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Introduction

The main topic of this thesis are braided Hopf algebras. These objects occur
in the structure theory of usual Hopf algebras. Hopf algebras are algebras
which are also coalgebras and allow us to turn the tensor product of two
representations and the dual of a representation into representations of the
Hopf algebra again. The name was chosen in honor of Heinz Hopf who used
these algebras when solving a problem on group manifolds in 1941 [I2]. Dur-
ing the following years the theory of Hopf algebras was applied for example
to affine algebraic groups, to Galois extensions and to formal groups. The
interest increased strongly when in the eighties the so-called quantum groups
and deformed enveloping algebras were found by Drinfeld [, B] and Jimbo
[I6]. They provided new and non-trivial examples of non-commutative and
non-cocommutative Hopf algebras with connections to knot theory, quantum
field theory and non-commutative geometry. New results were also obtained
in the structure theory of finite-dimensional Hopf algebras and in the classi-
fication of certain classes of Hopf algebras and of Hopf algebras with a given
dimension.

A braiding on a vector space V' is a generalization of the usual flip map
T: VRV -2VVuvwr—wduo. Itis an automorphism of V' ® V' that
satisfies the braid equation

(C X 1dv)(1dv ®C) (C X 1dv) = (ldV ®C) (C X ldv)(ldv ®C)

If we interpret the braiding as an operation “interchanging” two tensor factors
and represent it by a crossing >< , this equation can be visualized by the

following picture.
S

This new way of “interchanging” tensorands allows to generalize the axioms
of a usual Hopf algebra, replacing at a certain place the flip map by a braid-
ing. What we get is called a braided Hopf algebra.
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Braided Hopf algebras appeared in the structure theory of Hopf algebras
when Radford [34] generalized the notion of semi-direct products of groups
and of Lie algebras to Hopf algebras. The term “braided Hopf algebra” was
introduced by Majid around 1990. Various results for finite-dimensional Hopf
algebras were transferred to braided Hopf algebras, for example the famous
Nichols-Zoeller theorem and parts of the structure theory (see [44] for a sur-
vey). Nevertheless, as one might expect, the theory of braided Hopf algebras
is much more complicated than the theory of ordinary Hopf algebras. For
example the cocommutative connected case in characteristic zero is well un-
derstood in the case of ordinary Hopf algebras (there are only the universal
enveloping algebras of Lie algebras), but the knowledge of connected braided
Hopf algebras, even for very simple braidings, is quite limited. The con-
nected case is particularly important in the structure theory of pointed Hopf
algebras.

The purpose of this thesis is to present new results on braided Hopf alge-
bras of triangular type. These are braided Hopf algebras generated by a
finite-dimensional braided subspace of the space of primitive elements (in
particular they are connected), such that the braiding fulfills a certain trian-
gularity property. Braidings induced by the quasi-R-matrix of a deformed
enveloping algebra are triangular. They yield interesting examples of braided
Hopf algebras of triangular type. Another class of triangular braidings are
those coming from Yetter-Drinfeld modules over abelian groups. The notion
of triangular braidings in this generality is new and was not considered before
in the literature.

One of the main results of this thesis is the PBW Theorem P24 for braided
Hopf algebras of triangular type. The concept of PBW bases has its roots
in Lie theory, in the famous theorem by Poincaré, Birkhoff, and Witt, which
was stated in a first version by Poincaré [32] and improved later by Birkhoff
and Witt. If we have a Lie algebra g, a basis S of g and a total order < on
S, then this theorem states that the set of all elements of the form

€n

el
s1 ... 8y

withn € N, s1,...,5, € 9,51 <s9<...<s,ande; € Nforalll1 <:<n
forms a basis of the enveloping algebra U(g) of the Lie algebra. This basis is
an important tool for calculations in the enveloping algebra. A good example
is the characterization of primitive elements of U(g).

In 1958 Shirshov [47] found a basis of the free Lie algebra generated by a
set X which consists of standard bracketings of certain words with letters
from X. He called these words standard words; we follow Reutenauer and
Lothaire when we use the name Lyndon words. Later Lalonde and Ram
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[24] showed that if a Lie algebra g is given by generators and relations we
can choose a subset of the set of Lyndon words in the generators such that
their standard bracketings form a basis of g. Together with the theorem of
Poincaré, Birkhoff, and Witt (PBW) this provides a combinatorial descrip-
tion of the PBW basis of the enveloping algebra U(g).

Analogous PBW bases were found for deformed enveloping algebras by Ya-
mane [48], Rosso [37] and Lusztig [27], whose proof is based on an action
of the braid group. A different approach using Hall algebras to construct
these PBW bases was found by Ringel [36]. For general (graded) algebras
it is an interesting question as to whether they admit a PBW basis. In [20]
Kharchenko proved a PBW result in the spirit of Lalonde and Ram for a
class of pointed Hopf algebras which he calls character Hopf algebras. His
proof uses combinatorial methods. The result can be reinterpreted in terms
of braided Hopf algebras with diagonal braidings which are generated by a
finite set of primitive elements.

In our main PBW theorem we give a generalization of Kharchenko’s result to
braided Hopf algebras of triangular type. The assumption that the braiding
on the space of primitive generators is diagonal is replaced by the more
general condition of triangularity. This seems to be the natural context for
the existence of a PBW basis. The proof basically follows Kharchenko’s
approach, but the step from diagonal to triangular braidings requires new
methods and ideas.

One application of our result leads to a generalization of Kharchenko’s exis-
tence theorem for the PBW basis from [20] to Hopf algebras generated by an
abelian group G and a finite-dimensional G-Yetter-Drinfeld module of skew-
primitive elements; we do not require (as Kharchenko does) that the group
action on the generators is given by characters. This is done with the help
of Proposition £.5.1 that allows us to lift PBW bases from the associated
graded algebra of a filtered algebra to the filtered algebra itself.

As a second application of the PBW theorem we determine the structure of
the Nichols algebras of low-dimensional U,(slz)-modules, which was mostly
unknown until now.

Triangular braidings are defined by a combinatorial property in [[.3.5. The
main result of Chapter B is Theorem B.3.G that provides an alternative char-
acterization of the triangularity property, leading to a better understanding
of triangular braidings. As a tool we use a reduced version of the Faddeev-
Reshetikhin-Takhtadzhyan Hopf algebra [d], which is inspired by a work of
Radford [33]. We prove that triangular braidings are exactly the braidings
coming from Yetter-Drinfeld modules over pointed Hopf algebras with abelian
coradical which are completely reducible as modules over the coradical. This
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gives a conceptual characterization and emphasizes the close connection to
pointed Hopf algebras with abelian coradical. Finally, we calculate the re-
duced FRT Hopf algebra for braidings induced by the quasi-R-matrix of a
deformed enveloping algebra, a result we will use in Chapter f.

An important class of braided Hopf algebras generated by primitive elements
is formed by Nichols algebras B(V,c) of braided vector spaces (V,c). The
name refers to Nichols who studied them under the name of bialgebras of
type one [31]. They are generalizations of the symmetric algebra S(V') of
the vector space, where the flipmap 7 : V@V -V Vodwm— w®wv
is replaced by a braiding c¢. Nichols algebras play an important role in the
classification program for finite-dimensional pointed Hopf algebras, which
was started by Andruskiewitsch and Schneider [4]. Here and in the theory
of quantum groups one is interested in the vector space dimension or the
Gelfand-Kirillov dimension of these algebras and in representations by gen-
erators and relations. In general it turns out to be very hard to determine
the structure of a Nichols algebra even for quite simple braidings. For braid-
ings of diagonal type there are many results by Lusztig [27] (his algebra f),
Rosso [38] and Andruskiewitsch and Schneider. For more complicated braid-
ings the knowledge is still very limited. While in the classification program
one is mainly interested in braidings coming from Yetter-Drinfeld modules
over groups, we consider the case of braidings induced by the quasi-R-matrix
of a deformed enveloping algebra. Since these braidings are triangular they
can be seen as a special case of the situation described in Chapter B. Apart
from the case when the braiding is of Hecke type (see Example [.4.9) almost
nothing was known about Nichols algebras of triangular type .

In [I] Andruskiewitsch asks the following question: Given an integrable finite-
dimensional U,(g)-module M with braiding ¢ induced by the quasi-R-matrix,
what is the structure of the Nichols algebra B(M, ¢)?

In Chapter @l we answer his question with the help of a method that reduces
the study of Nichols algebras of finite-dimensional U,(g)-modules M to the
study of Nichols algebras of diagonal braidings. Actually we consider a much
more general setting. Let H be a Hopf algebra with bijective antipode,
V' a Yetter-Drinfeld module over H and M a Yetter-Drinfeld module over
B(V)#H. Theorem [.3.1 states that under the assumption that the structure
maps of M respect the natural grading of B(V)#H there is an isomorphism

BM)#B(V)=B(Mu @ V),

where My is a Yetter-Drinfeld module over H associated to M. In the very
special case where H is the group algebra of a free abelian group an analogous
result is proved by Rosso in [38] using a different method.
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To answer Andruskiewitsch’s question, we use our characterization of trian-
gular braidings from Chapter B. In Section B4 we realized the braiding on
a finite-dimensional U,(g)-module M induced by the quasi-R-matrix as a
Yetter-Drinfeld braiding over a pointed Hopf algebra U. It turns out that
U decomposes into a biproduct U = B(V)#kG for an abelian group G and
from Theorem {.3.] we get B(M)#B(V)~B(Myc ® V). Moreover V and
My @V have diagonal braidings, and we can apply known results about
their Nichols algebras to obtain information on B(M).

The described method is used to prove a criterion for the finiteness of the
Gelfand-Kirillov dimension of B(M). To the module M and its braiding
we associate a matrix (b;;) of rational numbers that is an extension of the
Cartan matrix of g. Under some technical assumptions on the braiding, the
Gelfand-Kirillov dimension of B(M) is finite if and only if (b;;) is a Cartan
matrix of finite type. For simple g and simple modules M we give a complete
list of all cases with finite Gelfand-Kirillov dimension (Table [.T]).

As an important second application of our method we describe explicitly
the relations of B(M) under the assumption that the braided biproduct
B(M)#B(V) is given by the quantum Serre relations (Remark f.5.4). In
particular this applies if B(M) has finite Gelfand-Kirillov dimension. Table
A1 contains the degrees of the defining relations in the case that g is sim-
ple, M is simple and the Gelfand-Kirillov dimension of B(M) is finite. All
these relations were completely unknown (except for the very special case of
braidings of Hecke type) before.

Due to missing information on Nichols algebras of diagonal braidings the
results of both applications contain some technical restrictions.

The contents of Chapter B will appear in the Journal of Algebra [45]. I would
like to thank all the people who helped to finish this thesis. First of all my
advisor Prof. Dr. H.-J. Schneider for scientific guidance during the last three
years. Also Priv.-Doz. Dr. Peter Schauenburg for a lot of useful hints. Then
Gaston Garcia, Dr. Istvan Heckenberger, Daniela Hobst, Birgit Huber and
Tobias Stork for many interesting discussions and for proof-reading parts of
the thesis and [45, 46]. Finally the State of Bavaria (Graduiertenforderung
des bayerischen Staates) for a two-year scholarship. Last but not least spe-
cial thanks to my parents and to my sister for their financial support and for
being there for me.

Throughout this thesis we will mostly work over an arbitrary field k. Un-
adorned tensor products ® are tensor products over k. Unless stated other-
wise, all algebras are associative algebras over k£ with unit. For some results
we need additional assumptions on k.
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Chapter 1

Basic definitions

In this chapter we will mainly recall definitions and facts from the theory
of Lie algebras and Hopf algebras. Most of the material is meant only as a
quick reference for our notations and conventions. An important exception is
Subsection [.3:3, where the new notion of triangular braidings is introduced.
This type of braiding is the central feature of braided Hopf algebras of tri-
angular type as defined in Definition [.4.1T4. For large parts of this chapter
(9] is a good reference.

1.1 Lie algebras

In order to have the necessary notations fixed for the definition of quantum
groups in Section we will recall some facts on Lie algebras, especially
on the classification of finite-dimensional semi-simple Lie algebras over the
field of complex numbers. For more information and historical comments we
suggest the books by Jacobson [4], Humphreys [13] and Kac [I8].

1.1.1 Definition and the universal enveloping algebra

Definition 1.1.1. A Lie algebra is a pair (g,[—, —|), usually denoted by g,
where g is a vector space and

= -]:9@g—0
is a linear map (called the Lie bracket) satisfying

Ve eg [z,2] =0 (antisymmetry)
Ve,p 2 €g o[y 2] + s [z oll + [z e g]] = 0 (Jacobi identity).
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A morphism ¢ : g — ¢’ of Lie algebras is a linear map such that for all
z,y € g:o([z,y]) = [p(x), p(y)]. A subspace a C g is called an ideal of g if
for all @ € a,z € g we have [g,a] € a. An ideal of g is called simple, if it has
no proper sub-ideals. A Lie algebra is called semi-simple if it is the sum of
its simple ideals.

Example 1.1.2. The space sly := ke ® kh @ kf is a Lie algebra with Lie
bracket defined by the equations

[hae] = 2e, [hvf] = -2, [eaf] = h.

Example 1.1.3. For every associative algebra A we can form a Lie algebra
A~ with underlying vector space A and Lie bracket defined by the commu-
tator of the algebra A:

Ve,y € A [z, y] == xy — ya.

This defines a functor (—)~ from the category of associative algebras to the
category of Lie algebras.

To a Lie algebra g one associates an enveloping algebra U(g) in a natural
way.

Definition 1.1.4. Let g be a Lie algebra. An associative algebra U together
with a morphism of Lie algebras ¢ : g — U~ is called the universal enveloping
algebra of g if it satisfies the following universal property:

For every algebra A and every morphism of Lie algebras ¢ : g — A~ there is
a unique morphism of algebras v : U — A such that the following diagram
commutes:

For every Lie algebra g there is a universal enveloping algebra U(g) and it is
unique up to isomorphism. The following theorem due to Poincare, Birkhoff,
and Witt gives us a very useful description of the enveloping algebra.
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Theorem 1.1.5. [I3, Section 17.3. Corollary C] Let g be a Lie algebra. Fix
a k-linear basis S of g and a total order < on S. Then the set of all elements

t(s1) (s

with r € Ng, 81,...,8. € 5,51 < ... < s, and eq,...,e,. € N form a k-linear
basis of U(g).

In particular ¢ is injective and we can consider g as a Lie subalgebra of U(g)~.
Remark 1.1.6. Assume chark = p > 0 and let g be a restricted Lie algebra
of characteristic p (see e.g. [14, V.7]). In this case one can define a restricted
universal enveloping algebra u(g) and we obtain a similar theorem:

Again fix a k-linear basis S of g and a total order < on S. Then the set of
all elements

t(s1) (s

with r € Ng,81,...,8 € 5,81 < ... < s, and 1 < eq,...,e, < p form a
k-linear basis of u(g).

These two theorems are the prototypes for the PBW Theorem P.2.4 for
braided Hopf algebras of triangular type that we will prove in Chapter B.

1.1.2 Root systems and Dynkin diagrams

The classification of complex finite-dimensional semi-simple Lie algebras de-
scribes these objects in terms of root systems and their Dynkin diagrams.
In this section we will recall the necessary definitions and facts. The main
reference is the book by Humphreys [[3].

Definition 1.1.7. A root system is a pair (V,®), where V is a euclidean
vector space with scalar product (—,—) and ® is a subset of V' satisfying

(R1)  ®is finite, spans V and does not contain 0,
(R2) Vaed:Rand = {ta},

2(a, B)
(@, )

(@, q)

a € d and

(R3) Va,0e€d:p—

(R4) Va,8€d:{(a,f):= €.

