid)(R)=R'=(desS H)(R), ((S)(R)=R.  (73.14)
For the proofs see e.g. [7, Props. 4.2.3 and 4.2.7]. Here we reproduce the
proof of (7.3.12), which relies on (7.3.1) and (7.3.10):
Ri2R13R23 = Rip(A®id)(R) = (AP ®id)(R)Ri2 (7.3.15)
= (0®id)(R13R3)R12 = RuRi3Ri2. o

Note that (7.3.12) can also be deduced, in a very similar way, from (7.3.1) and
the other coproduct formula (7.3.11). Indeed, it is natural for a given quasi-
triangular bialgebra to possess a symmetry interchanging the two coproduct
formulas. In the following lemma we identify such a symmetry.

Lemma 7.8 Let A be a bialgebra with a bialgebra morphism @ : A — AP,
IfRe (A®A)* is fixed by 6 o (0 @ @) then conditions (7.3.10) and (7.3.11)
are equivalent.

Proof This follows from id® A = (6 ®id)o (id® 0)o (A®id) o o and
(WRw)oo =00 (0® ). O

Remark Another condition on quasitriangular bialgebras guaranteeing the
equivalence of (7.3.10) and (7.3.11) is 0(R) = R~1; such quasitriangular bial-
gebras are called triangular.
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7.3.3 Braided Monoidal Categories

The main point of having a quasitriangular structure on a bialgebra is that the
category of (left) A-modules is not just a monoidal category, but that the two
possible tensor products of A-modules V and W, namely VQW and W QV,
are naturally isomorphic as A-modules, thereby preserving a key property of
symmetric monoidal categories. Moreover the category of A-modules carries a
natural braided structure.

More precisely, let V and W be A-modules with corresponding representa-
tions 7y : A — End(V), 7w : A — End(W). Denote Ry,w = (v ® miw )(R) (the
linear map on V ® W corresponding to the action of R). Recall the linear map
oyw: VW — W®YV and define

Ryw :=oywoRyw € Hom(V@W,W®V). (7.3.16)

Note that, since R is invertible, RV,W is invertible.
Lemma 7.9 The map Iév_yw intertwines the modules V QW and W QV :

Rywavew(a) = mwev(a)Ryw  foralla € A. (7.3.17)
In particular, VW and W ® V are isomorphic as A-modules.
Proof The axiom (7.3.1) implies

Ryw(my @ mw ) (A(a)) = (v @ tw ) (A°P(a))Rvw (7.3.18)
for all a € A. Left-multiplying by oy w we obtain (7.3.17). O

It is possible to represent the category Rep(A) using a diagrammatical cal-
culus developed in [37]. Here A-intertwiners from U} ®--- QU to Vi ®---®V,,
correspond to diagrams with m incoming arrows and n outgoing arrows, labelled
by the corresponding modules. Furthermore taking tensor products corresponds
to horizontal juxtaposition, and composition of intertwiners corresponds to ver-
tical juxtaposition; we use the convention that composition is downward, which
is also indicated by arrows. In particular, the intertwiners idy and Iév’w are rep-
resented by a single strand and a braiding:

ﬂ;

We also represent the action of a € A on V € Rep(A) by a decoration, marked
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by a, of the strand labelled by V:

14
@ (7.3.20)
Vv

In particular, (7.3.17) corresponds to

VW VW
L
= (7.3.21)
¥
WV WV

Also the coproduct axioms (7.3.10-7.3.11) correspond to natural conditions.
Namely, let U,V,W € Rep(A). Applying 7ty ® mty ® my to (7.3.10) yields

Ruevw = (Ruw)13(Rv.w)2s- (7.3.22)
Left-multiplying by (6y w)i12(0v,w)23 = Ougv,w, we obtain
Rysvw = (Ryw ®idy)(idy @ Rvw), (7.3.23)
an equation in Hom(U @ V@ W,W @ U ® V). In the same way, from (7.3.11)
we obtain
Ryyvew = (idy @ Ry w)(Ryy ®@idw), (7.3.24)

an equation in Hom(U @ V@ W,V @W @ U). In terms of the diagrammatical
calculus, (7.3.23-7.3.24) correspond to the topological identities

UV w uv w U Vaw U vw

o TR =N o
= \l = " (7.3.25)

1 1l

w UV W uUv Vew u VWU

This means that the monoidal category Rep(A) is braided, see [20].

Remark If (A,R) is triangular then, for all V,W € Rep(A), we have Ry y =
Ié‘; L so that Rep(A) is a symmetric monoidal category.

To complete the description of the braided structure on Rep(A), suppose
U,V,W € Rep(A) and apply my ® y ® iy to (7.3.12). We obtain the (matrix)
Yang—Baxter equation

(Ruv)12(Ruw)i3(Rvw )23

(7.3.26)
= (Rvw)23(Ruw)i3(Ruy)i2 € End(U®V @ W),
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or, equivalently,

(idw @ Ry.v) (Ry.w @idy) (idy @ Ryw)

5 . . < . . (7.3.27)
= (Ryw ®idy)(idy @ Ryw)(Ryy @idw),

an equation in Hom(U @ V@ W,W ® V @ U). This corresponds diagrammati-

cally to
uv w u v w
l L L
1 = 1 (7.3.28)
J J l
w Vv U w Vv U

Finally, for arbitrary L € Z- consider the braid group
BrL = <b1,...,bL,1 }bibi+1bi = bH,lbin,hbibj = bjbi if ‘i— ]| > l>

(the fundamental group of the L-th unordered configuration space of the disk).
For all V € Rep(A), we obtain a representation of Br; on VL, given by

L—i—1)

by idy Y @ Ryy @idy (7.3.29)

7.3.4 Sweedler’s Hopf Algebra — A Warm-up Exercise

We discuss a finite-dimensional quasitriangular Hopf algebra with a nontrivial
R-matrix found in [41]. It does not depend on a parameter (and so is not a
quantum group following our soft definition from the introduction). Consider
the algebra A generated by symbols f and g subject to the relations

ff=0, g=1,  fg=—gf. (7.3.30)

Note that {1, f, g, fg} is a k-basis for A. Straightforward checks on generators
show that the assignments

Alf)=fog+1af, e(f) =0, S(f)=gf,
Alg) =g®g, e(g)=1, S(g) =g

define a Hopf algebra structure on A with g € Gr(A) and f € Prig i (A). The
algebra A is the smallest noncommutative non-cocommutative Hopf algebra.
Some of its properties foreshadow similar properties of Drinfeld—Jimbo quan-
tum groups.

(7.3.31)
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Now assume that char(k) # 2. We will show that, for all 8 € k, the following
expression determines a quasitriangular structure on A

Rp=3(101+10g+g@1—gog)(I01+BfRef) CARA. (13.32)
See [7, Sec. 4.2F] for a somewhat different approach. Consider
Rp =Ry ' Rg =101+ Bf@gf (7.3.33)

and note that iﬁﬂ},ﬁ =1®1.By writing Rp=1® 1 — ZI%g ® l%g and noting
that 1%;; is an idempotent, we deduce that R is an involution. From the in-
vertibility of R and f’]vlﬁ we deduce that Rg is invertible. Moreover, by a direct
computation we obtain

Ro(f@g)=(f@1)Ry, Ro(1@f)=(g®f)Ro. (7.3.34)

Lemma 7.10 The involutive linear map @ : A — A is uniquely determined by
o(l) =1, o(g) = g and &(f) = fg is a bialgebra morphism from A to A°P.
Furthermore Rg is fixed by 6 o (0 @ ®).

Proof The first statement follows directly from (7.3.30-7.3.31). The second
statement is a consequence of G(Ro) = Ry = (® ® ®)(Rg) and o(Rg) =
(02 0)(Rg). O

Theorem 7.11 For all B € k, (A, Rp) is quasitriangular.

Proof This is essentially a computation, but it is instructive to highlight some
salient points. For the axiom (7.3.1), it suffices’ to prove

RpA(a) =Al@)Rg,  RoAla) =A®(a)Ro  forallac A.  (7.3.35)

In turn, it suffices to verify these statements for a € {f,g}, which is a straight-
forward consequence of (7.3.34). By Lemma 7.8 it now suffices to prove the
axiom (7.3.10). A direct computation shows that

(A@id)(fRo) = (330)13(320)23, (7.3.36)
so that it remains to prove that

(A®id)(Rg) = (Ro)23(Rg)13(Ro)23 (Rp ) 2s- (7.3.37)

5 This is the main reason for introducing the factorization Rp = fRoiﬁ. We will approach the
quasitriangularity of U,g in a similar way.
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We expand with respect to powers of 3. It now suffices to prove:

(A®id)(1®1) = (Ro)23(Ro)23, (7.3.38)
(Aid)(fegf) = (Ro)u(f@10gf)(Ro)n+1®fRef, (7.3.39)
0=(Ro)(f@1@gf)(Ro)s(1@f@ef). (7.3.40)

Note that the first equation is trivial. The second equation follows by combining
(7.3.34) with the coproduct formulas for f and g. Finally, the third equation
follows by combining (7.3.34) with fZ = 0. O

Remark The quasitriangular bialgebra (A,R) is in fact triangular, since
o(Rg) = 9251. This follows from the identity Ryo(Rg) = R_gRo, a direct
consequence of (7.3.34).