An isomorphism ¢ : (V, ®) — (V/, ®’) of root systems is a linear isomorphism
¢ : V. — V'’ that maps ® into ¢’ and satisfies («a, 5) = (¢(a), ¢(B)) for all
a, 3 € ®. Note that replacing the scalar product by a real multiple we obtain
an isomorphic root system.
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For a root system R = (V,®) the group Z® C V is called the root lattice of
R and the group

A= {AeVVaed:(a )\ eZ}

= MNeVVaed: (a,)) e (a’Qa)Z}

is called the weight lattice of R.
A subset II C ® is called a basis of the root system R if Il is a basis of V' and
every 3 € ® can be written as 3 = ) . koo with integers k, that are all
non-positive or all non-negative. Every root system R has a basis II and we
define the Cartan matriz (a.p)apen of R (with respect to the basis II) by
2(«

tap = (B,a) = (ST’O?)) Va, € 11
The Cartan matrix is well-defined up to a permutation of the index set and
in this sense does not depend on the choice of the basis II.
To have a nice picture of the root systems we associate a Dynkin diagram to
their Cartan matrix in the following way. The Dynkin diagram is an oriented
graph with vertex set II (a fixed basis of the root system). For «, 5 € Il we
draw ag,G.p lines between o and . If |ans| > 1 we draw an arrow tip
pointing towards «.

Remark 1.1.8. The Dynkin diagrams of root systems are unions of finitely
many of the connected Dynkin diagrams in Table [.1. This is a key result in
the classification of finite-dimensional semi-simple complex Lie algebras. A
proof can be found in [[4] for example.

After choosing a basis we can define a partial order on the root lattice.

Definition 1.1.9. Assume we are given a root system (V,®) and a fixed
basis II of it. An element u € Z® of the root lattice will be called positive
if it is a non-zero linear combination of basis elements with non-negative
coefficients. It will be called negative if it is a non-zero linear combination
of basis elements with non-positive coefficients. Let ®* resp. ®~ denote the
set of positive resp. negative roots. We define a partial order on Z® by

Ww>v & p—v is positive
for all p,v € Z®.

For a positive root
p=Y ko
a€cll

define the height of by ht p:=>" _ 1k

acll o
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1 2 n—1 n
n,n>1 ° ° ° °
1 2 n—1 n
n’n22 ° ° e —— o
1 2 n—1 n
n,’nZS [ ] [ ] o &Z——eo
1 2 n—2 n—1
n, > 4 ° ° ° °
)
n
1 3 4 5 6
Eg *o—— 9o —9o—o .
°
2
1 3 4 5 6 7
Er e—— 90— ° ° )
)
2
1 3 4 5 6 7
Eg . ° e — o ° °
°
2
1 2 3 4
Fy ° e—— 90—
1 2
Go o0

Table 1.1: Connected Dynkin diagrams of root systems
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1.1.3 The classification of semi-simple Lie algebras

The following theorem contains the classification of all finite-dimensional
semi-simple Lie algebras over the complex numbers. This problem was solved
by Killing and Cartan at the end of the 19th century, motivated by the
classification of space forms (Raumformen); see [I1] for a historical overview.
The presentation by generators and relations given here is due to Serre.

Theorem 1.1.10. The following construction yields a one-to-one correspon-
dence between complex finite-dimensional semi-simple Lie algebras (up to
isomorphism) and root systems (up to isomorphism).

Let A = (@np)apen be the Cartan matrix of a root system R. Then the
complex Lie algebra gr generated by e, ha, fo, @ € II with relations

[h 7hﬂ] 0,
[hases] = aages,
[ha, f5] = —aapfs,
[eou fﬁ] 5Olﬂha

for all a, # € II and the Serre relations

Va#Bell: ad(e,)'  “?(eg) =0 and
a#Bell: ad(fa) " (fs) =

is finite-dimensional and semi-simple.
gr is simple (i.e. it has no proper ideals) if and only if the Dynkin diagram
of R is connected.

There is a similar characterization of affine Lie algebras; we refer to Kac [I§]
for details. As the semi-simple Lie algebras are constructed only using the
Cartan matrix of the root system we see that the root system is uniquely
determined by its Cartan matrix up to isomorphism. Furthermore we can
calculate the Cartan matrix (aqg)a gen of R from its Dynkin diagram, because
in the proof it turns out that for all a # 3 € II we have a,q = 2, anp €
{0,—1,—2, -3} and a,p = 0 if and only if ag, = 0. For example the Cartan

matrix of Gy is
2 -3
-1 2 '
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1.2 Coalgebras, bialgebras and Hopf algebras

In this section we recall the definitions of bialgebras and Hopf algebras, which
form the basic structures for our work. There are many textbooks on this
subject. Our main references are the books by Sweedler [43] and Montgomery
30].

1.2.1 Coalgebras

An important ingredient in the definition of a Hopf algebra is the notion of
a coalgebra, which is dual to that of an algebra.

Definition 1.2.1. A coalgebra is a vector space C' together with two linear
maps

A:C—-C®C and ¢:C =k

called the comultiplication resp. the counit that satisfy

(A ®ide)A = (ide ®A)A  (coassociativity) and
(e ®ide)A =ide = (ide ®e)A (counitality).

A morphism ¢ : C'— D of coalgebras is a linear map such that

(¢ ® P)Ac = Ap¢ and epp = ec.

In order to be able to perform calculations in coalgebras we use a common
version of the Heyneman-Sweedler notation for the comultiplication. If C' is
a coalgebra and ¢ € C' we write formally

Ale) = ¢y ® ¢y,

always keeping in mind that ¢, ® ¢, is in general not a simple tensor. The
coassociativity axiom allows us to write for higher “powers” of the comulti-
plication

An(c) = (A®idyen-2)... (A®idy)A=c, ®...®c,,.

Let C be a coalgebra. An element g € C'is called group-like if A(g) =g® g
and £(g) = 1. Let G(C') denote the set of group-like elements of C. It is
always linearly independent. For two group-likes g,h € G(C) an element
x € C'is g, h-skew primitive if A(z) = x ® g+ h ® x and denote the space of
g, h-skew primitive elements by P, ,(C).

A coalgebra is simple if it has no nontrivial subcoalgebras. It is said to be
pointed if every simple subcoalgebra is one-dimensional, i.e. spanned by a
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group-like element. For a coalgebra C' define the coradical Corad C or Cy of
C as the sum of all simple subcoalgebras. The coalgebra is called irreducible
if Corad C' is a simple coalgebra and it is called connected if the coradical is
one-dimensional.

A useful tool in the theory of coalgebras are filtrations. A coalgebra filtration
(Ch)n>o of C is a filtration of the vector space C' such that for all n > 0

AlC)C D G
i+j=n
Every coalgebra has an important filtration, the coradical filtration defined
by the wedge product (see [43, Chapter IX]):
C, == N"Cy,

where Cy = Corad C. More generally it is true that the lowest term of a
coalgebra filtration always contains the coradical. A graded coalgebra C'is a
coalgebra equipped with a vector space decomposition C' = &,,50C(n) such

that for all n > 0
A(C(n)) ¢ @D Cli) @ C())
i+j=n
and €|C'(n) = 0 for all n > 1. For every filtered coalgebra one can construct
an associated graded coalgebra gr C' by setting gr C(n) := C,,/C,,—1 forn > 0
(with C_; := {0} as usual) and defining the comultiplication and counit in
a natural way.

As coalgebras are dual to algebras we are also interested in the dual of a
module, a comodule over a coalgebra.

Definition 1.2.2. Let C be a coalgebra. A (left) comodule over C'is a pair
(M, 6), or just M, consisting of a vector space M and a linear map

O0:M—-CM
called the coaction satisfying

(A®idy)d = (ide ®0)0  (coassociativity) and
(e®idp)d =idy  (counitality).

A morphism f: M — M’ of comodules is a k-linear map such that
v f = (ide @ f)dnr-

Such a map is also called a colinear map.
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Similarly to the comultiplication we use a version of the Heyneman-Sweedler
notation for coactions:

dp(m):=m,_  Q@m

(=1) 0)°

The coassociativity axiom then reads
(M) ® (M) @My =My ® (M) ) @ (M) -

This expression is written as m_, @m_, @m .

1.2.2 Bialgebras and Hopf algebras

Let (C,A,¢) be a coalgebra and A be an algebra with multiplication map
V:A® A — A and unit map n : k — A. Then the space Homy(C, A)
becomes an algebra with multiplication given by the convolution product

Vf,g € Homg(C,A): fxg:=V(f®g)A

and unit ne.
Note that for an algebra A resp. a coalgebra C', A® A resp. C' ® C'is again
an algebra resp. a coalgebra by

(a®b)(d @V) = ad @bV and
Ale®d) = <C<1) ® d(l)) ® <C<2> ® d<2>> '
Definition 1.2.3. A bialgebra is a quintuple (H,V,n, A ¢), where (H,V,n)

is an algebra, (H,A, ¢) is a coalgebra and one of the following equivalent
conditions is satisfied:

e A:H— H®H, e: H— k are algebra morphisms.
e V:H®H — H,n:k— H are coalgebra morphisms.

The bialgebra H is called a Hopf algebra if the identity map idg is invertible
in the convolution algebra Endy(H), i.e. there is a map S € Endy(H) (called
the antipode of H) such that for all h € H

ho,S(h,) = e(h)l = S(h,)h

€] 2"

A morphism ¢ : H — H’ of bialgebras is a morphism of algebras and coal-
gebras.
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A bialgebra is called pointed, connected resp. irreducible if the underlying
coalgebra has this property. In a bialgebra we have a distinguished group-like
element, the unit 1. The 1, 1-skew primitive elements are also called primitive
elements. The space of primitive elements of H is denoted by P(H).

Example 1.2.4. Let G be a group. Then the group algebra kG becomes a
(pointed) Hopf algebra with

Alg) =9®g,e(9) =1,8(9) =g
for all g € G.

Example 1.2.5. Let g be a Lie algebra. Then the universal enveloping
algebra U(g) is a connected Hopf algebra with

Alx)=1®z+zx®1l,e(x) =0,S(z) = —x

for all z € g. Thus the elements of g are primitive elements. A theorem by
Friedrich [I4, V.4.] states that if chark = 0 we have P(U(g)) = g; Jacobson
only states the theorem for free Lie algebras, but it is true for arbitrary g.
Assume char k = p > 0 and let g be a restricted Lie algebra of characteristic
p. The restricted enveloping algebra u(g) is a Hopf algebra with

Alz)=1®zr+2®1,e(z) =0,S(x) = —x
for all x € g. In this case we have P(u(g)) = g.

In Hopf algebras we have a generalization of the adjoint action known from
groups and Lie algebras. For a Hopf algebra H define the adjoint action of
an element h € H by

ad(h): H — H, x> h,xS(h,).

1.2.3 Deformed enveloping algebras

In the 1980’s new and very interesting examples of non-commutative and non-
cocommutative Hopf algebras were found, starting with papers by Kulish and
Reshitikin [23], Drinfeld [R] and Jimbo [I6]. These developed to a whole new
class of Hopf algebras, the deformed enveloping algebras of semi-simple Lie
algebras, usually also called quantum groups [4]. We will recall the necessary
definitions and fix some notations. Our main reference are the books of
Jantzen [I5] and Lusztig [27].

Assume that chark = 0 and ¢ € k is not a root of unity. Furthermore let
g be a complex finite-dimensional semi-simple Lie algebra with root system
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(V, @), basis of the root system II and Cartan matrix (aag)a,gen. We will use
the same normalization for the scalar product of the root system as Jantzen
(5, 4.1]. In this setting we have (a,a) € {2,4,6} and (o, 3) € Z for all
a, € ll. For a € I let d, := m—;‘) and g, := ¢%. For all a, 8 € II we have
(o, B) = dpagp-

Definition 1.2.6. The quantum enveloping algebra U,(g) of g is the algebra
generated by the symbols E,, K,, K ', F,,« € II subject to the relations

K,K;'= 1 =K,'K,,
K.Kz = KgK,,

KaEgK;1 = q(a’ﬁ)EB,

K Kb = ¢ @P Ry,

K,— K;!

E Fs— FsEy = G4 P

for all a,, 8 € Il and the quantum Serre relations for all a # 3 € II:

ad(E,)' """ (Eg) = 0,

ad(Fa)' =" (Fy) = 0.
Note that the Serre relations only make sense if we define a Hopf algebra
structure on the algebra generated by E,, K., K;', F,,,a € II subject to the

first set of relations. This can be done in the same way as for U,(g) in the
following proposition.

Proposition 1.2.7. U,(g) becomes a Hopf algebra with

AK,) =K@ K,, e(K,) =1, S(K,) =K.,
AE,) =Ko®Ey+E,®1, ¢(E,) =0, S(E,) =—-K,'E,,
A(F) =1 F,+F,® K,', ¢(F,) =0, S(F,)=-F,K,.
Proof. See e.g. Jantzen’s book [IH]. O

For all p € Z® define the root space
U, = {u € Uyg)|Va € & : KouK," = ¢">"u}.

Then we have

Uq(g) = @ Uu'

NELP

There are several important subalgebras of U,(g).
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Definition 1.2.8. We have the Hopf subalgebra UZ7%(g) generated by the
Ko, K" and the E,,« € II and the Hopf subalgebra U-~%(g) generated by
the K,, K;! and the F,,« € II.

The subalgebra generated by the E,,a € II is called the positive part of
U,(g) and is denoted by U (g). Similarly the subalgebra generated by the
F,,a € Il is called the negative part of U,(g) and is denoted by U (g).

These positive and the negative parts are not Hopf subalgebras because they
are not subcoalgebras. In fact they are braided Hopf algebras, as we will
see in Example [L4.10. Each of these subalgebras has a similar root space
decomposition as U,(g) and the root spaces are denoted by U7%, U=°, U and
U, respectively.

Now we will review some facts on integrable U,(g)-modules.

Definition 1.2.9. For a U,(g)-module M and an element of the weight
lattice A € A define the weight space

M, = {m € MNVa el : K,m = q(o"k)m} .

M is called integrable if for each m € M and « € II there is n € N such that
E'm = F'm =0 and M is the direct sum of its weight spaces

MZEBMA.

M is called a module of highest weight X\ if there is 0 £ m € M, such that
E,m =0 for all o« € IT and m generates M as a U,(g)-module.

A weight A € A is called a dominant weight if for all a € II we have (A, a) > 0.
The set of dominant weights is denoted by A*.

We need the following theorem on the structure of integrable modules.
Theorem 1.2.10. [27, Corollary 6.2.3. and Proposition 6.3.6.]

e For every dominant weight A € AT there is a simple U,(g)-module
M () of highest weight A. It is finite-dimensional and unique up to
isomorphism.

e Every integrable U,(g)-module is a direct sum of simple U,(g)-modules
of the form M(\) with A € A™.

Finally, a very important feature of the deformed enveloping algebras is the
quasi-R-matrix that allows to define braidings on integrable modules.
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Remark 1.2.11. There is an interesting non-degenerate bilinear form be-
tween the positive and the negative part

(= —): U (@) @U(g) =k,

which is in some sense compatible with the algebra and coalgebra structure.
For further information refer to [I5, Chapter 6].

For v € UZ,,v € Uf we have (u,v) = 0 whenever p # v. Thus for all
p > 0 the restriction of (—, —) to UZ, ® U is non-degenerate. Fix a basis

uffy ..o ul of U, let vf, ... v be the dual basis of UZ, and define
w K T 12

Tu

O, =) weu el (5 @U/(g).

=1

The (formal) sum

O:=> 0,

n>0

is called the quasi-R-matriz of U,(g). For all > 0 we write formally
0,=0,® @:,

always keeping in mind that this is in general not a decomposeable tensor.

1.3 Yetter-Drinfeld modules and braidings

In this section we fix notations and definitions concerning braidings on finite-
dimensional vector spaces. Braidings are an important tool in the construc-
tion of invariants of knots and links. Apart from this, braided structures
appear naturally in the theory of Hopf algebras.

Furthermore we introduce triangular braidings, which are closely connected
braided Hopf algebras of triangular type.

1.3.1 Yetter-Drinfeld modules

Definition 1.3.1. Let H be a bialgebra. A (left-left) Yetter-Drinfeld module
M over H is a left H-module and left H-comodule such that the following
compatibility condition holds for all h € H,m € M

(hoym) i hey @ (hym) = hm

M)y m ® hgy M, -

(=D

The category of Yetter-Drinfeld modules over H with morphisms given by
linear and colinear maps is denoted by gyp.
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If H is a Hopf algebra, the condition above is equivalent to the property that
forallhe Hme M

6(hm) = heym . S(hy,) @ hymg,.

The tensor product of two Yetter-Drinfeld modules M, N is again a Yetter-
Drinfeld module with structure
h(m®@n):=h, m®h,n and §(m@n)=m_,n_, &m

© @ M)

forall h e Hom € M,n € N. If H is a Hopf algebra with bijective antipode,
also the dual of a finite-dimensional Yetter-Drinfeld module M is again a
Yetter-Drinfeld module by

(hp)(m) == @(S(h)m),d(p) := Z S7Hmiy)) @ p(my ) )m’

for h € Hom € M,p € M*. Here (m;)i1<i<, is a basis of M with dual
basis (m");1<;<,. This turns the category of finite-dimensional Yetter-Drinfeld
modules #YD’? into a rigid monoidal category.

For every pair of Yetter-Drinfeld modules M, N € YD we can define an
homomorphism called the braiding:

cun : MON - N®@M, c(m@n):=m_, n®@m,

(= )

This homomorphism is natural in M and N. On every triple M, N, P of
Yetter-Drinfeld modules it satisfies the braid equation

(en,p @1dpa)(idy @carp)(cmy ® idp) =
= (idp ®cp n)(epp ®@idy) (ida @cn p).
If H is a Hopf algebra with bijective antipode, then the cp; y are in fact
isomorphisms and the category gny 4 is a rigid braided monoidal category

with these braidings. For further information on braided monoidal categories
we suggest [[I7] or Kassel’s book [19].

1.3.2 Braidings

An important special case of the braid equation is obtained if only one module
is considered. This leads to the notion of a braided vector space. We view
the braiding as a generalization of the usual flip map

T: VRV VeV, rTlvew) =w®w.
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Replacing the flip map with a braiding is the basic idea for the definition of
braided bialgebras as generalizations of usual bialgebras. In this sense Nichols
algebras (see Definition [[.4.7) can be seen as generalizations of symmetric
algebras.

Definition 1.3.2. A braided vector space is a pair (V, ¢), where V' is a vector
space and ¢ € Aut(V ® V) is a linear automorphism that satisfies the braid
equation

(C X 1dv)(1dv ®C) (C X 1dv) = (ldv ®C) (C X ldv)(ldv ®C)

We say that ¢ is a braiding on V. A morphism ¢ : (V,¢) — (V’, ) of braided
vector spaces is a linear map ¢ : V' — V' such that

(P®@@)e=(p®9).

As a braiding is meant to be a generalization of the usual flip map 7 we
define further isomorphisms

Com » VO QVE" — VEm @ O
(that “interchange” V®™ and V®") inductively by

Co,0 = ldk, C10 = ldV =:0Co,1,

Clom+1 = (ldv ®Cl7m)(6171 X idv®m) and

Cn+1,m = (Cn,m ® ldv)(ldv@n ®Cl,m)-

Usually one restricts to certain classes of braidings. Braidings of diagonal type
form the simplest (though very interesting) class of braidings. A braiding ¢
on a vector space V' is called of diagonal type (with respect to the basis X)
if there are a basis X C V of V and for all z,y € X coefficients ¢,, € k*
such that

c(z®@Y) = quyy @ .

The most common example is the usual flip map. In the theory of quantum
groups one usually deals with braidings of Cartan type resp. of Frobenius-
Lusztig type. To define this we need the notion of a generalized Cartan
matrix.
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Definition 1.3.3. [I8] Let X be a finite set. A generalized Cartan matric
(with index set X') is a matrix (ayy)syex With integer entries satisfying

e Ve X :a, =2,
o Vr,yc X,x #y:a; <0and
o Vrx,ye X 1a,y=0= ay, =0.

Cartan matrices of root systems are generalized Cartan matrices as in this
definition. A generalized Cartan matrix is called a Cartan matriz of finite
type if it is the Cartan matrix of a root system.

Following [5] we say that a braiding is of Cartan type if it is of diagonal type
with respect to a basis X and there is a generalized Cartan matrix (agy )z yex
such that the coefficients g, of the braiding satisfy

V.T,y €X: ryQyz = v

rx

A braiding is of Frobenius-Lusztig type (FL-type) if it is of diagonal type
and there are a scalar ¢ € k*, a generalized Cartan matrix (a,y ). ex and
relatively prime positive integers (d,).cx such that for all z,y € X we have

dpyy = dyayy,

and the coefficients of the braiding are

Qoy = ™.

Remark 1.3.4. If k is algebraically closed, the braidings of diagonal type are
exactly those braidings that arise from Yetter-Drinfeld modules over abelian
groups which are completely reducible as modules.

This thesis deals with a generalization of braidings of diagonal type, called
triangular braidings. These will be defined now by a combinatorial property
which is the natural context for the proof of the PBW Theorem P.2.4. A
description similar to that in Remark [:3:4 will be obtained in Chapter B.

Definition 1.3.5. Let V be a vector space with a totally ordered basis X
and ¢ € End(V ®@ V).

The endomorphism ¢ will be called left triangular (with respect to the basis
X) if for all z,y,z € X with z>y there exist 7,, € k and v,,, € V such
that for all z,y € X

(r@Y) = Yapy @ + Z 2@ Vpy.z

z>y
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The endomorphism ¢ will be called right triangular (with respect to the basis
X) if for all z,y,z € X with z>x there exist 3,, € k and w,, ., € V such
that for all z,y € X

c(r®@y) = Poyy @+ Z Wy ® 2.

zZ>x

A braided vector space (V,c) will be called left (resp. right) triangular with
respect to the basis X if ¢ is left (resp. right) triangular with respect to the
basis X.

Assume that the braided vector space (V,c) is left triangular and adopt the
notation from the definition. Then the map d: V ® V — V ® V defined by

d(CL’ & y) = YeylY ST

for all z;y € X is a braiding of diagonal type on V and it is called the
diagonal component of c¢. It will be an important tool in the proof of the
PBW theorem in Chapter P. Similarly we define the diagonal component for
right triangular braidings.

Remark 1.3.6. The name "left triangular” is motivated by the following
observation: Assume in the situation of the definition that V' has dimension
n and denote by B = (by,...,b,2) the basis {x @ ylz,y € X} of V@V
ordered lexicographically. By B® = (b},...,b .) denote the basis obtained
from B by flipping the sides of every tensor (not changing the order). Then
the matrix A € GL(n?, k) satisfying c(b;,...,0 ) = (b,...,b,2)A has the
following form:

Dy 0 ... 0
A: * D2 :

o 0

* ... * D,

where Dy, ..., D, € GL(n, k) are diagonal matrices. If the braiding were of
diagonal type, this matrix would be diagonal.

Example 1.3.7. Assume chark = 0 and let 0 # ¢ € k be not a root of
unity. Let g be a semi-simple finite-dimensional complex Lie algebra with
root system (V, @), weight lattice A and let II be a basis of the root system.
Every integrable U,(g)-module is equipped with a class of braidings coming
from the quasi-R-matrix of U,(g) (see also [I5, Chapter 6]). To define these
fix a function f: A x A — k* that satisfies

O+, p) = ¢ "M f(A p)and f(A, p+v) = ¢ M F(A, p) (1.1)
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for all \,p € A,v € Z®. For p > 0 let ©,, be the corresponding component
of the quasi-R-matrix as defined in [[.2.T1]. For each pair of integrable U,(g)-
modules M, N there is a U,(g)-linear isomorphism

iy  M&N—-N&M

such that for m € My,n € Ny we have
yman) =fN,0)) 0,(nem).

u>0
Note that by Theorem [[.2Z.10 this expression is well-defined because the sum
is actually finite. On every triplet of integrable U,(g)-modules M, M’ M"
these morphisms satisfy the braid equation

(C'&I’M/l ® idM)(idM/ ®C]fW,M”)(C]fW,M/ ® idM//) =
= (idM// ®C]f\4,M/)(C‘]f\4,M" ® 1dM/)<ldM ®C§4’,M”)'

In particular for every integrable module M the morphism c@’ v 1s a braiding

on M.

Lemma 1.3.8. The braidings defined in Example [.3.7 are left and right
triangular.

Proof. We will construct a basis B of M such that the braiding © is left
triangular with respect to this basis. Consider the total order > defined on
V' using basis IT = {p, ..., us} of the root system in the following way:

Zai,u,- > sz,uz <~ ((11, c ,CLS) > (bl, R 7b5),
i=1 i=1
where on the right side we order the sequences in R?® lexicographically by
identifying them with words of s letters from R (for a definition of the lexi-
cographical order see Section P.1]).

Then for p, ' € Vv € Z®, p> p implies p + v > p' + v and v > 0 implies
v 1> 0. For every € A with M, # 0 choose a totally ordered basis (B, <)
of M, and order the union B = U,B, by requiring that for b € B, 0 €
By, # W

<t & .

This defines a totally ordered basis of M and for b € B,,0’ € B,, we have

ObRb) = f(i/, 1 (b’ ®b+ Z@v(b’ ® b)) e flu, bt @b+ ZMV®M,

v>0 vap

showing that the braiding is indeed left triangular. In the same way one sees
that the braiding is also right triangular. O
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Example 1.3.9. Assume that k is algebraically closed. Let G be an abelian
group and V € g)}D a finite-dimensional Yetter-Drinfeld module over G.
Then the induced braiding

c:VeV-oVeV, cvow)=v,_ w®wu

(=1) (0)

is left triangular.

Proof. For all g € G let V, :== {v € V|§(v) = g ® v}. Then the V, are
G-submodules of V. Since every simple submodule of a finite-dimensional
G-module is one-dimensional we see that each V, has a flag of invariant
subspaces. So for each g € G we find a basis v, . .. ;g of Vg such that for
all h e G

h-v! € kv @ ... @ kvl .

Now by concatenating these bases and ordering each according to the indices
we obtain a totally ordered basis such that c is triangular. O

Remark 1.3.10. There are braidings that are triangular but not of diagonal
type. For example the braiding on the simple two-dimensional U,(s[,) module
(M,c) of type +1 is left and right triangular, but not diagonal. Observe
that if ¢ were diagonal with respect to some basis A and diagonal coefficients
Qg p,a,b € A, then c would be diagonalizable as endomorphism of M ®M with
eigenvalues +, /&, ;0,4 for b # a (eigenvectors /ay,a @ b=+ /0, ;b ® a) resp.
(la,q- But the eigenvalues of ¢ in our case are —1 and ¢~ 2 (if f(%,%) = ¢7?).
As we assumed that ¢ is not a root of unity, the braiding cannot be diagonal.

1.3.3 The braid group

One motivation of the braid equation is that a braided vector space always
induces representations of the braid groups B,,,n > 2. These representations
can be used to compute invariants of tangles, knots and links. They also allow
us to define generalizations of symmetrizer maps that will play an important
role in the theory of Nichols algebras.

Definition 1.3.11. Let n > 2. The braid group B, is the group generated
by the symbols oy,...,0,_1 with relations

0;0;410; = 0410041, 1 S 1 S n — 2 and
O'Z'O'j:O'jO'i,l SZ,]SR—L’Z—]‘ 22

Remark 1.3.12. If (V, ¢) is a braided vector space we have a unique repre-
sentation p : B,, — Aut(V®") such that for 1 <i:<n-—1

p(O’i) = idyei-1 ®c @ idyen—i-1 .
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There is a natural projection 7 : B, — S,, into the symmetric group, sending
0; to the transposition (¢,7+ 1). This projection has a set-theoretical section
s S, — B,, called the Matsumoto section, such that if w = 7... 7 is a
reduced expression of w with 7; = (j;, j; + 1), then

s(w)=0j,...0;

e

Definition 1.3.13. Let (V,¢) be a braided vector space and n > 2. The
map

S, = Z p(s(o)) € End(V®")

UESTL

is called the n-th quantum symmetrizer map.

1.4 Braided Hopf algebras

1.4.1 Definition and examples

Braided bialgebras and braided Hopf algebras play an important role in the
structure theory of pointed Hopf algebras [5]. Although quite a lot is known
about braided Hopf algebras in general [44], there are many open problems,
especially in the theory of Nichols algebras [I].

Usually braided bialgebras are defined within the context of a braided cat-
egory. However sometimes a non-categorical point of view provides addi-
tional information [2]. We give two definitions reflecting the two points of
view, where in the categorical setting we restrict ourselves to the category of
Yetter-Drinfeld modules over a Hopf algebra with bijective antipode.

We will start in the general setting without referring to a braided category.

Definition 1.4.1. Let (V,¢) be a braided vector space and let f : V& —
V®™ be a linear transformation. f commutes with c if

Cl,m(idV ®f) = (f ® id\/)cl,n and Cm,l(f ® ldv) = <1dv ®f)0n’1.

A braided algebra is a quadruple (A, V,n,c), where (A, V,n) is an algebra
and (A, ¢) is a braided vector space such that V,n commute with c.
A braided coalgebra is a quadruple (C, A, e, ¢), where (C, A, ¢) is an algebra
and (C, c) is a braided vector space such that A, e commute with c.

Assume that (A, V,n,c) is a braided algebra. Then ARA := A® A together
with the unit 74 ® n4, multiplication

Vaga = (Va® Va)(ida ®c®idy)
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and braiding ¢, 5 is again a braided algebra. Dually, if (C, A, ¢, ¢) is a braided
coalgebra, then C®C := C ® C together with the counit e¢ ® ¢, comulti-
plication

AC@C = <1dc Xc R ldc)(AC X Ac)

and braiding c; 2 is again a braided coalgebra.

Definition 1.4.2. A braided bialgebra is a tuple (R, V,n, A, e, ¢) such that
(R,V,n,c) is a braided algebra, (R, A, ¢,c) is a braided coalgebra and one
of the following equivalent conditions is satisfied:

e A: R— R®R, ¢: R — k are algebra morphisms.
o V:R®R — R, n:k— R are coalgebra morphisms.

R is called a braided Hopf algebra if the identity map idg is invertible in the
convolution algebra Endg(R), i.e. there is a map S € Endg(R) (the antipode
of R) such that for all r € R

r(l)S('r’(2>) =e(r)l = S(r(l))rm.

If the antipode exists, it commutes with ¢ [44]. A morphism of braided
bialgebras is a morphism of algebras, coalgebras and braided vector spaces.

Now we will define Hopf algebras in a Yetter-Drinfeld category.

Definition 1.4.3. Let H be a Hopf algebra with bijective antipode.

An algebra (A, V,n) in 2YD is an algebra (A, V,n) such that A € 2YD and
V and 7 are morphisms in YD (i.e. linear and colinear).

A coalgebra (C,A,e) in BYD is a coalgebra (C, A, ¢) such that C € YD

and A and € are morphisms in #YD.

Algebras (resp. coalgebras) in YD are braided algebras (resp. braided
coalgebras) with the induced Yetter-Drinfeld braiding. Thus we can form
braided tensor product algebras and coalgebras as above. These are the
again algebras (resp. coalgebras) in #£YD.

Definition 1.4.4. Let H be a Hopf algebra with bijective antipode. A
braided bialgebra in YD is a quintuple (R, V,n, A, €) such that (R, V,n) is
an algebra in £YD, (R, A, ¢) is a coalgebra in D and one of the following
equivalent conditions is satisfied:

e A: R— R®R, ¢: R — k are algebra morphisms.

e V:R®R — R, n:k— R are coalgebra morphisms.
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R is called a Hopf algebra in YD if the identity map idp is invertible in the
convolution algebra Endg(R), i.e. there is a map S € Endg(R) (the antipode
of R) such that for all r € R

T(l)S(T’(Q)) =e(r)l = S(r<1))7’(2).
If the antipode exists, it is linear and colinear [44]. A morphism ¢ : R — R’

of braided bialgebras in £)D is a morphism of algebras and coalgebras that
is also a morphism in the category 2D (i.e. H-linear and H-colinear).