To illustrate how nontrivial solutions of (7.3.26) arise in tensor products
of modules over a quasitriangular bialgebra, consider the following two non-
isomorphic indecomposable representations of A on a 2-dimensional vector
space V. They are defined by:

ni(f)=<(l) g), 7ri(g):(jf)1 fl) (7.3.41)

with respect to a fixed ordered basis (v,v;). With respect to the ordered basis
(Vi ® V1,V @V, @Vv1,v2 ®vy) of VRV, we have

1 0 0 O
. [ 0o 10 o0
B 0 0 F1

a nontrivial solution of the Yang—Baxter equation (7.3.26). Unfortunately, the
representation theory of A is not very rich:

Theorem 7.12 If k is algebraically closed, A has exactly four isomorphism
classes of indecomposable modules. More precisely, up to isomorphism there
are two 1-dimensional modules, given by +¢€ and the two 2-dimensional mod-
ules defined by (7.3.41).

Proof This follows from the fact that we may assume that g acts as a diago-
nalizable map on the module, which must therefore split up as a direct sum of
+1-eigenspaces. For more details, see [7, 4.2F(g)]. O

On the other hand, semisimple Lie algebras g have a very rich category
of modules. Their enveloping algebras Ug are naturally cocommutative (and

https://doi.org/10.1017/9781009093750.009 Published online by Cambridge University Press


https://doi.org/10.1017/9781009093750.009

246 Bart Viaar

hence quasitriangular) Hopf algebras; their quantizations U,g inherit the cat-
egory of modules and are, up to a technicality, quasitriangular Hopf algebras
themselves.

7.4 Drinfeld—Jimbo Quantum Groups

In Section 7.4 we will study a deformation of the universal enveloping algebra
of a Lie algebra associated to a (connected, complex, semisimple) Lie gro-
up, called quantized universal enveloping algebras or Drinfeld—Jimbo quantum
groups. From now on we assume that k is algebraically closed and char(k)=0
(in particular Q C k). First we deal with the s, case.

7.4.1 sl and Usl,

Let us first study the basic case of sl;, the Lie algebra of traceless 2 x 2-matrices
over k. It has a basis given by

0 1 00 1 0
e:<0(0, f:<10>, h:<0_4>. (7.4.1)

In this case it is not hard to see that we have only the following Lie bracket
relations between the basis elements:

lhel]=2e,  [hfl=-2f, le.f]=h. (7.4.2)

Hence, it follows immediately that Usl, is obtained from the free algebra over
the symbols E, F, H by imposing the relations

HE —EH =2FE, HF —HF = -2F, EF-FE=H. (7.4.3)

The canonical embedding 1 : sl — Usl is givenby e — E, f — F and h— H.
In the quantum deformed version we will “keep” E and F and “replace” H by
a well-chosen linear combination of a grouplike element and its inverse.

7.4.2 Quantum sl;
Let ¢ be an indeterminate® and consider the algebra U,sl, generated over k(q)

by symbols E, F, t and t~! subject to the relations

6 In a related formalism, ¢ is not an indeterminate but a scalar. Typically it is imposed that g is
nonzero and not a root of unity. The study of quantum groups for root-of-unity values of ¢ is
very interesting but outside the scope of this introductory course.
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tE =q¢*Et,  tF =q *F1,
t—t71 o
q—q"

(7.4.4)

[E,F] =

We will use the following convention for the additional structure maps:

A(E)=E®1+1®E, e(E)=0, S(E)=—t""E,
A(F)=F®t'+1®F, ¢€(F)=0, S(F)=-Ft, (7.4.5)
A(t l)zti1®[ﬂ:1’ E(Zil): 1’ S(til):tqzl.

It is a standard check to see that this endows U,sl, with a Hopf algebra struc-
ture. Note that the subalgebras (E,z,#~!) and (F,¢,t~') are Hopf subalgebras,
whereas (E,t) and (F,t~!) are subbialgebras which are not Hopf subalgebras.

7.4.3 The Topological Quantum Group U\, ;sl>

Morally, sending g — 1 should recover the defining relations and Hopf algebra
structure of Usly. By making the formal substitution ¢ = ¢/ this can indeed

be done. For instance, in the right-hand side of the relation [E,F] = ; L _,11 one

may take the formal limit ¢ — 1 and immediately obtain H, as required. Writing
t = g and ¢*t = g2 as formal power series in log(q), the relation tE = ¢*Et
is equivalent to

1 1
) 3 log(q)'H'E =) —log(q)"E(H+2)". (7.4.6)

r!

Since ¢ is an indeterminate, this should be true on the level of the coefficients,
yielding the Usl,-relations H'"E = E(H +2)". This suggests a connection be-
tween Uysl and Usl[[log(g)]].

To make this rigorous, choose a new indeterminate /. The h-adic topology
on a vector space V over k[[h]] is defined by stipulating that

1 {W"V |n € Zx¢} is a base of the neighbourhoods of 0 in V,

2 translations in V are continuous.

It follows then that k[[A]]-linear maps are continuous. A topological Hopf alge-
bra over k[[h]] is an h-adic complete k[[/]]-module A equipped with k[[A]]-linear
structure maps 1, m, €, A and S satisfying the Hopf algebra axioms discussed in
Section 2, but with algebraic tensor products replaced by h-adic completions.
We then may study the topological Hopf algebra Uy 12, defined as follows.
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Namely, consider the free algebra P := k(E,F,H) and the algebra of power
series P[[h]]. Consider the two-sided ideal I of P[[A]] generated by

ohH _ o—hH

H,E|-2E H,F|+2F EF|l———
[7] ’ [’]+ ’ [,] eh _ah

(7.4.7)

and let I be its closure in the h-adic topology. Then we can define Uppysthz :=
P[[A]]/I?. One then can deduce that Ujmysh = (Ush)[[A]] as algebras over
k[[A]] (see [7, Cor. 6.5.4]).

7.4.4 Some Representations of U,s(,
It is easy to explicitly construct finite-dimensional representations of U,sl,

which simplify to sl;-representations if we let g go to 1. We denote, for m € Z,

qm _ qu
[m]g = ———— € k(q). (7.4.8)

T g—q!
Since ql_m[m]q is a power series in ¢ — 1 with constant term m, in the formal
limit ¢ — 1, we recover the integer m. Consider, for n € Z-(, the n-dimensional

vector space

Vi = k(g & k(g = k(q)". (74.9)

(
D F) M) = =i, (7.4.10)
(

—

forie {1,2,...,n}, where we have set vi") :=0if i < 1 or i > n. By straightfor-
ward checks it follows that £(") extends to a representation of U, (sl2) on v,
Note that (1) = £. Also note that

1
") (;_;_1 ) ") = [n—2i+ 1"

Hence, formally letting ¢ — 1, we obtain the representation of sl on kvﬁ") @
- @k given by

e = (- 1,
Fool" =(n— ,-)vl@p (7.4.11)
h = (n—2i+ l)v(”).

i
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7.4.5 Chevalley—Serre Presentation of Finite-dimensional
Semisimple Lie Algebras

Likewise we are interested in constructing quantum groups U,g for arbitrary
finite-dimensional semisimple Lie algebras g. This is most conveniently done
using the Chevalley—Serre presentation of g in terms of its Cartan matrix. More
precisely, let C = (c;j)i,jer be an arbitrary Cartan matrix, i.e. ¢;j =2, ¢;j € Z>0,
¢ij = 0 if and only if c;; = 0 and finally all submatrices (c;;); jes With J C 1
have positive determinant (we briefly discuss the Kac—-Moody generalization in
Section 7.4.7). There exist positive setwise-coprime integers d; such that d;c;; =
djcj; for alli, j € I. Then each semisimple finite-dimensional Lie algebra arises
as follows. Consider the Lie algebra g = g(C) generated by the subalgebras

sl = (e, fi, hi) (7.4.12)

for all i € I, subject to the sly-relations (7.4.2) with e, f, h replaced by e;, f;, ki,
respectively, and, for i # j, the cross relations
[hi,hj] =0, [hi,ej] =cijej, [hi, fi] = —cijfj, [ei fi] =0,
[eia [eiv"'a[eiaej] H = [flv[flva[flafj} ]] = 07

where there are 1 — ¢;; nested Lie brackets in the last two relations (Serre rela-
tions). Consider the subalgebras