For a braided Hopf algebra (R, Vg, g, Agr,cr,c) the antipode is an anti-
algebra morphism in the sense that it is an algebra morphism from R into
R°P¢ where R°P¢ has unit map nz and multiplication Vy c.

Remark 1.4.5. Let H be a Hopf algebra with bijective antipode. Every
bialgebra in YD is a braided bialgebra in the sense of the first definition.
Conversely Takeuchi shows that every rigid braided bialgebra can be realized
as a bialgebra in the category of Yetter-Drinfeld modules over some Hopf
algebra H with bijective antipode [44].

Nevertheless our notion of a morphism of braided bialgebras is weaker than
that of a morphism of bialgebras in a Yetter-Drinfeld category. Assume
that we have a bialgebra R in the category of Yetter-Drinfeld modules over
some Hopf algebra. A subbialgebra R’ in this setting is a Yetter-Drinfeld
submodule and thus we have induced braidings

RR—-RIR RR—R®R and R®@R — R ®R.

On the other hand assume we have a braided bialgebra R” that is a braided
subbialgebra of R in the sense that the inclusion is a morphism of braided
bialgebras, but R” is not necessarily a Yetter-Drinfeld submodule. In this
case we obtain only a braiding for R”

R// ® R// N Rl/ ® R//
Takeuchi calls R” a non-categorical (braided) subbialgebra of R in this case.

Example 1.4.6. Let (V,c) be a braided vector space. Then the tensor
algebra

T.(V) :=kle PHve"

neN

is a braided vector space with braiding given by the homogeneous components

Com : VENQVE" - VO @ VO,
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It becomes a braided Hopf algebra with comultiplication, counit and antipode
given for all v € V' by

Av)=v®1+1®v, ¢(v) =0, S(v) = —v.

If M is a Yetter-Drinfeld module over H with Yetter-Drinfeld braiding c,
then T,(M) is a braided Hopf algebra in £YD with the usual tensor product
structures.

The braided tensor algebra from this example is isomorphic (as algebra) to
the usual tensor algebra. The next step is to define a generalization of the
symmetric algebra, the so-called Nichols algebra of a braided vector space.
The structure of these algebras is often much more complicated than that of
the usual symmetric algebra and it is a central task of this thesis to determine
the structure for a class of braidings.

Definition 1.4.7. Let (V, ¢) be a braided vector space. The Nichols algebra
B(V,c) is a braided Hopf algebra (its braiding is denoted by cp(v,), or just
by ¢ later) with the following properties:

e B(V,c) = @ B(V,c)(n) is graded as algebra and coalgebra,

* e (B(V,c)(m) @ B(V,c)(n)) C B(V,c)(n) @ B(V,¢)(m),
e B(V,c) is generated by B(V,¢)(1),

e B(V,c)(1) = P(B(V,c)) and

o V~P(B(V,c)) as braided vector spaces.

Proposition 1.4.8. For every braided vector space (V,¢) there is a Nichols
algebra and it is unique up to isomorphism. The Nichols algebra can be
constructed in the following way: Let I be the sum of all ideals of T,(V)
that are generated by homogeneous elements of degree > 2 and that are also
coideals. Then B(V,¢) := T.(V)/I is the factor algebra and factor coalgebra.
Actually we know a bit more about the ideal I, namely it is given by the
kernels of the quantum symmetrizers from Definition [[.3.13

I = @keren.

n>2

In particular, if M is a Yetter-Drinfeld module over H with Yetter-Drinfeld
braiding ¢, then B(M, c) is a braided Hopf algebra in £YD.
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Proof. See the survey article [G]. O

So in order to know the Nichols algebra it would in principle be sufficient
to know the kernels of quantum symmetrizer maps. An interesting approach
was taken by Flores de Chela and Green in [I0], where they compute the
determinant of certain restrictions of the quantum symmetrizers for braidings
of diagonal type. In general however it is not possible to determine all these
kernels explicitly.

Example 1.4.9. Assume that (V) ¢) is braided vector space of Hecke type,
i.e. there is a scalar ¢ € k such that

(c+1id)(c —¢qid) = 0.
Then the ideal I is generated by ker &3 = Im(c — ¢id). For a proof also see

Example 1.4.10. Let I be a finite set, (a;;); jer a generalized Cartan matrix
and assume that there are relatively prime positive integers (d;);cr such that
foralli,5 € I

diaij = djaji-
Let ¢ € k be not a root of unity and V' := @,c;ki. Define a braiding ¢ of
diagonal type on V' by

c(i®j):=q%ij®i Vi, j €l

The Nichols algebra B(V,c) is the algebra f from Lusztigs book [27], which
is isomorphic to the positive part U, (g), if (a;;) is the Cartan matrix of g.

Proof. See [A, Proposition 2.7]. O

In the example above we see that Nichols algebras occur in the theory of
quantum groups. In Chapter @] we will see that not only Nichols algebras of
braidings of diagonal type occur as subalgebras of quantum groups, but also
Nichols algebras of certain U,(g)-modules.

1.4.2 Radford biproducts and Hopf algebras with a
projection

In the theory of pointed Hopf algebras braided Hopf algebras and Nichols
algebras occur in the context of Radford biproducts [34]. In order to distin-
guish comultiplications in usual Hopf algebras from those in braided Hopf
algebras, we use Sweedler notation with upper indices for braided Hopf alge-

bras .
1
Ag(r)=r' ‘or®.
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Definition 1.4.11. Let H be a Hopf algebra with bijective antipode and R
a braided Hopf algebra in #)D. Then we can turn R#H := R® H into a
bialgebra by using the crossed product

(T#h) (T/#h/) = T(hu) ’ r/)#h(z) i3
with unit 1z#1y and the crossed coproduct

(1) (2) (2)
A(r#h) =1 F#r oy @1 o FHFhy

with counit eg ® . This bialgebra is actually a Hopf algebra with antipode

Spun (r#h) = (1#SH (r(_l)h>) (SR (r(0)> #1) ,
and it is called the Radford biproduct of R and H.

In the situation of the definition we have a Hopf algebra projection
m: R#H — H, n(r#h)=¢e(r)h.

R is a subalgebra of R#H and H is a Hopf subalgebra of R#H.

As we have now seen, Radford biproducts are Hopf algebras that have a
projection onto a Hopf subalgebra. A theorem by Radford says that also
the converse is true. Let A, H be Hopf algebras and assume there is a Hopf
algebra injection « : H — A and a Hopf algebra projection 7 : A — H such
that 7. = idg. In this case the algebra of right coinvariants with respect to
T,

R:= A" :={a € A|(ida ®7)A(a) = a ® 1},
is a braided Hopf algebra in YD, where the action is the restriction of the
adjoint action and the coaction and comultiplication are given by
Or(r) =m(r,)®r, and
Ag(r) =r,Spm(r,)@r, forall r € R.
The antipode is

Sr(r)=m (T‘(l)) Sa (r(2)> :
Define a linear map by
0:A— R, 0(a) =a,Sym(a,).
6 is a coalgebra projection onto R and we have the following theorem.
Theorem 1.4.12. [34, 5] The maps

A— R#H, ar~0(a,)#r(a,) and
R#H — A,  r#h— ruh)

are mutually inverse isomorphisms of Hopf algebras.
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1.4.3 Braided Hopf algebras of triangular type

In this section braided bialgebras of triangular type are introduced. These
are the objects we will mainly deal with.

Remark 1.4.13. Let R be a braided bialgebra with braiding ¢ and P(R)
the space of primitive elements. Then P(R) is a braided subspace of R, i.e.

¢(P(R)® P(R)) = P(R) ® P(R).
Proof. This follows from the fact that ¢ and ¢! commute with A and n. [

Definition 1.4.14. A braided bialgebra (R,V,n, A, e,¢) will be called of
left resp. right triangular type if it is generated as an algebra by a finite-
dimensional braided subspace V' C P(R) and the braiding on V' is left resp.
right triangular.

The central examples are Nichols algebras of integrable U,(g)-modules and
of Yetter-Drinfeld modules over abelian groups. We will now show that every
braided bialgebra generated by primitive elements is a quotient of the braided
tensor bialgebra and describe these quotients in terms of braided biideals.

Lemma 1.4.15. Let (R,cg) be a braided bialgebra, V' C P(R) a braided
subspace. Then there is a unique homomorphism of braided bialgebras 7 :
T(V,crlV®V) — R with 7|V =idy.

Proof. Uniqueness is obvious. Of course 7 exists as algebra homomorphism.
Denote the braiding on the tensor algebra induced by cg|V @ V by cruy.
Using the universal property of the tensor algebra we obtain that 7 is a coal-
gebra homomorphism, provided 7 ® 7 : T(V)®T(V) — RRQR is an algebra
homomorphism. It is easy to check this, if (7 ® 7)cr) = cr(m ® ). So we
are left to show this. By construction we have 7|V ® = m;|V®! a restriction
of the [-fold multiplication of R. Thus for all r,s > 0

(r@meropn |V @ Ve = (ms@m,)(ery)), [V @ Ve
= cr(m, @ m,)|V® @ V&
= cp(re )|V @V,

where the second equality is because the multiplication of R commutes with
c. L]

Definition 1.4.16. Let (R, c) be a braided bialgebra. A subspace I C R is
called a braided biideal, if it is an ideal, a coideal and

(ROI+I®R =R®I+I®R.

If (R, ¢) is a braided Hopf algebra with antipode S, I is called a braided Hopf
ideal if it is a braided biideal with S(I) C I.
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Lemma 1.4.17. Let R be a braided bialgebra with braiding c.

1. If I C R is a braided biideal there is a unique structure of a braided
bialgebra on the quotient R/I such that the canonical map is a homo-
morphism of braided bialgebras.

2. If 7 : (R,¢) — (5,d) is a morphism of braided bialgebras, ker 7 is a
braided biideal of R.

3. Analogous statements hold for braided Hopf ideals.

Proof. Part 1: Uniqueness is clear because 7 is surjective. Obviously R/
is an algebra and a coalgebra in the usual way with structure maps m,n, A
and €. Furthermore c(ker(m ® 7)) = ker(m ® ) and thus ¢ induces an au-
tomorphism ¢ of R/I ® R/I such that (7 ® w)c = ¢(7m @ 7). Surjectivity of
7 ensures that ¢ satisfies the braid equation and that A, are algebra ho-
momorphisms. m, 7, A, & commute with ¢ because m,n, A, e commute with
c and 7 is surjective.

Part 2: Of course I := kerr is an ideal and a coideal. It remains to show
that the condition for ¢ holds. As (7 ® m)c = d(m ® 7) and c is bijective we
have c(ker(m ® 7)) = ker(r @ 7). In view of ker(r @ 7) = I ® R+ R® I the
proof is complete. O
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Chapter 2

Lyndon words and PBW bases
for braided Hopf algebras of
triangular type

Starting from the theory of free Lie algebras, in particular Shirshov’s basis
for free Lie algebras [47], Lalonde and Ram [24] proved in 1995 that every Lie
algebra g generated by an ordered set X has a basis that can be described
by certain Lyndon words in the letters X. Their result gives a description
of the PBW basis of U(g) in terms of the generators of g. Kharchenko [20]
showed that an analogous PBW result can be obtained for a class of pointed
Hopf algebras which he calls character Hopf algebras. In fact Kharchenko’s
result can be viewed in the setting of braided Hopf algebras with diagonal
braidings that are generated by primitive elements.

The main Theorem P.2.4 of this chapter shows that Kharchenko’s result is
actually true for a much larger class of braided Hopf algebras, namely braided
Hopf algebras of triangular type.

The setting of triangular braidings is the natural context for our proof of the
PBW theorem, which basically follows Kharchenko’s approach. Nevertheless
the situation is more complicated than in the diagonal case and new methods
are needed. We do not obtain the whole strength of Kharchenko’s results in
some details (see Remark P.2.7).

Apart from the fact that the PBW theorem offers an interesting insight into
the structure of braided Hopf algebras of triangular type it allows us to treat
examples explicitly. We apply the theorem to determine the structure of
Nichols algebras of low-dimensional U, (slz)-modules. Moreover in view of
Example [.3.9 we can generalize Kharchenko’s original result to arbitrary
Hopf algebras that are generated by an abelian group and a finite set of skew
primitive elements.
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2.1 Lyndon words and braided commutators

The PBW basis will be described in terms of Lyndon words in the generators.
Here we will present the definition and basic facts about these words. Let
(X,<) be a finite totally ordered set and X the set of all words in the letters
X (the free monoid over X). Recall that the lexicographical order on X is
the total order defined in the following way: For words u,v € X, u<wv iff
either v € uX (u is the beginning of v) or if there exist r, s,t € X, a,b € X
such that
u=ras,v=rbt and a <b.

For example if x,y € X, z<y then x<xy<y.

Notation 2.1.1. For a word u € X let I(u) be the length of u. Define for
n € N,v € X the following subsets of X:

X" = {u € X|l(u) = n},

Xsp = {u € X[u>v},

Xs, = {u € X[u>v},

XZ, =X"NX,,, and

X%, =X"NX5,.
Definition 2.1.2. Let u € X. The word u is called a Lyndon word if u # 1
and wu is smaller than any of its proper endings. This means for all v,w €

X\ {1} such that u = vw we have u<w.
These words are also called regular words in [47] or standard words in [42, 20].

A word u is Lyndon if and only if for every factorization u = vw of u into
non-empty words v, w we have u = vw<wv [26, 5.1.2.].

Example 2.1.3. Let a € X. Then a is Lyndon, but for n > 2 the word a”
is not Lyndon.

If a,b € X,a < b all words of the form a"b™ with n > 2, m > 1 are Lyndon.
Concrete examples of more complicated Lyndon words are

a’bab, a*babab, a*bababab, . . .

The following two theorems will provide important factorization properties
of Lyndon words.

Theorem 2.1.4. (Lyndon, [26, Theorem 5.1.5.])
Any word v € X may be written uniquely as a non-increasing product of
Lyndon words

u=Ilyly...l., l; Lyndon words and [;>l>...>I,.
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This decomposition is obtained inductively by choosing [; to be the longest
beginning of u that is a Lyndon word. It will be referred to as the Lyndon
decomposition of u. The occurring Lyndon words are called the Lyndon
letters of u.

Example 2.1.5. Let a,b,¢c € X,a < b < ¢. The Lyndon decomposition of
the word c?abaca?cba®bab is

(¢)(c)(abac)(a*ch)(a’bab).

Theorem 2.1.6. [35, Theorem 5.1. and section 4.1.]

The set of Lyndon words is a Hall set with respect to the lexicographical
order. This means that for every Lyndon word v € X'\ X we have a fixed
decomposition © = u'u” into non-empty Lyndon words «', u” such that either

u' € X or the decomposition of v’ has the form v = vw with w>u".

This decomposition is obtained by choosing u” to be the minimal (with re-
spect to the lexicographical order) or (equivalently) the longest proper end
of u that is Lyndon. As in [20] it is referred to as the Shirshov decomposition
of w.

Example 2.1.7. For a Lyndon word u define its associated non-associative
word (u) - an element of the free magma as defined by Serre A1, Part I,
Chapter 4.1] - inductively on the length of u. For z € X set (z) := x. For a
word u € X'\ X with Shirshov decomposition u = u'u” let (u) := ((u'), (u"))
be the ordered pair of the non-associative words associated to v’ and u”. For
a,b € X with a < b we have then

(ab) = (a,b),

(a2b) = (a’ ((lb)) = (a7 (CL, b))a
(abac) = ((ab), (ac)) = ((a,b), (a,c)), and
(a®babab) = (((a, (a, b)), (a, b)), (a,b)).

For example, a*babab has Shirshov decomposition (a?bab)(ab).

Major tools for constructing the PBW basis will be iterated braided commu-
tators. These are defined in a similar way as the non-associative words above
by replacing the brackets of a non-associative word by a skew-commutator
that involves the braiding. Take a finite-dimensional vector-space V', an en-
domorphism 7 of V' ® V satisfying the braid equation and assume that X is
a basis of V. Define the endomorphism 7, ,, : V" @ V™ — V& @ V¥ in
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the same way as for braidings. We will omit the indices n, m whenever it is
clear from the context which endomorphism is used.

In the following definition we identify kX - the free algebra over X - with the
tensor algebra of V' in the obvious way. We construct a k-linear endomor-
phism [—], of kX inductively.

Definition 2.1.8. Set for all x € X
[1], :==1 and [z], := =.

For Lyndon words u € X of degree > 1 with Shirshov decomposition © = vw
define

[ulr := m(id =7y(w) 1) ([v]; ® [w];),

where m denotes multiplication in £X. For an arbitrary word with Lyndon
decomposition u = uy ... u; let

[u], := [ug]y .. [y

Obviously [—], is a graded homomorphism of the graded vector space kX.
The idea of using a homomorphism of this type to construct PBW bases can
be found in [20] and is motivated by the theory of Lie algebras [24]. Fur-
thermore Ringel [36] and Leclerc [25] constructed PBW bases for deformed
enveloping algebras made up of iterated commutators. These iterated com-
mutators are also closely connected to Lyndon words.

Finally we give a lemma from [20] that provides a good tool for comparing
words using their Lyndon decompositions.

Lemma 2.1.9. [20, Lemma 5]

For u,v € X we have u<wv if and only if u is smaller than v when comparing
them using the lexicographical order on the Lyndon letters. This means if
v =1;...l, is the Lyndon decomposition of v, we have u<wv iff

e y has Lyndon decomposition u =y ...1; for some 0 < i < r

e or u has Lyndon decomposition v = ly...l;—1 -1 -1; ..., for some
s € N,;1 < ¢ <r and some Lyndon words [,[; ,,..., [, with [<l;.

2.2 The PBW theorem

Now we can formulate the PBW theorem for braided Hopf algebras of trian-
gular type. First we will give a formal definition of the term PBW basis.



2.2. The PBW theorem 41

Definition 2.2.1. Let A be an algebra, P,S C A subsets and h : S —
NU {oco} a map. Assume that < is total ordering of S and let B(P, S, <, h)
be the set of all products

sit.usip

witht € No,s1 > ... > s, 8, € 5,0 < e; < h(s;) and p € P. This set is called
the PBW set generated by P, (S, <) and h. h is called the height function
of the PBW set.

We say (P, S, <,h) is PBW basis of A if B(P,S,<,h) is a basis of A.

Of course every algebra A has the trivial PBW basis with S = () and P a
basis of A. If H is a pointed (braided) bialgebra we are interested in the
case P = G(H). Thus in this chapter we are interested in the case where
P = {1}. We will say that B(S,<,h) := B({1},S,<,h) is the PBW set
(resp. PBW basis) generated by (S, <) and h.

Fix a finite-dimensional braided vector space (V,¢) which is left triangular
with respect to a basis X of V. Let d be the diagonal component of ¢ and
abbreviate [—| := [—]4-1. Identify T'(V) with kX.

Definition 2.2.2. Define the standard order on X in the following way. For
two elements u,v € X write u>v if and only if w is shorter than v or if
l(u) = l(v) and u>v lexicographically.

In this order the empty word 1 is the maximal element. As X is assumed
to be finite, this order fulfills the ascending chain condition, making way for
inductive proofs. Define X, ,,, X, etc. in the obvious way.

Now we will define the PBW set that will lead to the PBW basis of our
braided Hopf algebra. The sets Sy resp. B; are analogues of the sets of “hard
superletters” resp. of “restricted monotonous words in hard superletters”
found in [20].

Definition 2.2.3. Let I C kX be a biideal. Let S; be the set of Lyndon
words from X that do not appear as (standard-) smallest monomial in ele-
ments of [:

S;:={u € X] uis a Lyndon word and u ¢ kX., + I}.
For u € St define the height h;(u) € {2,3,...,00} by
hr(uw) := min{t € N|u' € kX, + I}

and let By := B(S;,<,h;) be the PBW set generated by (S7,<) and hy,
where < denotes the lexicographical order.
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If r is an endomorphism of V ® V satisfying the braid equation and U C X
is any subset define [U], := {[u].|Ju € U}. Denote by k[U], the k-linear
subspace of kX spanned by [U], (To avoid confusion with the notation for
polynomial rings let me note that no polynomial rings will be considered
during this section).

One of the central results of this thesis is the following theorem. Note that
in the special case of diagonal braidings this theorem together with Lemma
£.2.4 is a braided analogue of [20, Theorem 2.

Theorem 2.2.4. Let (V, ¢) be a finite-dimensional braided vector space that
is left triangular with respect to some basis X. Identify 7'(V') with £X and
let I C kX be a braided biideal, 7 : kX — (kX)/I the quotient map. Then
7(By) and 7([By].) are bases of (kX)/I.

These are the truncated PBW bases generated by 7(Sy) resp. 7([S1].) with
heights h;(u) for u € Sy.

The proof will be done in Section E.3.

Remark 2.2.5. The reader should observe that in changing from diagonal
to triangular braidings we lost some information on the basis. Kharchenko
shows that in the diagonal case every Lyndon word w with u ¢ St is (modulo
I) a linear combination of

e words of the same degree as u that are non-ascending products in PBW
generators lexicographically smaller than u and

e words of degree smaller than that of v that are non-ascending products
in arbitrary PBW generators.

It is an open question whether this (or something similar) can be done for
triangular braidings.

There is an important result on the possible values of the height function in
[20]. A generalization to the situation of triangular braidings is given in the
following theorem which will also be proved in Section £.3.

Theorem 2.2.6. Let (V, ¢) be a finite-dimensional braided vector space that

is left triangular with respect to some basis X. Identify T'(V') with kX and

let I C kX be a braided biideal and v € S;. Define the scalar v, , € k by
d(v®v) =Yt @V,

where d is the diagonal component of ¢ and assume h := h;(v) < oc.

Then 7,, is a root of unity. Let ¢ be the order of v,,. If chark = 0 then
Yo # 1 and h = t. If chark = p > 0 then h = tp' for some [ € N.
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2.3 Proof of the PBW theorem

2.3.1 Combinatorial properties of braided commuta-
tors

The proof of the PBW theorem from the preceding section will use combina-
torial properties of braided commutators and of the comultiplication. Some
of these properties were studied in [20] in the case of diagonal braidings. The
central problem of this subsection and the next is to generalize results from
the diagonal case and to provide new tools necessary in the triangular case.
The next lemma for example is trivial in the diagonal case.

Lemma 2.3.1. Let V' be a vector space and assume that ¢ € End(V ® V)
is a left triangular endomorphism with respect to the basis X which satisfies
the braid equation. We have for words u,v € X:

c(u®v) € du®v) + kX @ kX,
where d is the diagonal component of c.

Proof. Let v;, be the diagonal coefficients of ¢ from the definiton of tri-
angular braidings ([.3.5). We use double induction on [(u) and I(v). For
l(u) = 0 and for I(v) = 0 the claim is trivial. Assume [(u),l(v) > 0. If
[(u) = I(v) = 1 the claim is exactly the condition from Definition [.3.5. Now
let I(u) = 1,1(v) > 1 and write v = zw with z € X, w € X. Use the notation
from Definition [[.3.5. Then with ¢ := [(v) the induction hypothesis gives

cgolu®v) = (idy ®cg-1)(cra(u® ) @ w)
= 'YU,z(idV ®Cl,q—1)((x ® u) & w)

+) (idy ®c1g1)((2 @ Vyaz) @ W)

z>x

€ YurYuwl QWU+ Zz ® kX7 @ kX!

z2>T

C VuzwtW @u+ kXL, @ kX'

where the last inclusion follows from the definition of the lexicographical
order (note that in any case only words of the same length are compared).
So now assume ¢ = {(v) > 1,p :=I(u) > 1 and write u = wz for some z € X.
Then

Cpg(u®@v) = (14 ®@idy)(w @ cig(r@0))
S 7x,vcp—17q(w ® U) QT+ Cp—l,q(w ® qu>v) ® kX'
C VoYt @wz + kXL, @ kXP ! @z + kXZ, ® kXP
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using the induction hypothesis for p twice. O

Notation 2.3.2. Let (V,¢) be a braided vector space that is left triangular
with respect to a basis X. An endomorphism 7 of V ® V will be called
admissible if it satisfies the braid equation and is left triangular with respect
to the basis X.

For example the braiding c itself, braidings which are diagonal with respect
to the basis X and the zero morphism are admissible. The concept of com-
mutators induced by admissible endomorphism allows us to formulate the
process Kharchenko [Z1] refers to as monomial crystallization, namely the
transfer from a basis of iterated commutators to a basis made up of the un-
derlying words. The first part of the following lemma is a generalization of
the second part of [20, Lemma 5] to our case of commutators coming from
arbitrary admissible endomorphisms.

Lemma 2.3.3. Let (V,c) be a left triangular braided vector space with
basis X and r an admissible endomorphism. Then for every word u € X the
polynomial [u], is homogeneous of degree [(u) and the smallest monomial in
this term is u with coefficient 1:

e
[u], € u+ kX,

In particular if the diagonal component of the braiding ¢ has the coefficients
V2 and 1 is itself diagonal, we have

c([ul, ® [0],) € Yuolv], ® [u], + kXN @ kX,

Proof. Proceed by induction on [(u). The cases I(u) = 0,1 follow from the
definition of [—],. In the case [(u) > 1 first assume « is a Lyndon word. Then
we have a Shirshov decomposition v = vw of u. With p :=I(v), ¢ := l(w) (m
is the multiplication map) we have

[u]r = [l [w]r —m o rp4([v]r © [w]y)
and using the induction assumption we obtain

W], € (v+kXE,)(w+ kXL,) — mor, (kXP @ kXL,)
C vw + kXL, + kX2, kXY 4 kXL kXP.

From the definition of the lexicographical order we see that the first and sec-
ond subspace are contained k:Xé(Z) For the third subspace take a € ng, be
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XP. Then (because u is Lyndon) a>w>u and because a is shorter than u we
obtain ab>u. Thus
[u], € u+ kXEL

Now assume u is not Lyndon. Let © = uy ... u; be the Lyndon decomposition
and let v 1= uy,w = uy...uy and p :=1(v),q := [(w). Then

[l = [ole[wl € (v+EXE,)(w +EXL,)
C vw+ vkXL, + EXP kX9 C u 4 EXELY

For the second part observe that if r is diagonal then [u], is just a linear
combination of words ' > u that are obtained from the word u by permuting
the letters of u. If also v’ is obtained form v by permuting we have v,/ ,» =
Yuw- Thus the diagonal part of ¢ acts on every monomial in [u], ® [v], by
multiplication with ~, ,. Together with the preceding lemma and the first
part this completes the proof. O

2.3.2 Combinatorial properties of the comultiplication

Now we will prove some combinatorial properties of the comultiplication
in the tensor algebra of a left triangular braided vector space. For this
section fix a finite-dimensional braided vector space (V,c), assume that it
is left triangular with respect to the basis X and denote by d the diagonal
component of ¢. Abbreviate [—] := [~];-1 using the inverse of the diagonal
component (As c is bijective it is easy to prove that the diagonal coefficients
of ¢ are not zero).

The technical lemmas in this section are motivated by similar calculations
done in [20] in the case of diagonal braidings. A key idea in the step to tri-
angular braidings is to use the iterated commutators induced by the inverse
of the diagonal component of the braiding. Just using c¢ or its inverse is not
sufficient to prove the main theorem. The following lemma - a generaliza-
tion of [20, Lemma 8] - requires this. As Kharchenko works with diagonal
braidings he can use the inverse of the braiding itself for the commutator. It
is a central observation that it does not matter in fact which admissible en-
domorphism one uses for the commutator. If the final theorem is proved for
d~1, it generalizes easily to any other admissible endomorphism (see Remark

R.3.13).
Lemma 2.3.4. Let u € X be a Lyndon word and n := {(u). Then

A(lu]) € [W@1 + 18[u] + > kXL, @kX.

i+j=n
,j7#0
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Proof. Induction on n = [(u). For n = 1 nothing has to be proved. Assume
n > 1 and let u = vw be the Shirshov decomposition of u. By induction we
have

A([]) € P)®L+ 18] + Y kXL, @kX/ and
z—&-ljj?igu
A([w)) € [wl@l + 18[w] + > kXL, @kX™.
l+m=Il(w)
l,m=#0

Now we obtain

A(hA([w]) € | v]@l+ 1] Z kXL, QX
R
[w]®1 + 19w Z kXL @kX™
I+m=1(w)
1,m7#0
C lwel + PI@Ww] + 18[]w] + ) | kXL, QkXI
i+j=n

4,j7#0

using the following facts: '
(W]@1) (kXL , @kX?) C [v]kXL,@kX! C kXS W@kX! by definition of the
lexicographical order. As w>u (u is Lyndon) we have

(12[])([w]@l) = c([v]ew]) € ML okX™ ¢ kXL kX!

Furthermore (1®[v])(kXL,®kX™) C kXL, @kXH®) C kX, @kXH®) using
the same argument. Finally for all 7,j,[,m € N with ¢ < I(v) we have
(kXL @kX) (EX'@kX™) C kXL EX'@kXIT™ C EXTI@KXIT™ because if
a € X is shorter than v and a > v, then for all b € X also ab > vb .

On the other hand

A(wDA(]) € | [wel +18w]+ > kX, kX

i+j=l(w)
1,j#0

plel + 18]+ > kXL, @kX™

l+m=Il(v)
l,m7#0

C [wlplel +d(wl@k]) + 18[w][v] + ) kXL, kX!

i+j=n
1,j#0
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using ([w]@1)(18[0]) = [w]ev] € kX kX c kXY @kX®), again be-
cause w>u. Furthermore

([w]@1)(kXL,@kX7) C [w]kXL, kX C kXU kX7 C kXS, @kXd,

because w is Lyndon and thus wv>vw = u. Then we use (1®[w])([v]®@1) =
c([wlgl]) € d([we]) + FX5@kX) C d([wlel]) + kXL ekXe). If
i < l(v) then kX.,, kX", C kX5,. Finally, kX.,®kX is a right ideal in
EX®@EX. As d([w]®[v]) = Yww[v]@[w] by Lemma P.3.3 we obtain

A([u]) = A(DA([w]) = v A[w]) A[v])
€ 18+ [uel+ Y kXL, 0kX.

0

To describe the comultiplication on arbitrary words we need an other subset
of X.

Definition 2.3.5. For u,v € X, u a Lyndon word we write v>>u if u is
smaller than the first Lyndon letter of v. Furthermore

X>>u = {/U < X‘U»u},xgu = X" N X>>u

This subset is an important tool for the step from the setting of diagonal
braidings to that of triangular braidings. It cannot be found in the work of
Kharchenko. First we collect some auxiliary statements.

Remark 2.3.6. Let u,v € X, v a Lyndon word. Then:
1. X, ={veX] forall i e N:ov>u'}.
2. If also v is Lyndon, v>u implies v>>u.
3. If v>u, then X5, C X,
4. If v is Lyndon, v>u then X5, X C X,
5. If v is Lyndon, v>u then Xy, C Xs,,.
If v>u and I(v) < I(u), then v>u.