(7.4.13)

nt = (elicl), h=(hlicl) n =(filicl). (7.4.14)

Like any other Lie algebra, g acts on itself by the adjoint action. It is particularly
useful to study the adjoint action of § on g, with respect to which we have the
triangular decomposition

g=n"@®hdn"  as h-modules. (7.4.15)

More generally, we are interested in representations V € Rep(g) with a weight
decomposition with respect to b:

V=@ Vi, Vi={veV|h-v=A(h)vforallhech}. (7.4.16)
Aeh*
Any A € b* for which V;, is nontrivial is called a (h-)weight for V. Consider the
weight lattice
P={Aeb*|A(h;) e Zforalliel}. (7.4.17)
A weight for the adjoint action is called a root and the root system ® is

the set of nonzero roots. Then n™ = @y cqp+ go for some T C @. For j € 1,
define the simple root @; € h* by a;(h;) = c;; so that go; = Ce; and hence
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o € ®. Now define a symmetric bilinear form (, ) on h* by (o4, ;) = dic;j
for all i, j € I; it satisfies (A, 0;) = A(d;h;) for all i € 1.

The category O is the full subcategory of Rep(g) = Rep(Ug) whose objects
are g-modules V with the decomposition (7.4.16) with all V), finite-dimensional,
such that Un™ acts locally finitely, i.e. for all v € V the Un*-module generated
by v is finite-dimensional. The category O is monoidal’.

A subcategory called Oj,; is obtained by additionally assuming that for each
i € I the subalgebra Usl, ; acts locally finitely; by the triangular decomposition
for this subalgebra, this is equivalent to E; = 1(e;) and F; = 1(f;) acting locally
nilpotently: for all v € V there exists m € Z>¢ such that E]" -v =F".v = 0.
Then Oj,: is a monoidal category and a semisimple category, with the simple
objects given by irreducible highest-weight representations (more precisely, the
associated highest weight A is dominant and integral: A(h;) > 0 for all i € 1
and A € P). In fact, O;x corresponds to the category of finite-dimensional g-
representations, with, after a suitable choice of basis, each e; acting as a strict
upper triangular matrix and f; as its transpose.

7.4.6 Drinfeld-Jimbo Quantum Groups

The definition of the quantum deformation of Ug, independently due to Drin-
feld [12] and Jimbo [18], is as follows. For a given Cartan matrix C, let g be
an indeterminate and set g; := g%. The Drinfeld—Jimbo quantum group is the
algebra U, g generated over k(g) by subalgebras

Ugsh; = (E;, Fti,t; ) (7.4.18)

for i € I, subject to the Uyslp relations (7.4.4) with E ,F,t* g replaced by
E;, Fi,tii,qi, respectively,® and, for i # j, the cross relations

LEj=q"Ejt;, 1Fj=gq; "Fiti, [t,t]]=0, [E;,Fj]=0,
[E;, [Eiy .- - [Eth}qfij - .]qirirﬂq.ﬁi" =0, (7.4.19)

[F,[F,..., [E,Fj]q;c,,_/ . "]q;'ij”]qf"f =0,
where we have used the notation [x, y], := xy — pyx for the deformed commuta-
tor. Denote the root lattice by Q =Y ;c; Za;. For u =Y ;,c;m;0; € Q we denote
tu =Tlies ;" The (quantum) Cartan subalgebra is the commutative subalgebra

U° = (67 i € 1) = Spy{tu | € Q}. (7.4.20)

7 Note that we are using the version of category O favoured by Kac, see [21]. The category O as
originally defined in [4] is not a monoidal category.

8 In the spirit of Section 7.4.3, we may think of #; as qui = gdifli,
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Remark To be precise, we have given the so-called adjoint form of U,g, where
the Cartan subalgebra is defined in terms of the root lattice Z® C P. More gen-
erally, we may take any sublattice A of the weight lattice P, yielding a larger
Cartan subalgebra generated by 7, for A € A satisfying e.g. 1) E; = q(’lvaﬁEjt,l.
The simply connected form of U,g is obtained when we choose A = P. In the
case g =sh, P = %Q and the simply connected and adjoint forms are the only
relevant forms of U,g, with the simply connected form obtained from the ad-

joint form by adjoining square roots of the generators #; and #;” L

By a straightforward check on generators (see e.g. [17, Lem. 4.8]), one has
the following result.

Lemma 7.13 U,g is a (non-cocommutative) Hopf algebra with the additional
structure maps given by

AE) =Ei®1+1QE, e(E)=0, S(E)=-1'E,;
AF)=For ' +10F, eF)=0, S(F)=-Fi, (7421
A = @, e =1, S@H=4".

For later convenience we record the explicit formulas for S~
SNE)=—Et; "', S F)=-uF, S () =1 (7.4.22)

The triangular decomposition induced on Ug by the multiplication map,
namely Ug =2 Unt @ Uh @ Un™, lifts directly to

Uyg2UT U ®U", (7.4.23)
where we have introduced the subalgebras
Ut =(Eliel), U =(Fliel). (7.4.24)
For V € Rep(U,g) and A € P, denote the (quantum) weight space
Vi ={veV|gv=qg"v=qg@yforallic}. (7.4.25)

In particular, as part of the adjoint action of U,g on itself, the #; act by conjuga-
tion, and we have the root space decompositions

U= u;,. where 0F :=Y Z-¢0;. (7.4.26)
Ae0t icl

The category O, is defined as the full subcategory of Rep(U,g) whose ob-
jects are modules V such that

V=W (7.4.27)
AeP

https://doi.org/10.1017/9781009093750.009 Published online by Cambridge University Press


https://doi.org/10.1017/9781009093750.009

252 Bart Viaar

with all V, finite-dimensional and such that U™ acts locally finitely. As before,
Oy is a monoidal category. Note that the E;-action and F;-action on V € O,
satisfy

E(Vi) CVasay  F(V2) SViig. (7.4.28)

The subcategory Ogine is obtained by additionally assuming that each
subalgebra Uysl,; acts locally finitely. Then Ogint is the category of finite-
dimensional representations such that each f; acts diagonalizably with inte-
ger powers of g; as eigenvalues (so-called type-1 representations). As in the
(g — 1)-limit, Oy int is a monoidal category and a semisimple category, whose
simple objects are irreducible highest-weight representations with dominant in-
tegral highest weight, see e.g. [30, Cor. 6.2.3] or [7, Sec. 10.1].

In the case g = sl, the weight lattice is P = %a, where « is the unique
simple root and the representation 7 defined in (7.4.10) defines a simple
object in O int. It is an irreducible highest-weight representation with highest

(n)

weight vector vln and highest weight %a.

7.4.7 Kac-Moody Generalization

The definition of the Drinfeld—Jimbo quantum group can straightforwardly
be extended to the case where C = (cjj)i jes is a symmetrizable generalized
Cartan matrix, thereby quantum-deforming universal enveloping algebras of
Kac—Moody Lie algebras [21]. This means we require ¢;; = 2, ¢;j € Z>, ¢;j =0
if and only if ¢;; = 0 and the existence of a set of positive setwise-coprime in-
tegers d; such that d;c;; = djcj; for all i, j € I. As in the classical (g — 1) case,
the Cartan subalgebra is larger: U? is defined in terms of a lattice which as a
free abelian group has rank ||+ cork(C). The category O, and the subcategory
O4,int can be defined as above and are still monoidal categories. Moreover O int
is still semisimple with simple objects given by irreducible highest-weight rep-
resentations with dominant integral highest weight. However, neither category
contains nontrivial finite-dimensional representations.

We say that C is of affine type if det(C) = 0 and all proper submatrices
(cij)i,jes With J C I have positive determinant, see e.g. [6, 15]. If C is of affine
type, then g’ := (e;, fi, h; |i € I) and similarly U, g’ := (E;, F;, "' |i € I) (but not
g and U,g themselves) have finite-dimensional representations that arise from
the identification of g’ as a central extension of a loop algebra go ® k[z,z 7]
of a finite-dimensional simple Lie algebra gy (or a twisted loop algebra), see
e.g. [6, 15] for details. These affine quantum groups are the most relevant in
quantum integrability.
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7.5 Quasitriangularity for U,g

Let g be a finite-dimensional semisimple Lie algebra over k. We will construct
the universal R-matrix for U, g, roughly following the approach from [17, Ch.
6 and 7] which is based on the approaches by [30, Ch. 4] and [42]. A closely
related construction is that via the quantum double construction due to Drinfeld,
see [13] and cf. [7, Sec. 4.2D]. We complement the fairly technical arguments
by explicit formulas for the special case g = sl,.

From now on we work over the larger field k(q]/ ) for a suitable positive
integer d, since we want to allow linear maps acting on objects in O nc by
multiplication by such scalars in certain weight spaces. Let us set the stage.

7.5.1 The Bar Involution

The bar involution is an involutive algebra automorphism of U, g denoted by ~
which acts nontrivially on the base field k(¢'/): it sends ¢'/ to g~'/. On the
generators it is defined as follows:

Ei=E, F=F =g (75.1)

It is straightforward to check that these assignments preserve the defining rela-
tions of U,g, as required.

We will give a construction of the universal R-matrix by considering, in
addition to A and A°P, a third coproduct A := (~®~) o Ao ™. Explicitly, we have

AE)=E®1+'®E, AF)=Fo4+1®F,

i (75.2)
B =1 o,

Our plan is to construct an invertible element R that intertwines A with A°P as
follows:

RA(u) = AP ()R for all u € Uyg. (7.5.3)

It turns out that A is convenient in an intermediate stage of the proof of this.
Namely, we will establish (7.5.3) by constructing two elements R and x that
intertwine A with A, and A with A°P, respectively:

RA(x) =A(X)R,  KA(x) =AP(x)k  forall x € U,g. (71.5.4)

From these two equations (7.5.3) readily follows if we set R = KR. Compare
this with the proof of Theorem 7.11 for Sweedler’s Hopf algebra.
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7.5.2 The Chevalley Involution
Define the Chevalley involution of U, g on its generators as follows:
oE)=-F,  oF) =-E o) =" (7.5.5)

It corresponds to the matrix Lie algebra automorphism x — —x* in finite-
dimensional representations of g. By straightforward checks we obtain the fol-
lowing result:

Lemma 7.14 The map o is a bialgebra morphism from U,g to U, g=°".

7.5.3 The Completions U and U®

In order to construct the universal R-matrix R for U,9, we will consider an
algebra properly containing U,g ® U,g. The fact that R does not lie in U,g ®
U,g is the only obstacle for U,g being quasitriangular, so we say that U,g is
quasitriangular “up to completion”. It means that R has a well-defined action
on a proper subcategory of Rep(U,g), namely Oy int.

We discuss now one possible definition of the completion, closely following
[2, Sec. 3.1], but also see [e.g. 38, Sec. 1.3]. Since Oyt is a subcategory of
Rep(U,g), we have a forgetful functor For : O, jne — Vect, which is a monoidal
functor (it preserves tensor products). Consider now the algebra U of all natural
transformations from For to itself. A natural transformation of For is a tuple
(¢v), where V runs through O int, consisting of linear maps @y : For(V) —
For(V) such that the following diagram in Vect commutes:

For(V) B For(V) (7.5.6)

For( f)\L lFor(f)
FOI’(W) T FOF(W)

for all V,W € Oy int and for all U,g-intertwiners f : V — W. Note that U nat-
urally has the structure of an algebra over k(q'/ ) since we can add, scalar-
multiply and compose such tuples entrywise. Furthermore, the U,g-action on
objects of Oy ;ine produces an algebra morphism U,g — U. Indeed, compare the
definition of natural transformation with the definition of intertwiner (defined
by means of another commuting diagram of linear maps (7.2.5)). This mor-
phism is injective, see [Lu94, Prop. 3.5.4], and henceforth we will view U,g as
a subalgebra of U.

We also have a functor For : Og,int X Oy int — Vect, sending pairs of mod-
ules (V,W) to For(V ® W) and pairs of intertwiners (f,g) to For(f ®g). We

<

define U®?) = End(For<2>), which is an algebra for the same reasons as U, and
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we may view U@ U c U@ via (¢y)y @ (yw)w — (¢y ® Vi ) (v,w)- Analo-
gously we can define a completion U™ for any n € Z>¢ with natural algebra
embeddings U @ U® — ¢m+n),

Any ¢ € U can be restricted to For(V®@W) forall V,W € O int; since restric-
tion is compatible with composition and linearity of natural transformations, we
obtain an algebra morphism

AU—=TD,  (ov)— (oveaw). (7.5.7)

It restricts to the usual coproduct of the embedded subalgebra U,g C U, moti-
vating the notation. The algebra maps A®id,id ® A from U ® U to U®) extend
to algebra maps from U?) to U®).

7.5.4 The Element

For V,W € Oy int a linear map kyw € End(V ® W) is uniquely determined by
the condition

Kkyw(v@w) = q(“"’)v®w forall y,v e PLveV,,weWw,. (7.5.8)

The tuple k := (kyw) lies in U@ (but not in U ® V).

Lemma 7.15 The map Ad(x) preserves U,g ® U,g; more precisely
Ad(K)(Ei®1):Ei®l‘i, Ad(K)(l@Ei):l‘,’@Ei,
Ad(k)(Fol)=For !, AdK)(10F)="'F, (7.5.9)

Ad)H o) ='el, Adx)(los) =1
Proof Note that U,g ® U,g is generated by E;® 1, F;®1, tii' RQLIKE;, 1QF

and 1 ®th. Let V,W € O,int be arbitrary and let u,v € P. Owing to (7.4.28),
we have

Ad(K)(E; @ 1)|v,em, = K(Ei@ 1)Ky, om,
=q WK(E®1)|y,0w,
— q<u+ai-,V)f(u-,V) (Ei® 1)|Vu®Wv
=g % (E;@1)|v,0w,
= (Ei®1) v eowy s

as required. The computations for F; ® 1, 1 ® E; and 1 ® F; are entirely similar.
Finally, since tiil ®land 1 ® tl-il preserve the weight summands of objects in
O4,int, they are fixed by conjugation by k. O

From (7.5.9) we obtain the desired intertwining property of x:
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Lemma 7.16 We have Ad(k)oA = A%,
We continue our study of the element k with the following result:
Lemma 7.17 We have (A®id) (k) = Ki3K23.

Proof LetU,V,W € Oyint and A, u, v € P. From the definition of the coproduct
map U — U (2) and the embedding U ) - UO), we obtain

(Axid)(K)vvwlu,eview, = Kuevw U, ev,om,

(A+p,v

= multiplication by ¢ N, ovaew,

(A.v)

= multiplication by ¢ q(u,V) |0, VW,

= (ku.w)13(Kv.w)23lu, @v,ow

as required. Here we have used that U ® V;, € (U ® V); 1, which follows
directly from the definition of weight space. [

7.5.5 The Algebra U

We also consider the algebra U™ := [Muco+ Up - Let (xp)pepr € U™ be arbi-
trary. Note that for all V € O, and all v € V, there are only finitely many
i € Q" such that x, - v is nonzero. Hence the expression Ycorxu-visawell-
defined element of V. It can be checked that (x; ) ,co+ defines an element of U,
so that we may consider Ut asa subalgebra of U. Considering the inclusion
U+ C U™, itis safe to write elements of U additively as x = Yo+ Xp.-

Owing again to the finiteness of the U™T-action, elements of the form
Yuveot Yv @xy with xy € US, yy € UZ, have a well-defined action on V @ W
forall VW € O;r, and lie in U@ The subalgebra of U2 generated by such
elements is denoted U~ QU .

Remark We can define subalgebras UTQU T, UT@U~ ¢ U® in a similar
way, but not U~ ®U ~: its putative elements do not have a well-defined action
on objects in O jnt.

We now claim that the desired element R can be chosen in the subalgebra
U= (UgoU,8,U U, k) cU?. (7.5.10)

We can extend the composition ®?) := 6o (0 ® @) from an involutive algebra
automorphism of Uyg ® U,g to an involutive algebra automorphism of U~
we simply stipulate that the extension fix k and act on U~ ®U™ as follows:

Z CuvYv @Xy < Z Cuy@(xy) @o(yy). (7.5.11)
pveQ* u,veQr

https://doi.org/10.1017/9781009093750.009 Published online by Cambridge University Press


https://doi.org/10.1017/9781009093750.009

7 A Companion to Quantum Groups 257

This is consistent with the relations (7.5.9) and the natural relations involving
series, and hence defines an algebra automorphism of U .