XX C Xy

® N o

If i € N, then X""X, C Xy,
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Proof. For part 1 assume first that v>u and let v = vy ... v, be the Lyndon
decomposition of v. This means that v;>u by assumption and for all i € N
we obtain v = vy ... v,>u’ by comparing the Lyndon letters lexicographically
(Lemma P.1.9), keeping in mind that the Lyndon decomposition of u’ consist
of 7 Lyndon letters u. On the other hand let v € X with v>u’ for all i € N.
Again let v = vy ...v, bet the Lyndon decomposition. Because of v>u we
have v{>wu. Assume v; = u. Then we find ¢ € Nsuch that v; = ... =v; = u
and vi1,...,v,<u. If i = r we have v = u"<u"*!, a contradiction. If i < r
we have v = u'v;,;...v,<u'"' by comparing the Lyndon letters - again a
contradiction. Thus v;>u and v>u.

Part 2 follows from the definition. Part 3: Let w € X,w>v. Then w>v>u’
for all © € N and so w € Xs,,,. For part 4 consider a,b € X with a>v. Then
ab>a>v>u! for all i € N. Part 5 is trivial.

Part 6: If v is Lyndon, this is part 2. Otherwise let v = wv;...v, be the
Lyndon decomposition of v. Then v;>u and l(vy) < l(v) < I(u). So vi>u
and v>u.

For part 7 let a € Xs.,,b € X. Let ¢ be the first Lyndon letter of a. So we
have a>c>u and ab € X5.X C Xy, by part 4. Part 8: Assume a>u’,l(a) =
il(u) = l(u'),b>u. First assume j > i. Then ab>u'b (because a and u’ have
the same length) and b>u’/~*. Together this means ab>u’b>u‘u’~" = /. Now
assume j < i. If v/ is the beginning of a, then also of ab and thus ab>u?.
If otherwise v/ is not the beginning of a, then u/<a (because u'<a) implies
u?<ab. In any case ab>u’ and thus ab>u. O

Remark 2.3.7. Let u € X be a Lyndon word and p,q € N. Then
c(RXPeEXL ) C kXL, QkXP.
Proof. Let v,w € X,v>u,l(v) = ¢,l(w) = p. Then
c(wev) € kXL QkXP C kXY ,QkXP.
The last inclusion is by part 3 of the preceding remark. O
Corollary 2.3.8. Let u € X be a Lyndon word, n = [(u). Then
A[u]) € [W@L + 18[u] + > kXL, QkX.
itj=n
1,720
Proof. Since A is graded we obtain with Lemma 2.3.4
A([u]) € [u]@1 +1@[u] + Y kXL, kX,
itj=n
1,540

but for i < I(u) = n we have by part 6 of Remark kXL, C kXL, O
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Thus up to terms of a special form (simple tensors whose left tensorand
is made up of monomials having a first Lyndon letter bigger than u) the
[u] behave like primitive elements. The aim of this section is to extend
this observation to arbitrary words. In this sense the next two lemmas are
generalizations of calculations used in [20] to our situation. The more general
context asks for a more careful formulation of statements and proofs.

Lemma 2.3.9. Let v € X be a Lyndon word, » € N and n := [(v"). Then

) € Z( ) V'@ Y kXL, @k,

Yv,v itji=n
4,770

Proof. We use induction on r. The case r = 1 is the preceding corollary. So
assume r > 1. Then

A(]) = A HA([])

r—1
-1 .
€ <T > CIREIC N > T
=0 Yv,v

7 i+j=n—1(v)
1,70
el +18M]+ Y kX, @kX™
l+lm ?iév)

Now note that [v]'kXs., C kX5, by part 8 of Remark and that thus
kXs,®kX is stable under left multiplication with elements from [v]'®kX.
Furthermore kXs,,®kX is a right ideal in AX®kX. As (again by part 8 of

Remark P.3.6)

(W) ([]21) = A, el +EXL @rxitY

C A e) +le>(>”v+U@le(v’“)

this implies

A e i(r‘.l) (i @I 4 ol ) +

- 1
=0

+ > kXL, ®kX.

i+j=n
4,770

Using the recursion formula for the g-binomial coefficients we obtain the
claim. O
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Lemma 2.3.10. Let u € Xandu = uy ... u0",u1> ... >u;>v be the Lyndon
decomposition with 7, ¢ > 1. Define z := uy ... us,n := l(u). Then

A([u]) ®1+Z< )

Vool @ 4+ D kXY, @kX,

Yvv i+j=n

Proof. We use induction on t. First assume t = 1. Then z is Lyndon and
z>v. By Part 5 of Remark £.3.6 we have kXs,, C kXs,,. So we obtain using
the preceding lemma

Alz0"]) = A(DA(])

€ |lFel+18}]+ Y kXL, okX/
z«&;]J#l(()z
P MG CIED D> W=7 <
=0 g To,v +m ;(’UT)
1,m7#0

Again kXs,®kX is a right ideal and stable under left multiplication with
1®[z].

Moreover by Part 8 of Remark 2.3.6 (1®[2])([v]'®[v]"™") € 4L, [v]'®@[2][v]" " +
kX ®kX” ) i ]ie[z]p] " + kX @EX 1), As furthermore
2] E k’Xzz C kX, (Part 3 of Remark P-3.6) we obtain

Afu)l']) € ®1+Z() PROCCIDERPPYD =15 <

Yu,v itj=n

So assume now t > 1 and let w := uy...u;. The induction hypothesis and
the preceding lemma give

Afw]) € [w]@l+18w]+ D kX, QkXI

it+j=l(u)
1,j#0

A € ®1+Z() SO 0 )

Yv,v

+ ) kXL, ®kX™

l+m=Il(v")
1,m=#0
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Multiplying these we use that kX, ®kX is a right ideal and stable under left
multiplication with elements from £X.,®kX and 1@kX. Note [u;] € kX,
[2][v"] € kXs,. Together with

Alu) (o @[] ™) € 7y olol Sl o] + £XL @k

we have

r

+ ) kXL, ®kX,

i+j=n
4,J7#0

establishing the claim. O

2.3.3 The PBW basis

Now we will apply the results from Subsections P.3.1] and B.3.24 to prove
the Theorems P.2.4 and P.2.6. Again fix a finite-dimensional braided vector
space (V, ¢), assume that it is left triangular with respect to the basis X and
denote by d the diagonal component of ¢. Abbreviate [—]| := [—]|4-1. Let
I C kX be a braided biideal and let S := S} be the set of PBW generators
from Definition P.2.3, denote the corresponding height function by A and
the PBW set generated by this data by B := B(S;, <,h). We will need
some further notation. For n € N and a Lyndon word v € X define B" :=
BNX" By, :=BNXs, and BY  := B" N Bs,,.

The next proposition collects some statements which will be useful in the
sequel. Analogues of parts 1,3 and 4 are also used in [20].

Proposition 2.3.11. Let r be an admissible endomorphism of V' ® V. For
every m € Ny, u,v € X, v a Lyndon word we have the following inclusions

1. kXyy C k[Bed)r + 1,

0<i<m

4. kX =k[B], + 1.
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Proof. First note that for x,y,a,b € X a>b implies zay>=xby. For part 1 we
proceed by downward induction along the standard order (this works because
the standard order satisfies the ascending chain condition). For u = 1 the
inclusion is valid. Now assume u<1 and that for all words >u the inclusion
is valid. Let w>u,m = l[(w). If w € B we have w € [w], + kX_, C
k[Bsy|, + I by induction. Assume w ¢ B and let w = wi'...w;* be the
Lyndon decomposition of w. As w ¢ B we find an 0 < ¢ < t such that
either w; € S or e; > h(w;). In the first case we have w; € kX_,, + I, in
the second case w;* € kX, e + 1. Anyway this implies w € kX,,, + I, but
thus [w], € kXop + I C k[Bow]r + I C k[Byy], + I by induction. Now for

part 2 assume w € kXZ,. Then by part 1 w € kXy C k[Brwl, +1 C

k[BZ],+ > k[B',+1. In view of P.3.§ we have kX7, C kXZ, .
- 0<i<m -
3 let ug be the smallest word of degree m. For u € X™ we have u>uy and
thus by part 1 u € k[Bs,,|, + I and this is a subset of Y. k[B‘],. Finally
0<i<m

Part 4 follows from Part 3. O

For part

For the rest of the proof we use the main ideas of [20], but in a different
and more general setting. As the triangular braiding requires a more careful
analysis we work in the tensor algebra rather than in the quotient of the ten-
sor algebra by the ideal I (as Kharchenko does, not regarding the biproduct
with the group algebra). This enables us to use linear maps as tools where
Kharchenko argues by inspection of the occurring terms, a method for which
our situation seems to be too complicated.

Lemma 2.3.12. Let r be an admissible endomorphism of V ® V. Then the
set [By], is linearly independent.

Proof. The map [—], : kX — kX is homogeneous. Furthermore it is sur-
jective (use part 4 of the proposition above for the subspace (0) to see that

EX = k[X],). As the homogeneous components are finite-dimensional, [—],.
is bijective and maps the linearly independent set By onto [Byl,. So [By], is
linearly independent. O

The next theorem is the key step to the final theorem combining the results of
the preceding section on the comultiplication with the results of this section.

Theorem 2.3.13. Let I C kX be a braided biideal in £X. Then [B;| spans
a k-linear complement of .

Proof. By the proposition above all we need to show is that k[B;] and I have
trivial intersection. For n > 0 let U,, := k-span{[u]lu € By, l(u) < n}. We
show by induction on n that for all n € N we have U, N I = (0). First let
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n = 0. Then Uy = k1 and thus Uy NI = (0) since [ is proper a ideal. Now
assume n > 0. Assume 0 # T € U, N I. So we can write 7" as a (finite) sum

T= Z vy [ul.

u€B
l(u)<n

We may assume that there is a u € B™ such that «, # 0. Now choose v
as the (lexicographically) smallest Lyndon letter occurring in the Lyndon
decomposition of words u € B} with «, # 0. Because of the minimality of
v, it occurs in Lyndon decompositions of words v € B} with a,, # 0 only
at the end. Let ¢ be the maximal number of occurrences of v in a Lyndon
decomposition of word v € B} with «, # 0. Thus we can decompose the
sum for T" in the following way

T=> adav] + Y aufal] + > aufu] + > o]

ueO ueP ueqR uER

where O, P, ), R C B; and the words a, for u € O U P are chosen such that

e O contains all words v € B} of length n with a, # 0 such that the
Lyndon decomposition of u ends with v*. Furthermore u = a,v’.

e P contains all words u € B} of length n with «,, # 0 such that the Lyn-
don decomposition of u ends with v for some 0 # t,, < t. Furthermore
U = a,vt.

e () contains all words u € B} of length n with «, # 0 that do not have
the Lyndon letter v in their Lyndon decomposition.

e R contains all words u € B} of length less than n with «, # 0.

Note that for all v € O we have a, # 1: a, = 1 would imply that u = v' €
kX, i, but as well [ < h;(v) because u € B which is a contradiction to the
definition of h;(v). By analyzing the four terms we will show

t—1
AT) € T@l+pI'®) ank, o]+ kX ) +
u€O =0

> K[BLRKX + > k[B@kXT + IQX.

i+j=n i+j<n
i,j#n
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First consider u € O,l:=t or u € P,l :=t, < t. Note that then a, # 1. We
obtain

Aadil) € loifor+ Y (5) bl +

+ ) kXL, ®kX

i+j=n
4,770

-1
C [al) @1+ P2, Jlau] + Y [pl@kX" ) +
=0

> k[BL®kX + Y k[BI@kX) + IRkX.

Z:]];&(;’L i+j<n
In both cases (u € O or u € P) this delivers the right terms in the sum for
the word w. Now consider u € ) and let w be the largest Lyndon letter
occurring in the Lyndon decomposition of u. Let u = [...[,w" be the
Lyndon decomposition of u and define a :=1; ...1,. Then u = aw' and w>v
by construction of v. This leads to

l
{ . .
Al € lpt+Y(])  sbullldl+ ¥ R, mhn
1=0 'Yw,w i+j=n
1,770

C el+ ) kXL, kX
e
C [u@l+ ) k[BLJOkX + > k[BRkX + IQkX.

itj=n i+j<n
i,j#0

Finally consider u € R. Then I(u) < n and we obtain
Allu]) € [uel+ Y kX@kXd
i+j<n

C ®1+Zk kX! + IQkX.

i+j<n

Now by induction assumption we find a ¢ € (kX)* such that

d(I)=0,¢([v]") =1 and Yu € B\ {v'} with I(u) < n: ¢([u]) = 0.
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With the inclusion we showed above we get

(p@id)A Zaufya olau] + Z o(k[BL, )X +

ueO i+j=n
i,j7#0

> G(k[BDEX + ¢(1)kX

+j<n

C Z&u”y};w lay] + 0+ Z kX7 40

ucO j<n—tl(v)

C KB @ Unao-1) \ {0} € Unr \ {0}.

Note that we cannot obtain 0, because we have a non-zero component in
degree n — tl(v). On the other hand, as [ is a biideal, we have

(62 id)A(T) € ¢(1)kX + ¢(kX)I C 1.

Thus (¢®i1d)A(T) € I N (U, \ {0}), but by induction assumption this is
the empty set, a contradiction. O

Corollary 2.3.14. Let I C kX be a braided biideal and r an admissible
endomorphism of V' ® V. Then [By], spans a k-linear complement of I.

Proof. Again all we have to show is that k[B], N1 = {0}. Assume 0 # T €
k[B].NI. We can write T as

= alul, + Zﬁw [w]

with a # 0. Then by the Proposition 2.3.T1] and Lemma P.3.3 we obtain first
T € au—+ kX,
and from this
T € alu] + kX, C afu] + k[B.,]) + 1.

Write T' = afu] + x + i with © € k[B.,],i € I. Now by the theorem above
we obtain afu] +x € I Nk[B] = {0}. But [B] is linearly independent, which
implies a = 0, a contradiction. O

Now Theorem £.2.4 follows as a special case of the following remark.

Remark 2.3.15. Let I C kX be a braided biideal, » an admissible endo-
morphism of V@V and 7 : kX — kX/I the quotient map. Then 7([By],) is
a basis of (kX)/I.
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Proof. By Corollary B.3.14, [By], is a basis for a complement of I. As I =
ker 7, 7 induces a k-linear isomorphism k[Bj], — kX/I, mapping the basis
[By], into m([By],). This proves the remark. Theorem P.2.4 follows by using
r=0andr=c. O

Now we can also prove the result on the height function.

Proof of Theorem [2.2.6. Let n :=[(v"). We have an element of I of the

form
—|— Zau + Z aw

u>vh ’LU)<1’L
l(u)=n

For every u € X" with u>v" we have u>>v and thus we obtain for the
coproduct using Lemmas £.3.9 and £.3.10

h—1
h
A(T) e T@1+§ (Z) '] + § kXL kX7 +
Yv,v i+j=n
J#0

+> kX QEX
T

h—1
h
C T@HZ(Z,) V'@ + Y k(B |@k[B] +

i=0 Yo,v i+j=n
> k[B)®K[B] + IQkX + kX®I.
+j<n

Now because of kA X®@EX = (I@kX + kX®I) & (k[B]®k[B]) we can construct
a k-linear map ¢, : kX ® kX — k such that

V(b,0') € (B x B)\ {(v,v" ")} : ou((B][0]) = 0,
o1([v]@[]" ) = 1,
d1(IQkX + kX®I) = 0.

As T € I we have ¢;A(T) = 0 and on the other hand using what we proved

above
_ _ h _ h—1
0_¢1A(T)_ h—1 _1+7v,v+-~~+’}/v,v .
Yv,v

This shows that 7, , is a root of unity, say of order ¢ (set t = 1 if ,, = 1).
Let p := char k and define ¢ by

_Jp if p>0,
=11 if p=o.
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Now we can write h = t¢'a with a,l € N. If ¢ # 1 we may assume that ¢
does not divide a. We want to show that a = 1. So assume a > 1. In this
case we can construct a k-linear map ¢ : kX ® kX — k with

V(b V') € (B x B)\ {(v'", 0" ")} : g([Bl@[]) = 0,
Ga([0] ! @[] V) =1,
P2 (kX + kX®TI) = 0.