7.5.6 Bialgebra Pairings

We now start the construction of the desired element R € U-QU+. Suppose A,
B are two bialgebras (with coproducts A4, Ap and counits €4, €, respectively).
A bialgebra pairing between A and B (see [7, 4.1D]), is a k-linear map (-,-) :
A ® B — k with the properties

(Ap(a),b@b') = (a,bb), {(a®d,Ap(b)) = {(ad,b),
SA((I):<CI,1>, eB(b):<1ab>

forall a,a’ € A and b,b’ € B. Here we denote by the same symbol the canonical
extension of the pairing of A and B to a k-linear map: (A®A)® (BRQB) — k
defined by (a®d’,b@b') = (a,b){d’,b') forall a,a’ € A and b, b’ € B. In partic-
ular, (a®d ,bRb') = (d ®a,b’ ®b) and we automatically obtain a bialgebra
pairing between A“°P and B°P and between A°P and B°P.

The quantum analogues of the standard Borel subalgebras, viz.

(7.5.12)

Ubt = (Entit ' icl),  Ub™ = (Ftt ' icl) (7.5.13)

are subbialgebras of U,g over k(ql/ ). Then the following assignments define
a unique bialgebra pairing between U,b~“°P and U, b

5
<Z7Lat > :q—(l,u), <F17E> = = ,
8 R (7.5.14)

<tlij>:07 <Fiatu>:0

foralli,jeland A,u € Q (seee.g.[17,6.12]), where it is presented as a pairing
between U,b™ and Uqb+7°P. This is a nondegenerate pairing (see [17, 6.21]);
moreover its restriction to U_,, X U, lj vanishes if i # v and is nondegenerate if
p = v: if for some x € U we have (y,x) =0 for all y € UZ,, then x = 0 (and
vice versa).

7.5.7 Skew Derivations

In order to construct the desired element R and establish its key properties
we introduce linear maps on U™ called right and left skew derivations due to
Lusztig (see [30, Sec. 1.2 and 3.1]). More precisely, for each i € I there exist
DEV’Z) €Endy 14 (U™") uniquely determined by stipulating that Dl(r’é) (Ej) =i
forall j € [ and
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x{):lﬁﬂgwAdugcﬂ)+xDVVx”’ (7.5.15)
XX ) =

9y = D (x)x + Ad(t) (x)D (')

1 1

D}’
]

and x,x’ € UT. Clearly, the two maps Dgr"z) send U;f to Uy, forall u € OF.

By [17, 6.14], for all p € 0", x € U, we have

Ax) —x01-Y D (eEe Y UlLnwoU/,

i€l veot
v#aj,v#()
© (7.5.16)
Ax) =ty @x=Y Ety v @D (x) € Y, Ufty vQU,/ .
i€l veQt
v#a_,-,v#()

By [17,6.15 (5)],forallx e U',y € U™ and i € I, we have
(Fiy.x) = (F.E)0. D (1), (F.x) = (F.E)y.D(x).  (7.5.17)
By [17,6.17], for all x € U™ and i € I, we have
. E] = (g —q; )7 (D) W — 171D (). (7.5.18)

In fact, each of (7.5.16-7.5.18) can be used to define the linear maps DE”Z)
uniquely. By [30, Lem. 1.2.15 (a)] we have

VieID(x)=0 « VielD"(x)=0 < x=0 (7519

forallx e UT.
Note that @ restricts to a bialgebra morphism from U,b™ to U,b~“°? inter-

changing UJ and UZ, forall p € Q™. One can similarly define skew deriva-

tions for U™ in the natural way, namely via the compositions @ oDEr’O ow. As

a consequence we have (@(x), @(y)) = (y,x) for all x € U,b™, y € Usb~, see
(17, 6.16].

7.5.8 The Element ®

For arbitrary p € Q, choose a basis (x,, ), for the finite-dimensional k(¢'/?)-
vector space U: and let (yu, ), be the dual basis of UZ,, with respect to the
bilinear pairing (, ). Consider the element defined by

0= Y 0,e0%, 0,=Yyu,®x., €U, QU (1520
HeQt r

In other words, @ is the “canonical element” of the restriction of (, ) to U~ x
U*.Note that Uy =U;" =ksothat ® =1®1.
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Since ®” is independent of the choice of basis for UJ and o is invertible,
each ©y is fixed by o'?). Straightaway we obtain

Lemma 7.18 The element © satisfies ®?) (®)=0.

We stay close to the approach in [17, Ch. 7] in establishing key properties
of ®.

Theorem 7.19 The linear space
{X cU RUT|Ad(X) oA = A} (7.5.21)
is I-dimensional and spanned by ©.

Proof Suppose X € U~®U™ is such that XA(u) = A(u)X for all u € U,g. Since
A =A@ =1 @17 for all i € 1, it follows that X = ¥,,c o+ X, with
XuelU,® UJ. Assuming X is of this form, the condition Ad(X)o A=A is
equivalent to the following identities:

(X, Ei@ 1] = (t; @ E)Xp—g — Xu—o (1, ' ® Ey), (7.5.22)
X, 1@ F] = (Ft; Xy—o — Xu—o(F; 1) (7.5.23)

for all i € I, where X,, := 0 if u ¢ Q. By applying 6 o (0 ® @) one sees that
these identities are equivalent. By (7.5.18) and linear independence, (7.5.23) is
equivalent to the system

FoD)Xy o= (g —g) (ideD")(x
( & ) H—0; (qz q) (I ® i )( N)7 (7524)
Xu—a(F 1) = (g —q) ' (doD{”)(X,)

for all i € I. It suffices to prove that the solution set of (7.5.24) are precisely the
scalar multiples of ®. The computation in [17, 7.1], which relies on (7.5.17),
shows that X = O satisfies these conditions. To show uniqueness up to scalar
multiples, we may follow the proof of [30, Thm. 4.1.2], which relies on
(7.5.19). O

Theorem 7.20 We have
(A®id)(0) = @x3Ad(K5;' ) (@13). (7.5.25)
Proof Considering (7.5.9), it suffices to prove

ARid)(Ou) = Y (Ou_y)3(106,' @ 1)(0))3. (7.5.26)

veQt
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Fix y € UZ, with it = };c;ym;0; with m; € Z>. By induction with respect to
the height of u, viz. Y ;c;m;, we obtain from the coproduct formula for F; in
(7.4.21) that, for all

Ay e Y v, @U, 1! (7.5.27)
veQt
and hence
AY) =Y Yl ovr@yu-vaty ' (7.5.28)
veQt ns

for some ¢} € k(¢'/?). Since the basis {yy,}, is dual to {x,,}, with respect
to (,), we have

v

Crs = <A(Y)axs.,v ®xr,u7v> = <A°p()’)axr,ufv ®xs,v> = <)’vxr,/47vxs,v>~

Now (7.5.26) follows by recalling the definition of ®, in terms of the basis
elements y, , and x, . We refer to the proof of [17, Lem. 7.4] for the remaining
computation. O

7.5.9 The Quasi R-matrix R and the Universal R-matrix R

We now simply define R=0"1 Immediately we obtain from Lemma 7.18,
Theorem 7.19 and Theorem 7.20 the following result for R:

Theorem 7.21 The element R is fixed by ®?), has the intertwining property
Ad(R) 0 A = A and the coproduct formula (A®id)(R) = Ad(k53' ) (R13)Ra3.

The desired element R is now given by
R=kReU . (7.5.29)

As a consequence of Theorem 7.21 and the various properties of k from Section
7.5.4 we obtain that R satisfies the properties of a universal R-matrix:

Theorem 7.22 The element R is fixed by ®), has the intertwining property
Ad(R) o A = A°P and the coproduct formula (A®id)(R) = Ri3Ra3.

Recall that the other coproduct formula (id ® A)(R) = R13R 2 follows from
Lemma 7.8.

7.5.10 The R-matrix for U,s(,

For the quantum group Uysl; it is possible to make the formula for R rather
explicit. It leads to the following result.
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Theorem 7.23 The subspace of elements ReU RUT satisfying

Ad(R)oA=A (7.5.30)

is 1-dimensional. The unique such element with (€ @ €)(R) =1 is

oo

R=Y c(FQEY, (7.5.31)
r=0
where for r € Z>o we have
o= ) ?r]"q!lyqrvl)/z, with (11 = [l — Uy 2lglt]y. (7:5.32)
Additionally, it satisfies
(A®id)(R) = Ad(K53") (R13)Ra3. (7.5.33)

It can be proven directly from the relations and the coproduct formulas for
the generators of U,g. We refer to [17, Ch. 3] for details, but if tempted the
reader might want to take it on as a useful exercise. As a hint towards the
solution, it is helpful to prove the following relation

e — —rt—l
E,F ] =1, =, (7.5.34)
q9—49
and the following formula for the coproduct
r
A(FT) =Y g (’) F @1 F, (7.5.35)
s=0 s q

where for r € Z>¢, s € Z, we have

[rlg! .
(r) = { [S]q![rq—S]q! if0<s<r (7.5.36)
q

S 0 otherwise.