Using that v, is a primitive ¢-th root of unity (resp. v,, =1 and t = 1) we
obtain that in %

oo (5) ()0 -

This is a contradiction to the assumptions we made on a. Thus h = t¢’.
In particular if chark = 0, then ¢ = 1 and because t = h > 1 we obtain

Yoo 7 1. OJ

2.4 Transfer to right triangular braidings

In principle one could do a similar proof as above for right triangular braid-
ings, but an easy argument shows that the right triangular case follows from
the left triangular case. Obviously c is a right triangular braiding if and
only if 7c7 is left triangular, where 7 denotes the usual flip map. The key
observation is

Proposition 2.4.1. Let (R, u,n, A, €, c) be a braided bialgebra.
Then also RPP := (R, ut,n,7A, e, 7cT) is a braided bialgebra.

Proof. Let u := ur and A®P := 7A. Of course (R, u?,n) is an algebra,
(R, AP ¢) is a coalgebra and (R, TcT) is a braided vector space. Checking
the compatibility of u°,n, AP e with Tcr is tedious. We will do one exam-
ple, namely the calculation that 7¢To(u?®@R) = (RQu?)(tet@R)(R®TCT).
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We calculate

(R u?)(ter @ R)(R® TCT) =
(ROu)(RRT)(T®R)(RRT)(R®T)(cT ® R)(R® TcT)
(Rou)(t@R)(Re71)o (T®R)(RRT)(c® R)(T® R)(R®TCT) =

TR R)o(RR)(TROR)(RRT)(TR® R)(R® Ter) =
T(LOR)R@)(RIT)(TRR)(RQc)(ROT) =
T(k® R)(R® 0)(0® R)o(R® T)(T QR)(R®T) =
7¢(Rp)o(T®R)(RRT)(T®R) =
Ter(p®@ R)(T® R) =
Ter(pf @ R),

where we use (in this order): 72 = idygy, the braid equation for 7, u,c

commute with 7, again the braid equation for 7 and 72 = idy gy, ¢ commutes
with 7, 4 commutes with ¢ and the braid equation for 7 and finally again
that 1 commutes with 7. The other calculations work similarly (use graphical
calculus as a tool for intuition).

Finally we have to check that A : R — R®R and ¢ : R — k are algebra
morphisms, where R R is an algebra with multiplication (u®u)(RQRTcT@R).
For ¢ this is trivial. For A we have to check

AU = (1P @ ) (R @ Ter @ R)(AP @ AP).
As R is a braided bialgebra the left hand side is
TAPT =7(p @ p)(R®c® R)(A® A)T.
Now because A, u commute with 7 this is equal to
(LR (RITRR)(TRT)(RRITcTQR)(TRT)(RRT® R)(A®A).
Thus it suffices to show
(RITRR)(TRT)(RRITTRQR)(TRT)(RITRR) = (TRT)(RRITCTRQR)(TRT),
but this is trivial (check on elements). O

Related material can be found in [7].

Assume now that (V) ¢) is a braided vector space. Denote the braided tensor
bialgebra defined in Section [[.4 by (T'(V, ¢), u,n, A, €, ¢). As an algebra this
is T(V).
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Proposition 2.4.2. Let (V,¢) be a braided vector space. Let
¢:T(V,c) — T(V,Ter)Pe®

be the unique algebra morphism 7(V) — T'(V) given by ¢|V = idy. Then
¢ is an isomorphism of braided bialgebras.
For vy, ...,v, € V we have

P ®...0U,) =0, ®...00.

Proof. Lemma [.4.T9 gives us the existence of ¢ as a morphism of braided
bialgebras because (V,¢) is a braided subspace of T'(V, cr)?PP. By con-
struction we see that the map ¢ has the form given in the proposition and
that it is bijective. O

Now we can prove the existence of the PBW basis in the right triangular
case.

Theorem 2.4.3. Assume that (V,¢) is a finite-dimensional right triangular
braided vector space and I C T(V,c) is a braided biideal. Then there is a
totally ordered subset S C T'(V,¢) and a height function h : S — NU {oco}
such that the images of the PBW set generated by S and h form a basis of
T(V,0)/1.
Let

¢:T(V,c) = T(V,Ter)Peo?

be the isomorphism from Proposition £.4.2. We have
S =0¢""(Ssm) and h = hyno,
and the order on the set S is the opposite of the order on Syr).

Proof. As ¢(I) is a braided biideal in T'(V, T¢1)°P°P it is also a braided biideal
in T(V,7er). As cis right triangular we have that Tcr is left triangular. So
we find a set Sgry C T(V, Ter) with a total ordering < and a height function
hery + S — N U {oo} such that the PBW set generated by these data in
T(V,7cr) is a basis for a complement of ¢(I). The PBW set generated in
T(V,7cT)?P P by Sgry with reversed order and height function hgy is the
same set and thus also a basis for a complement of ¢(I). The claim follows
by transferring this set to T'(V, ¢) via ¢~ O

We have the following nice Corollary of Proposition 2.4.2.
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Corollary 2.4.4. Let (V,¢) be a braided vector space. Then
B(V,Ter)~B(V, ¢)Per
as braided graded Hopf algebras.

Proof. Denote the braiding of the braided bialgebra B(V, ¢) by ¢. By Propo-
sition .41 B(V, ¢)°P? is a braided bialgebra with braiding 7¢ér. It is easy to
check that B(V, c)?"“? has the properties of the Nichols algebra of (V,1cr)
from Definition [471. 0

2.5 Application to pointed Hopf algebras with
abelian coradical

In this section we will show how to obtain a PBW basis for a Hopf algebra
generated by an abelian group G and a finite-dimensional G-module spanned
by skew primitive elements. On one hand this yields a generalization of the
result in [20] as there the skew primitive elements are assumed to be semi-
invariants (i.e. that the group acts on them by a character). On the other
hand we lose some properties of the basis as already mentioned in Remark
3.

Let A = U,>0A, be a filtered algebra. We can define a map

m:A—grA

by setting m(0) := 0 and for all 0 # a € A : w(a) := a + A,_1 for the unique
n > 0 such that a € A, \ A,—1 (where A_; := {0} as usual). We will use
this map to obtain PBW bases for A from homogeneous PBW bases of the
associated graded algebra gr A.

Proposition 2.5.1. Let A = U,>0A,, be a filtered algebra and (P, S, <,h)
a PBW basis for gr A such that P C gr A(0) = Ay and S is made up of
homogeneous elements. Then there is a PBW basis (P, S’, <’,h') of A such
that for all a,b € S’

m(a) € S, (a) = h(w(a)) and a < b < w(a) <" m(b).

Proof. For all s € SNgrA(n) we find § € A, \ A,_1 such that 7(5) = s.
Define
S :={3|s € S}.

The map S — 5’,s +— § is bijective. So we can transfer the height function
h and the order < to S’ obtaining A’ and <’.
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Assume we have b := s7' ... s¢"p € B(P, S, <,h). We define a lift

~

bi=$...5%pe B(P,S, < K.

As the s; and p are homogeneous (say of degrees n; and 0), also b is homo-
geneous, say of degree n. Then

b = (SAl + An1,1)61 e (SAT + Aanl)eT(p + Afl)
= $9...5p+A,_1=b+ A,

ingrA(n) = A,/A,_1. We have be Ap\ Ap—1, because otherwise (l; €A, 1)
we had b = 0, but this is an element of a basis.

Let B, := B(P,S,<,h) NgrA(n) and B, := {b|b € B,}. We will show by
induction on n > 0 that BO U...uU én generates A, as a vector space. For
the case n = 0 one has to check that P is a basis of Ay = gr A(0), which is
easy. Assume n > 0 and a € A, \ A,—1. We have 7(a) =a+ A,,—1 € gr A(n)
and thus m(a) is a linear combination of elements of B, i.e.

m(a) =a+ A, €kBy= > k(b+ A.).

beB,

So we get that a is a linear combination of elements from B, and A,_; and by
induction assumption a is a linear combination of elements from ByU...UB,,.

We are left to show that B(P,S’, <’,h’) is linearly independent. Assume we
have for all b € B,, scalars oy € k such that

Z O{bB S An—1~

beBn

It suffices to show that o, = 0 for all b. As seen above we have for all

~

be B(P,S,<,h):b=m(b). Thus we have in gr A(n):

Z Oébb = Z Oéb(Z; + Anfl) = (Z Oéb[;> + An,1 = 0.

beBy, beBy, beBy,
As B, is linearly independent we obtain for all b € B, \ B,_1 : o, = 0. [

Theorem 2.5.2. Assume that £ is algebraically closed. Let H be a Hopf al-
gebra generated by an abelian group GG and skew primitive elements a4, . . . , a;

such that the subvector space of H spanned by aq, ..., a; is stable under the
adjoint action of G. Then H has a PBW basis (G, S, <, h).
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Proof. First we may assume that for all 1 <7 <t

Let H,, be the subspace of H generated by all products of elements of G and
at most n factors from {ay,...,a;}. This defines a Hopf algebra filtration of
H. Tt is well known from [5, B4, 29] that we can decompose the associated
graded Hopf algebra

or H~R#kG,

as graded Hopf algebras, where R is a braided graded Hopf algebra in ¥4 D
generated by the finite-dimensional Yetter-Drinfeld module R(1) C P(R).
As a G-module R(1) is isomorphic to ka; + ... + ka; with the adjoint G
action. Example [[.3.9 shows that the braiding on R(1) is triangular because
the group G is abelian. So by the PBW Theorem P.2.4 we find a PBW basis
({1}, S, <,h) of R. This implies that (1#G, S#1,<,h) is a PBW basis of
gr H and thus we find a PBW basis of H using the proposition above.  [J

2.6 Application to Nichols algebras
of U,(slz)-modules

As a second application of the PBW theorem we will deal with some inter-
esting examples mentioned in [I] that are not of diagonal type by Remark
[.3.10, namely the Nichols algebras of simple U,(s[,) modules of low dimen-
sion (and type +1). We will need the following lemma on Lyndon words that
contain only two different letters.

Lemma 2.6.1. Let X = {x¢,x;}, z9<z; and assume that u € X\ X is a Lyn-

don word. Then there exist natural numbers r € N, [y, ... ., my,....,m, > 1
such that
w=gha™ .z,

For all 1 < ¢ <r we have [; <! and if [; = [; then also m; > m,.
Proof. 1t is obvious that the given decomposition of u exists and that the
l;, m; are uniquely determined by u. For every 1 < i < r we have

l: .
aha™ L aha™ = < ahiat . aba

This implies that [; < [;. If we have [; = [; we can cancel the zy on the left
side and obtain

m1_lo _mo I, .m my; lit1 Mgt I, .m
Ty XTgxy ... Tgly T < Ty Xy Xy o Xgxy T

From this we get m; < m;. O
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Assume that chark = 0. Let ¢ € k be not a root of unity and (M,c) =
L(n,+1) be the simple U,(sl,) module of dimension n + 1 and type +1 with
braiding ¢ induced by the quasi-R-matrix and a function f as in Example
[.3.7. Denote its natural basis (see e.g. [IH]) by zo,...,x, and order this
basis by xy < ... < x,. Then the braiding is left (and right) triangular
with respect to this basis X = {zy,...,x,}. To compute the relations in low
degrees from the matrix of the braiding we used Maple.

L.n =1,f(5%) = ¢?* As for example shown in [5], B(M,c) is a
quadratic algebra. The relation in degree two is

ToT1 — qrixg = 0.

Thus the set of PBW generators S contains only Lyndon words in zq, 21
that do not have zgx; as a subword. Using Lemma P.6.1 we see that
this implies S = {xo, z1}. As the diagonal coefficients of ¢ are powers of
q by Lemma P.2.§G all elements have infinite height. Thus the elements
of the form ziz), i, j € Ny form a basis for B(M, c).

2. n=1,f(%%) = ¢ " In this case there are no relations in degree two

and the relations in degree 3 are

ror? — (¢ + Dayzox, + qizg =0,

vary — (¢ + Daorixo + qrizg = 0.

The set S contains all Lyndon words of g, 1 that do not have m%xl or
Tox? as a subword. Assume we have such a Lyndon word u € X\ X.
Then each “block” x4z from Lemma has to be of the form zyx;.
This means u = (x¢z;)" and because u is Lyndon we obtain u = zgx;.

This leaves S C {zg, xox1,x1}. As these words cannot be expressed as
a linear combination of bigger words we have S = {x¢, zox1, 21} and
again every element of S has infinite height. In particular all elements
of the form zt(zozi)'xh, 4,5,k € Ny form a basis of B(M,c) and the
defining relations are exactly those listed above.

3. n =2, f(0,0) = ¢% Here we have the following relations in degree
two:

2
ToT1 — ¢ T129 = 0,
2
T1T9 — ¢ oy =0,
= 0.

ToTo + (q2 — 1)1’11‘1 — T2X
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So all words in S are Lyndon words in g, x1, x5 that do not contain one
of xoz1, X129, oo as a subword. This means S = {zg, z1,x2}. Again
by Lemma P.2.§ all elements of S have infinite height and thus the
elements of the form xQxe’(‘j, i,j,k € Ny form a basis of B(M,c). We

see also that it is a quadratic algebra.

.n =1,f(%,%) = v? where v> = ¢: Here we have no relations in

degree 2 and 3. The relations in degree 4 are

4,2
v+t 41
3 2 4., 2 2 3.3
oLy — 1% + (v + v* + D)xixery —viaijry =0,
rir? v—v4+v2+1xxxx o1 ToTiT
1 0T1Z0T1 — 0T To—
0 1402 v2(v2 + 1)

08 —1 . +2v4—|—v2+1 22 _
X0 + — L1 X0 T1 T — LI =
v2(v2 4+ 1) v3(1 4 v?) 1o ’
4,02

v+ 41
3 2 4, .2 2 3 3
Tely — ——— 1% + (v* +v* 4+ Drozyog — v'rzy = 0.

By combining these relations we obtain two new relations with leading
words zorzoz? and 231707, (the coefficients are not zero in both cases
as v is not a root of unity). So S contains all Lyndon words in xg, z1
that do not contain xjz;, x3z3, xox}, ToT 12073 and xizizo71. We show
now that this implies S C {xg, T371, ToT1, Tox3, T1}:
Assume that we have such a Lyndon word u € S\ X. Write u =
ay...a, with a; = 2§27 as in Lemma R.6.1. Of course we have a; €
{23z, w01, 2023} for all 0 < i < r and not all of the a; are equal. We
want to show that » = 1, so assume r > 1. First consider the case
a, = = a, = xoxl and asi1 # xoxl If l;11 = [; then we have
mgy1 > myq = 1. This means that asy; has the subword xoxl, which
is not possible. If l4,1 # [y we have [,,1 < [} and thus asy1 begins
with xox;. Then asasy; and hence also u have the subword $%I1$0$1
- a contradiction. As a second case assume a; = ... = a, = Tl
and as;1 # or;. Then a,y; begins with zox? and thus a,a,,; has the
subword zor z07? - a contradiction. Finally consider the case a; =
.= a, = 1ox? and asyy # Tox3. Then a,,; begins with oz - again
a contradiction. This finishes the proof.

Now as all the remaining words have degrees < 3 we see that actually
all of them are contained in S. So B(M,c) has a basis made up of
all elements of the form z%(xox?)? (xox1 ) (xdx1)™ xR, 4, 4,1, m,n € Ny.
Furthermore the defining relations are exactly those listed above.
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5. n=3,f(5,%5) = ¢~2: In this case the space of relations of degree two
is generated by the elements

3
ToT1 — ¢ w129 = 0,
4

2
x| — 2wy = 0,

oI —|—

rors + (" +1— q4)$1x2 + (¢ — q> — CIS)iszEl — x3x9 = 0,
1-— q6

q(¢? +1)

ToZs — ¢x3xe = 0.

2
T1x3 + Ty — T3T1 = O,

By combining these relations one obtains the additional relations

(¢" = @ + Darwoxs — q(q° + Dagarzs + (¢* — ¢ + 1)q wazamy =0,
T1T1To — q(q2 + Dxyzoxy + q4x2x1x1 =0.