Note, in the formal limit ¢ — 1, both x and fJ~Q, and hence also R = KJNQ, go
to1®1.

A large range of matrix solutions to the Yang—Baxter equation (7.3.26)
in representations of U,(sly) now arises naturally. Recall the n-dimensional
representation (), V(") of U,(sl,) defined in (7.4.10). By evaluating
(n™ @ £(M)(R) for various m, n, we obtain linear maps on V") @ V(") which
satisfy (7.3.26) in v v m v® for various L,m,n.

To make this explicit as well, with respect to the basis (vgz) ,vgz)), the 2-
dimensional representation (2 can be written as

@y (O 1) @ (0 0) ~@op_ (9 O
T (E)<O o)’” (F)<1 o) TP =1, ) (7.5.37)
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With respect to the basis (vgz) ® ng)ﬂ}gz) ® v§2>,v§2> ® v(lz),v(zz) ® vgz)) of

v g V(z), we obtain

g7 0 0 0
—1/2 0 0
Do~ | 9 ¢
(71: o4 )(K> 0 0 q—1/2 0 3
0 0 0 42
(7.5.38)
1 0 0 0
~ 0 1 0 0
2) & 7(2) —
(77 @) (R) 0 g—q' 1 0
0 0 0 1

and hence the following nontrivial solution of the Yang—Baxter equation:

g 0 00
R:=(1®@r®)(R) =47 g q_qul (1) 8 (7.5.39)
0 0 0 g

7.5.11 The Dual Quantum Group F,(SL(2))

We mention here also the dual object F,(SL(2)), the quantized algebra of scalar-
valued functions on SL(2). We refer to [7, Ch. 7] for a more in-depth discussion.
The algebra F,(SL(2)) is generated over k(g) by elements a,b, ¢,d subject to

ab =gqba, bd=qdb, ac=gqca, cd=qdc, bc=cbh,

B (7.5.40)
ad—qgbc=1=da—q “cb.
The Hopf algebra structure on F,(SL(2)) is as follows:

Ala)=a®a+b®c, gla) =1, S(a)=d,
A(b) =a®b+bxd, g(b) =0, S(b)=—q""'b,

(6) =a ) B)=—a"b
Alc)=c®a+d®c, g(c)=0, S(c) = —qc,
Ald)=c®b+d®d, e(d) =1, S(d)=a

As g — 1, we formally recover the commutative algebra of functions on SL(2),
where a corresponds to the function returning the (1, 1)-entry, b to the function
returning the (1,2)-entry, etc., with the standard Hopf algebra structure on k-
valued functions on SL(2), given by (7.2.20).
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Since the generators correspond to matrix entries, it is natural to form the

matrix
T = <z Z) € End(k(q)?) ® F,(SL(2)). (7.5.42)
Then the Hopf algebra structure maps are given simply as
AT)=T®T, &(T)= (é ?) . S(TYy=T7", (7.5.43)

where the ® in 7 ® T means: use ordinary matrix multiplication and take tensor
products at the level of the matrix entries. Also, recall the matrix
R € End(k(¢)*> ® k(¢)?) from (7.5.39); then the RTT-relation

R12T13To3 = ThsTi3R 2 € End(k(q)2 ®k(q)2) @Fq(SL(Z))7 (7.5.44)

together with the g-determinant condition ad — gbc = 1, is equivalent to the
relations (7.5.40). Here we see a nice aspect of duality at play: the object R
controls the failure of cocommutativity for the algebra U,sl, and the failure of
commutativity for the algebra F,(SL(2)).

7.6 Coideal Subalgebras and Cylinder Braiding

The material in this supplementary section deals with more recent develop-
ments in the field of braided monoidal categories with cylinder twists [1, 2, 16,
43], for which the algebraic counterpart is a coideal subalgebra of the quasi-
triangular bialgebra, which is itself endowed with a quasitriangular structure.
Various aspects of quantum group theory have been extended to this setting
such as q-deformed harmonic analysis [29, 33, 34] and canonical bases and
g-analogues of Schur—Weyl duality [3, 14].

7.6.1 Coideal Subalgebras

First, we return to the setting where k is any field. Let A be a bialgebra and
B C A a subalgebra. We call B a two-sided coideal subalgebra, right coideal

subalgebra or left coideal subalgebra if
A(B) CBRA+AQRB,
(7.6.1)
A(B) CB®A, A(B) CA®B,

respectively. Given a bialgebra A, all subbialgebras of A are right and left
coideal subalgebras of A. Also, all right coideal subalgebras of A and all left
coideal subalgebras of A are two-sided coideal subalgebras. If A is cocommu-
tative then these four concepts coincide.
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Example 7.24 Consider a bialgebra A, an element g € Gr(A) and an element
b € Prig 1 (A). Consider the subalgebra B generated by b (its elements are poly-
nomial expressions in b). Then B is a right coideal, since A(b) =bRg+1Qb €
B®A. Also, B is graded by the degree in b and B® B is graded by the sum of
the degrees. Using this it is straightforward to see that BNGr(A) = {1}, so that
B is not a subbialgebra unless g = 1. The assumptions on A are indeed met if,
for instance, A is equal to Sweedler’s Hopf algebra or Uysls.

7.6.2 Cylinder Braiding

We saw in Section 7.3.3 that the monoidal category Rep(A), if A is a quasitri-
angular bialgebra, possesses a braided structure. In particular, there is an action
of the braid group Br; on V&L, for any V € Rep(A), given by (7.3.29). Let us
adjoin a generator by to Bry, to obtain a larger group Brg, subject to the relations

bobiboby = bibobiby,  bob; = bibo if i > 1. (7.6.2)

This is known as the Artin—Tits braid group of type B, (the subgroup Bry is the
Artin—Tits braid group of type A;_1) and is the fundamental group of the L-th
unordered configuration space of the punctured disk. Given the representation
of Brg in terms of Iévyv, see (7.3.29), it is natural to require that by acts as
follows:

®(L-1)

bo — Ky ®id;, (7.6.3)

for some invertible Ky € End(V) since then automatically the relations bob; =
bibg for i > 1 are preserved. In order to preserve the quartic relation, we must
have

(Ky ®idy)Ryy (Ky ®idy)Ryy = Ryy (Ky ®@idy)Ryy (Ky ®idy),
or, equivalently,

(Ky ®idy)o(Ryy)(idy ® Ky )Ryy

. , (7.6.4)
= o(Ryy)(idy ® Ky )Ryy (Ky ®@idy),

which is also known as the (constant) reflection equation.

Remark The study of this tensorial version of the quartic braid relation orig-
inated in mathematical physics, more precisely quantum integrability in the
presence of a boundary, see [8, 40] and for a more general type of reflection
equation cf. [9]. Note, however, that in this application the objects Ry y and Ky
depend on an additional parameter, called the spectral parameter, which varies
in the equation:
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(Kv (y) ®idv)o(Ryy (yz))(idy ® Ky (z))Rv,v (z/y)
= 6(Ryy(z/y))(idy ® Ky (z))Rvy (yz)(Ky (y) ®idy).

This spectral parameter roughly corresponds to the loop parameter appearing
in the definition of a loop algebra.

(7.6.5)

It is now natural to ask what the additional structure on the braided
monoidal category Rep(A) is, which allows for the action of Bry, to extend to an
action of Brg. Because of the embedding Bry < Brg, in terms of the graphical
calculus from Section 7.3.3 topologically we are adding an obstacle, requiring
us to interpret the generator by as the interaction of one of the L strands with
the obstacle. This extended calculus was given in [43] and discussed further in
[16]. Let us indicate the obstacle by a vertical grey bar to the left of the strands
and parallel to their direction of travel and the linear map Ky by a winding
around this obstacle:

"I (7.6.6)
I I
Vv
The pictorial version of (7.6.4) (or rather its generalization to the case where
the two modules are distinct) is as follows:

U

Ll
I (1.6.7)
I—w 1 ITJ

Let us identify further natural conditions on the objects Ky. Given an A-
module V, let 1y : A — End(V) be the corresponding algebra morphism. Let
us take inspiration from the situation for IéU_’V. By construction, Ky is an inter-
twiner for the subalgebra

<

3

B={beA|Kyny(b) =my(b)Ky}, (7.6.8)

which typically will be a proper subalgebra of A. Note furthermore that, as a
consequence of the intertwining property of RV, the action of AL (A) and the
action of Br;, mutually commute in End(V®E), for all L € Z-. It is natural to
impose that the action of A(") (B) and the action of Brg mutually commute for
all L € Z-, since it is already satisfied for L = 1. The most general assumption
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on B that allows us to perform recursion and obtain the mutual commutativity
forall L € Z is that A(b) € B®A for all b € B, in other words that B is a right
coideal subalgebra; in particular, we can define B to be the largest right coideal
subalgebra of the algebra defined in (7.6.8).

We also need a rule for assigning a value to Kygy. A topologically natural
condition is for instance given by

Kygv = Iéfjlv (KV [029] idU)I\éUy (KU X Idv) (7.6.9)
or, diagrammatically,

UeVv U

’ T

@ = ] (7.6.10)
N T

UV u v

Such a collection of linear maps (Ky )ycrep(a) is called a cylinder twist on the
category Rep(A).

7.6.3 Cylindrical Quasitriangularity

We now consider an additional structure on a quasitriangular bialgebra (A4, R)
such that its category of A-modules is braided with a cylinder twist. We al-
low a generalization, which appeared in [2], namely twisting by a quasitrian-
gular automorphism. Given a quasitriangular bialgebra (A, R) with a quasitri-
angular automorphism y, we denote RY := (y ®id)(R). Recall that RYY :=
(Y@ y)(R) equals R.

Definition 7.25 ([2, 43]) Let (A,R) be a quasitriangular bialgebra, ¥ a quasi-
triangular automorphism of A and X € A*. We call (A, R, w,X) cylindrically
quasitriangular and X a y-twisted universal K-matrix for A if

AK) =R (1@K)RY(K@1). (7.6.11)
Furthermore, we call a subalgebra B C A y-cylindrically invariant if
Ad(fK)|B = l[/|B (7.6.12)

Theorem 7.26 If (A, R, y,X) is cylindrically quasitriangular then X satisfies
the (universal) y-twisted reflection equation:

(K2 1)6(RY)(12K)R = o(R)(12K)RY (KX 1). (7.6.13)
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Proof This follows from (7.3.1) and (7.6.11):

(K@1)o(RY)(12K)R = 6(R)AP(K)R
= 6(R)RA(K)
—o(® (e > V(K1)
= o(R)(1@K)RY (KD 1). O

7.6.4 The Construction of a Universal K-matrix for U, sl,

Given a finite-dimensional semisimple Lie algebra g over C and an involutive
Lie algebra automorphism 0 : g — g, Letzter gave a general theory of the quan-
tization of symmetric pairs (g,s), where s = g? is the fixed-point Lie subalge-
bra, see [29] and cf. [33, 34]. In this theory U,g is the usual Drinfeld—Jimbo
quantum group and Uys is a coideal subalgebra of U,g. In [2] a construction is
given of a universal K-matrix associated to such a pair (U,g,U,s), generalizing
a construction first given in [3]. This can be seen as a coideal version of the
construction of the universal R-matrix due to Lusztig [30].

Here we follow the approach of [1], which gives a further generalization of
the above construction. We discuss this by illustrating a special case, which
can be seen in parallel to the discussion of the universal R-matrix for Uysl,
in Section 7.5.10. Essentially the same object appeared previously in a more
ad-hoc setting in [28, 43].

Recall the Hopf algebra Uy sl, with generators E, F, z, t~! subject to relations
(7.4.4) and with the additional structure maps given by (7.4.5). For
y € k(g'/?)*, let Hye U be the element acting on objects V of Ogint as

Hy(v) =g #H20,u)"v,  veVy,ueP (7.6.14)

where xy : P — k(g 1/ 4) is any group homomorphism with the property
Xy(@) = 7. Then the algebra automorphism 6, = @ o Ad(H,) of Uysl, satis-
fies

6,(E) = —qy "tF, 6,(F)=—q 'yEr™', o,(*")=rF".  (7.6.15)

By a direct check, we see that the subalgebra By of Ugsly generated by
F+0,(F)=F— g 'yEt~!is a right coideal subalgebra. It is the Letzter quan-
tization of the fixed-point subalgebra of the Chevalley involution of sl, with an
extra parameter dependence. We are interested in an element XK € U satisfy-
ing the coproduct formula (7.6.11) and the intertwining property (7.6.12) with
v =id.

There exists (see [22]) an element T € U which resolves the R-matrix in the
sense that R = (T~! @ T~1)A(T) and satisfies Ad(T) = ®; such an element can
be constructed as a Cartan modification of an element T € U which satisfies
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R = (T '@T HA(T) (see [30, 5.2.1]). Hence it suffices to construct an ele-

ment K’ = TK such that
Ad(XK’ =o|p,,
(Tle, = @ls, (7.6.16)
AK)= (12K ) 0xid)(R)(K' @1)

(note that the coproduct formula is now an expression of three factors). An
algebra morphism f: By — Fy is uniquely defined by

f(F—q "yEt™"Y=F —q~'yE1~1 = F — qyEr. (7.6.17)
It can be checked by a direct computation that

Ad(Hy)o flg, = ®|g,,  A(Hy) =Hy®@Hyk ', (7.6.18)

in terms of the element k defined by (7.5.8). Now from (7.6.16) and (7.6.18)
one deduces that it suffices to construct an element K = H),’ 'K’ such that

Ad(K) |5, = fl,,

— — - (7.6.19)
A(X) = Ad(k) (1@ X) - (Ad(H, Ho ®id)(R) - (K ©id).

In [2, Eec. 6] and, without constraints on 7, in [1, Se& 7] it is shown that the
element X exists in U™ and is unique if we impose €(X) = 1. We can give an
explicit formula.

Lemma 7.27 ([11]) The system (7.6.19) is satisfied by the following element
KeUt:
K=Y ¢Vl (rig—q HE?) (7.6.20)

rEZZO
where [2r] ! := [2r]4[2(r —1)]4 - - - [2]4[0] -
We obtain that the element K = ‘I’lHyi satisfies (7.6.12) and (7.6.11) and
hence the reflection equation (7.6.13) (all with y = id).
The representations n™ are objects in category Oy i, and hence we can
evaluate X for instance by applying @, obtaining an element of End(V(z)).

‘We recall the matrices defined in (7.5.37). The action on V) of the three con-
stituent factors of X is as follows:

@ -1y _ 34 (0 —1
(T ) =¢q (1 0>,

@y 341 0
' (Hy) = q (0 y>, (7.6.21)

72)(K) = (:) ?) .
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There is an indeterminacy in H, (more precisely, in y,) corresponding to the
choice of an overall scalar. We choose the scalar so that Hy acts in the way
above. It follows that

K:=1?(x) = (? *0 ) (7.6.22)

is a solution to the matrix reflection equation
(K ®id,))R(K®idy, )R =R(K®id,0))R(K®id, @), (7.6.23)

where R = ¢ o R with R given by (7.5.39).

7.6.5 Cylinder Quasitriangularity Twisted by an Algebra
Automorphism

The setup outlined in Section 7.6.3 can be generalized as follows, which allows
us to apply it in the context of Drinfeld—Jimbo quantum groups of non-finite
type, see [1]. It can be directly motivated from the setup in Definition 7.25 by
noting that also the coproduct formula A(X) = 6(R)(1 @ K)RY (X ® 1), which
is the one actually used in [2, 25], also leads to the reflection equation (7.6.13),
and so a more general ansatz A(X) = F (1@ K)RY (XK@ 1) with F € (AR A)*
is tempting.

To make it precise, assume that ¥ : A — A is merely an algebra automor-
phism (so not necessarily a quasitriangular or even a bialgebra automorphism)
and recall the notations RY := (y ®id)(R), R¥Y := (y @ y)(R). We can gen-
eralize Definition 7.25 and call (A, R, y,X) cylindrically quasitriangular and
X a y-twisted universal K-matrix for A if there exists F € (A ®A)* such that

AK) =TT 12K)RY(Xe1), (7.6.24)

o(RYY)=o(F)RF L. (7.6.25)

(The notion of a y-cylindrically invariant subalgebra remains the same as in
Definition 7.25.)

Note that the element F appearing in (7.6.11) has to satisfy certain con-

straints. By applying coassociativity (7.2.8) and the counit axiom (7.2.9), we
obtain

(Fra(Awid)(F)) 1(1@1@%)(( d(F)oAow)®id)(R)
= (Fi(deA)(F) " (1210K) (Yo W) o A%®) id)(R),
e(X) = (id@e)(F),
K((gow) @id)(R)e(K) = (e @id)(F)K,
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which is most easily satisfied by making two assumptions. First of all, recalling
(7.3.8), we assume that F satisfies the cocycle condition

T(A®id)(F) = T (id@A)(F), (7.6.26)
so that by (7.2.9) we obtain
(idoe)(F) = (e®id)(F) = e(K) e k*, (7.6.27)

which we may as well set equal to 1 (by rescaling ¥ and X in a compatible
manner). Such F are called Drinfeld twists (for bialgebras), see [13, 35]. Sec-
ondly, we assume that ¥ and JF twist the bialgebra structure on A in related
ways:

(voy)oAPoy ' =Ad(F)oA,  eoy ' =e¢. (7.6.28)

This extends the assumption made on J in (7.6.25), yielding related twists of
quasitriangular structures on A.

The proof of Theorem 7.26 now produces the following generalization of
the y-twisted reflection equation:

(K21)6(RY)(10K)R = 6(RYY) (1@ K)RY(K@1). (7.6.29)

It is argued in [1, Sec. 9] that, if A = U,(g) with g a Kac-Moody algebra
of affine type then, for suitable choices of y, the image of (7.6.29) in finite-
dimensional modules recovers the matrix equation (7.6.5), or rather a general-
ized version of it, see [9, Eq. (4.15)].

Bibliography

[1] Appel, A., and Vlaar, B. 2020. Universal k-matrices for quantum Kac-Moody al-
gebras. arXiv preprint arXiv:2007.09218.

[2] Balagovi¢, M., and Kolb, S. 2019. Universal K-matrix for quantum symmetric
pairs. Journal fiir die reine und angewandte Mathematik, 2019(747), 299-353.

[3] Bao, H, and Wang, W. 2018. A new approach to Kazhdan-Lusztig theory of type B
via quantum symmetric pairs. Société mathématique de France Paris.

[4] Bernstein, I N, Gelfand, I M, and Gelfand, S I. 1975. Differential operators on the
base affine space and a study of g-modules. Lie groups and their representations
(Proc. Summer School, Bolyai Jdnos Math. Soc., Budapest, 1971), 21-64.

[5] Bourbaki, N. 1994. Lie groups and Lie algebras. Pages 247-267 of: Elements of
the History of Mathematics. Springer.

[6] Chari, V, and Pressley, A. 1991. Quantum affine algebras. Communications in
Mathematical Physics, 142(2), 261-283.

[7] Chari, V, and Pressley, A. 1995. A guide to quantum groups. Cambridge University
Press.

https://doi.org/10.1017/9781009093750.009 Published online by Cambridge University Press


https://doi.org/10.1017/9781009093750.009

(8]
(9]
[10]
(1]
[12]

[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]

[21]
[22]

[23]
[24]

[25]
[26]

[27]

(28]

[29]

[30]

7 A Companion to Quantum Groups 271

Cherednik, I. 1984. Factorizing particles on a half-line and root systems. Theoret-
ical and Mathematical Physics, 61(1), 977-983.

Cherednik, I. 1992. Quantum Knizhnik-Zamolodchikov equations and affine root
systems. Communications in Mathematical Physics, 150(1), 109-136.
Dascalescu, S, Nastasescu, C, and Raianu, S. 2001. Hopf Algebras: an Introduc-
tion. Marcel Decker Inc., New York.

Dobson, L, and Kolb, S. 2019. Factorisation of quasi K-matrices for quantum sym-
metric pairs. Selecta Mathematica, 25(4), 1-55.

Drinfeld, V G. 1985. Hopf algebras and the quantum Yang-Baxter equation. Soviet
Math. Dokl., 32(6), 254-258.

Drinfeld, V G. 1987. Quantum Groups. Pages 798-820 of: Gleason, A M (ed),
Proceedings of the International Congress of Mathematicians. American Mathe-
matical Society.

Ehrig, M, and Stroppel, C. 2018. Nazarov—Wenzl algebras, coideal subalgebras
and categorified skew Howe duality. Advances in Mathematics, 331, 58—-142.
Frenkel, I B, and Reshetikhin, N Yu. 1992. Quantum affine algebras and holonomic
difference equations. Communications in Mathematical Physics, 146(1), 1-60.
Haring-Oldenburg, R. 2001. Actions of tensor categories, cylinder braids and their
Kauffman polynomial. Topology and its Applications, 112(3), 297-314.

Jantzen, J C. 1996. Lectures on quantum groups. Vol. 6. American Mathe-
matical Soc.

Jimbo, M. 1986. A g-analogue of U(gl(N + 1)), Hecke algebra, and the Yang-
Baxter equation. Letters in Mathematical Physics, 11(3), 247-252.

Jimbo, M, and Miwa, T. 1994. Algebraic analysis of solvable lattice models. Vol.
85. Amer. Math. Soc.

Joyal, A, and Street, R. 1993. Braided tensor categories. Advances in Mathematics,
102(1), 20-78.

Kac, V G. 1990. Infinite-dimensional Lie algebras. Cambridge University Press.
Kamnitzer, J, and Tingley, P. 2009. The crystal commutor and Drinfeld’s unitarized
R-matrix. Journal of Algebraic Combinatorics, 29(3), 315-335.

Kassel, C. 1995. Quantum Groups. Grad. Texts in Math.

Klimyk, A, and Schmudgen, K. 1997. Quantum Groups and their Representations
(1997). Springer Texts and Monographs in Physics.

Kolb, S. 2020. Braided module categories via quantum symmetric pairs. Proceed-
ings of the London Mathematical Society, 121(1), 1-31.

Kostant, B. 1977. Graded manifolds, graded Lie theory, and prequantization. Pages
177-306 of: Differential Geometrical Methods in Mathematical Physics. Springer.
Kulish, P P, and Reshetikhin, N Yu. 1983. Quantum linear problem for the sine-
Gordon equation and higher representations. Journal of Soviet Mathematics, 23(4),
2435-2441.

Kulish, P P, Sasaki, R, and Schwiebert, C. 1993. Constant solutions of reflec-
tion equations and quantum groups. Journal of Mathematical Physics, 34(1),
286-304.

Letzter, G. 1999. Symmetric pairs for quantized enveloping algebras. Journal of
Algebra, 220(2), 729-767.

Lusztig, G. 1994. Introduction to quantum groups. Birkhauser, Boston.

https://doi.org/10.1017/9781009093750.009 Published online by Cambridge University Press


https://doi.org/10.1017/9781009093750.009

272

(31]
(32]
(33]

(34]

(35]

(36]

(37]

(38]
(39]
[40]
[41]

[42]

[43]

Bart Viaar

Majid, S. 1988. Hopf algebras for physics at the Planck scale. Classical and Quan-
tum Gravity, 5(12), 1587.

Majid, S. 2002. A quantum groups primer. Cambridge University Press.

Noumi, M, and Sugitani, T. 1995. Quantum symmetric spaces and related g-
orthogonal polynomials. Pages 28—40 of: Arima, A et al. (ed), Group theoretical
methods in physics. World Scientific.

Noumi, M, Dijkhuizen, M S, and Sugitani, T. 1997. Multivariable Askey-Wilson
polynomials and quantum complex Grassmannians. AMS Field Inst. Commun., 14,
167-177.

Reshetikhin, N. 1990. Multiparameter quantum groups and twisted quasitriangular
Hopf algebras. Letters in Mathematical Physics, 20(4), 331-335.

Reshetikhin, N. 2010. Lectures on the integrability of the six-vertex model. Ex-
act methods in low-dimensional statistical physics and quantum computing,
197-266.

Reshetikhin, N Yu, and Turaev, V G. 1990. Ribbon graphs and their invariants
derived from quantum groups. Communications in Mathematical Physics, 127(1),
1-26.

Saito, Y. 1994. PBW basis of quantized universal enveloping algebras. Publica-
tions of the Research Institute for Mathematical Sciences, 30(2), 209-232.
Schneider, H-J. 1995. Lectures on Hopf algebras. Trabajos de Matemdtica,
31, 95.

Sklyanin, E K. 1988. Boundary conditions for integrable quantum systems. Jour-
nal of Physics A: Mathematical and General, 21(10), 2375.

Sweedler, M E. 1969. Hopf algebras. Benjamin, New York.

Tanisaki, T. 1992. Killing forms, Harish-Chandra isomorphisms, and universal
R-matrices for quantum algebras. International Journal of Modern Physics A,
7(supp01b), 941-961.

tom Dieck, T, and Haring-Oldenburg, R. 1998. Quantum groups and cylinder
braiding. Pages 619-639 of: Forum Math., vol. 10.

https://doi.org/10.1017/9781009093750.009 Published online by Cambridge University Press


https://doi.org/10.1017/9781009093750.009