As ¢ is a root of unity, the leading coefficients in these relations are not
zero: the zeros of X* — X2 4+ 1 are primitive 12-th roots of unity as

X2 1=(X*— X2+ D)(X?*+1)(1 - X,

Thus S can only contain Lyndon words in xg,x1,z9, x5 that do not
contain a subword from the following list:

2 2
ToXy,Tox2, ToL3, T1L3, L2X3, LT, T1Ty.

These are exactly zy, z3 and all Lyndon words in x; and x5 that do not
contain x2xy and z,23. Tt follows that S C {xo, 1, 22, 23, 1122 }. None
of these words can be expressed by standard-bigger ones as we can see
from the relations of degree 2. Thus S = {xg, 21, ¥, x3, 2122} and the
elements of the form z3xb(z29)2%xs, a,b, c,d,e € Ny form a basis of

B(M,c). Furthermore B(M, ¢) is a quadratic algebra.

Note that in every example the Nichols algebra has finite Gelfand-Kirillov
dimension. So these simple U,(sl;)-modules can also be found in Table f.]]
(page [[01)). Actually these are all cases of simple U,(sl;)-modules of type +1
(and functions f of exponential type) that have a Nichols algebras of finite
Gelfand-Kirillov dimension.
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Chapter 3

A characterization of triangular
braidings

In Definition [L3.3 triangular braidings are characterized by a combinatorial
property. Already in Chapter B a close connection to diagonal braidings
and pointed Hopf algebras with abelian coradical became apparent. In this
chapter (Theorem B.3.6) a further aspect of this connection is established.
We show that triangular braidings are exactly those braidings that arise from
certain Yetter-Drinfeld module structures over pointed Hopf algebras with
abelian coradical.

This offers a better understanding of the mathematical context of triangular
braidings. We will give explicit constructions in the case of U,(g)-modules.
This will open a new way to study Nichols algebras in Chapter f.

3.1 The reduced FRT Hopf algebra

An important tool in this chapter will be the reduced FRT Hopf algebra of
a rigid braiding. In the case of the FRT bialgebra a similar construction
was given in [33]. The construction given here has the advantage that it
generalizes easily to the FRT Hopf algebra in the rigid case. First we will
recall some facts on coquasitriangular bialgebras.

Definition 3.1.1. A coquasitriangular bialgebra (H,V,n, A e,r) is a bial-
gebra together with a convolution invertible bilinear form r € (H ® H)*
satisfying

VT = V?=rxV*r! and

ro(V®idy) =rigxres, and ro (idy V) = ri3 * rqa,
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where we define ryg, 793,713 € (H @ H ® H)* by
T2 =7T®e, ro3:=e®r, and ri3(g@h 1) :=¢e(h)r(g®1I)
for all g, h,l € H.

Remark 3.1.2. Let (H,V,n,A e, r) be a coquasitriangular Hopf algebra
with antipode S.

1. S? is a coinner automorphism of H. In particular S is invertible.
2. ro(n®idy) =€ and ro (idy ®n) =e.
3. ro(S®idg)=r"1, rlo(idg®S)=7r, ro(S®S) =r.

If H is a coquasitriangular bialgebra, the second and third axiom from Defi-
nition B.I.1] read for a,b,c € H:

rab@c)=r(a®c,)r(b@cy,), rla®bc)=r(a, ®@b)r(a, ®:c)

Remark 3.1.3. Assume that H is a coquasitriangular bialgebra and that
M is a H-comodule. It is a well-known fact that then M becomes a Yetter-
Drinfeld module over H with action given by

h-m:=r(m_, ®h)m,
forall h e H,m e M.

Next we will introduce reduced versions H"? of coquasitriangular bialgebras
H such that comodules over H still are Yetter-Drinfeld modules over H"*?.

Definition 3.1.4. Let H be a coquasitriangular bialgebra. Define the right
radical of H as

Jg:={h € H|Vge H :r(g®h) = 0}.
Lemma 3.1.5. Let H be a coquasitriangular bialgebra.
1. The right radical is a biideal in H.
2. If H is a Hopf algebra, then the right radical is stable under S and S!.

Proof. The properties of r imply that the map
H — (HO)COp,h — 7”(— ® h)

is a (well-defined) morphism of bialgebras (resp. Hopf algebras). Jy is the
kernel of this map. O
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The following easy lemma provides a useful characterization of the right
radical.

Lemma 3.1.6. Let H be a coquasitriangular bialgebra generated as an alge-
bra by a subset X C H. Then for every coideal J C H we have r(H,J) =0
if and only if r(X, J) = 0 and thus

Ju = Z{JU C H is a coideal with (X, J) = 0}.

Now we define the reduced version of a coquasitriangular bialgebra (Hopf
algebra).

Definition 3.1.7. Let H be a coquasitriangular bialgebra (Hopf algebra)
and Jy its right radical. Define

H™ .= H/Jy,
the factor bialgebra (Hopf algebra).

Note that if H is a coquasitriangular Hopf algebra, then H and H"™ have
bijective antipodes. In order to define the reduced FRT constructions and
prove their universal properties we will now recall necessary the facts on
the usual FRT constructions. The FRT construction was first considered by
Faddeev, Reshetikhin, and Takhtadzhyan in [9]. For a detailed description
see (19, VIIL.6.].

Theorem 3.1.8. Let (M, ¢) be a finite dimensional braided vector space.

e There is a coquasitriangular bialgebra A(c) - called the FRT bialgebra
of ¢ - such that M is a left A(c)-comodule and the braiding ¢ equals
the braiding on M induced by the coquasitriangular structure of A(c).

e For all bialgebras B having M as a Yetter-Drinfeld module such that
the induced braiding equals ¢ there is a unique morphism of bialgebras
¢ : A(c) — B such that

O = (¢ ®idp)da) and Yu € A(c),m e M :u-m = ¢(u) - m.

The algebra A(c) is generated by the smallest subcoalgebra C' C A(c) satis-
fying da() (M) C C® M.

An important question is, under which assumptions we can define an Hopf
algebra analogue of the FRT bialgebra. The necessary condition is that the
braiding is rigid.
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Definition 3.1.9. For any finite dimensional vector space M define maps

ev: M*"®@ M — k, ev(p @m) := ¢(m),
db:k— M® M, db(1) =Y m;@m,
=1

where my, ..., m, form a basis of M and m!, ..., m" is the dual basis of M*.
Definition 3.1.10. A braided vector space (M, ¢) will be called rigid if it is
finite dimensional and the map ¢ defined by

MM MELE® v MoMeMt MTESM preMeMeM* CPMEMT Mot

is an isomorphism.

Now we can formulate the Hopf algebra version of Theorem B.T.8. It was
proved for symmetries by Lyubashenko [28]. A version for general (rigid)
braidings can be found in [3Y].

Theorem 3.1.11. Let (M, ¢) be a rigid braided vector space.

e There is a coquasitriangular Hopf algebra H(c) - the FRT Hopf algebra
of ¢ - such that M is a left H(c)-comodule and the braiding ¢ equals
the braiding on M induced by the coquasitriangular structure of H(c).

e For all Hopf algebras H having M as a Yetter-Drinfeld module such
that the induced braiding equals ¢ there is a unique morphism of Hopf
algebras ¢ : H(c) — H such that

O = (Y ®1idar)0m () and Yu € H(c),m e M :u-m =1(u)-m

Let C' C H(c) be the smallest subcoalgebra satisfying dp ) (M) C C ® M.
Then the algebra H(c) is generated by C' + S(C).

Proof. The existence of the coquasitriangular Hopf algebra H(c) is proved
in [89, Theorem 3.2.9]. The universal property we give is a bit stronger than
the one given there. Let H be a Hopf algebra as in the second part of the

theorem. Fix a basis (z;);e; of M and elements (77); je; of H such that

Oai) =Y T @ay, A(T)) =) TioT].

jer lel

Furthermore fix scalars (BJ); j xer such that

ki
c(z; @) = E Bjix, @ .
kel
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By [89, Lemma 3.2.11] it suffices to show that for all ¢, j, k,[ € I the relation

> LITLBY = ) BT

mnel mnel

holds. As the induced Yetter-Drinfeld braiding is ¢ we see that the action is
given for all 7,7,k € I by

J _§ : kj
TZ-[L’l— Bﬂxk.

kel
Using this the relations between the T7 follow from the Yetter-Drinfeld con-
dition
(T aw) T ) ® (T @) o) = T @y ® T )Ty

O

For a braided vector space (M, c¢) we define the reduced FRT bialgebra by
Ar(c) = (Ae))re

and if (M, ¢) is rigid define the reduced FRT Hopf algebra by
H™(c) == (H(c))"™

Definition 3.1.12. Let H be a bialgebra and M, ..., M, H-modules. We
will call H My, ..., Ms-reduced if (0) is the only coideal of H annihilating all
the Mz

The reduced FRT constructions are characterized by universal properties:
Theorem 3.1.13. Let (M, c) be a finite dimensional braided vector space.

1. M is a Yetter-Drinfeld module over A"¢(c) such that the induced braid-
ing is ¢. A™(c) is M-reduced.

2. For every bialgebra A having M as a Yetter-Drinfeld module such that
the induced braiding is ¢ and such that A is M-reduced there is a
unique monomorphism of bialgebras ¢ : A™¢(c) — A such that

64 = (¢ ®M)Sarcary and Yu € A (c),m € M : u-m = ¢(u) - m.

3. Assume (M, c) is rigid. M is a Yetter-Drinfeld module over H"¢(c)
such that the induced braiding is ¢. H™?(c) is M, M*-reduced.
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4. Assume (M, c) is rigid. For every Hopf algebra H having M as a Yetter-
Drinfeld module such that the induced braiding is ¢ and such that H
is M, M*-reduced there is a unique monomorphism of Hopf algebras
¢ : H™(c) — H such that

pp = (1 ® M)dgrearey and Yu € H™(c),m € M :u-m = ¢(u) - m.

Proof. Parts one and three are trivial. We will deal with parts two and four
simultaneously: Using the universal property of the FRT constructions we
find morphisms of bialgebras

¢:A(c) — A and ¥ : H(c) — H.

which are compatible with the action and the coaction. The right radical
of A(c) (resp. H(c)) is the maximal coideal annihilating M (resp. M and
M?*). Thus the image of the right radical under ¢ (resp. 1) is again a coideal
annihilating M (resp. M, M*). As A (resp. H) is M (resp. M, M*)-reduced
we see that the right radical is mapped to (0). This means that ¢ (resp.
@ZA)) factorize over the reduced FRT constructions. These induced maps are
compatible with action and coaction. Injectivity of the induced maps follows

because of the maximality of the right radical mentioned above. O

Remark 3.1.14. In [33] Radford defines a reduced FRT bialgebra A™¢(R)
for Yang-Baxter operators R on finite dimensional vector spaces M, that is
automorphisms R of M ® M satisfying the quantum Yang-Baxter equation

R12 R13R23 = R23 RIS R12 .

It is well known that R satisfies the quantum Yang-Baxter equation if and
only if ¢ := Rr is a braiding (satisfies the braid equation). It is easy to see
from the universal properties of A™¢(c) and A™¥(R) that if ¢ = RT we have

ATEd(C)ZAred(R)COp.

Remark 3.1.15. Suppose that M is a Yetter-Drinfeld module over a Hopf
algebra H with bijective antipode and denote the braiding on M by c. It is
easily seen that then H"®¢(c) is a sub-quotient (i.e. a Hopf algebra quotient
of a Hopf subalgebra) of H.

Example 3.1.16. H"(c) for braidings of group type. Let G be a group and
M a finite dimensional Yetter-Drinfeld module of GG. Define

C:={geG|Ime M :6(m)=gxm}
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and let H be the subgroup of G generated by C. Moreover set
N:={ge€ HVme M : gm =m}.

Obviously M becomes a Yetter-Drinfeld module over the sub-quotient H/N.
It is easy to show that k(H/N) is the reduced FRT construction.

3.2 When is H™(c) pointed?

As a first step to our characterization of triangular braidings we will answer
the question from the heading of this section. In the case of the FRT bialgebra
the answer to this question was given by Radford.

Theorem 3.2.1 ([33], Theorem 3). Let (M,c) be a finite dimensional
braided vector space. The following are equivalent:

1. Ar(c) is pointed.

2. There is a flag of subspaces 0 = My C My, C ... C M, = M such that
forall 1 <7 <rdimM; =17 and

3. There is a flag of A™%(c) left subcomodules 0 = My C M; C ... C
M, = M such that for all 1 <7 <r dim M; = 1.

We will show now that if (M, ¢) is rigid we have a similar statement for the
reduced FRT Hopf algebra H"(c).

Lemma 3.2.2. Let (M,c) be a rigid braided vector space and N C M a
subspace such that
c(N®M)C M®N.

Then we have
S(M*®N)C N M.

Proof. Choose a complement X of N. Then
ImdbC N®@ Xt X ® N

Using the definition of ¢ in it is easy to see that this implies the lemma
(here N+ := {¢p € M*|p(N) =0} for N C M). O

We will need the following well known statement:



74 Chapter 3. A characterization of triangular braidings

Proposition 3.2.3. Let H be a coquasitriangular Hopf algebra and M a
left H-comodule. Then M* with the coaction defined by the equation

Voe M meM:p_ p,(m)= S_l(m(_l))ga(m(o))

together with the maps ev, db forms a left dual of M in the categorical sense
(see e.g. [9, XIV.2.1]). In particular ¢ is the inverse of the braiding cp -
between M and M*.

Proof. An easy calculation shows that ev,db are indeed colinear. Thus they
define a duality. The proof that ¢’ is indeed the inverse of ¢y - is analogous
to that of [19, XIV.3.1]. O

The following lemma is already used in [33]. We include a proof for com-
pleteness.

Lemma 3.2.4. Let H be a bialgebra generated (as an algebra) by a sub-
coalgebra C' C H. If C' is pointed, then so is H.

In this case the coradical of H is generated by the coradical of C' as an
algebra.

Proof. Let (C},)n>0 be the coradical filtration of C'. Denote by Dy the subal-
gebra of H generated by Cy. As C'is pointed we have Dy C kG(H). Consider
the subsets

D, .= N"Dgy VYn > 0.

As Dy is a subbialgebra of H the D,, define a filtration of the bialgebra
D = UnEODn'

Now because Cy C Dy we have C,, C D,, for all n > 0 and then C' C D. This
means D = H and the D,, define a bialgebra filtration of H. We find

kG(H) C Corad H C Dy C kG(H)

and see that H is pointed. O

Theorem 3.2.5. Let (M, ¢) be a rigid braided vector space. The following
are equivalent:

1. H™d(c) is pointed.

2. There is a pointed Hopf algebra H having M as a Yetter-Drinfeld mod-
ule such that the induced braiding is c.
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3. There is a flag of left H"4(c) subcomodules 0 = My C M, C ... C
M, = M such that for all 1 <37 <n dim M; = 1.

4. There is a flag of subvector spaces 0 = My C M; C ... C M, = M
such that for all 1 <7 <n dim M; = and

Proof. 1t is clear that the first item implies the second. If H is as in (2) (e.g.
H = H™(c)) we find a series of subcomodules

O=MycCcMyC...CM,=M

with dim M; = ¢ for all 1 < ¢ < r. In view of the definition of the braiding
for Yetter-Drinfeld modules this means that (1) implies (3) (and hence also
(4)) and that (2) implies (4). We still have to show that (4) implies (1).

So now assume that (4) holds. For all 1 < i < r choose m,41_; € M; \
M;_; arbitrarily (thus m;,...,m, € M;). This defines a basis of M and let
m!,...,m" be the dual basis. We find elements ¢;; € H(c),1 < i,j < r
satisfying

A(t Z tu @ t;; and 6(my) Z ty @ my.
=1
Using the definition of the coaction of M* we see that

=> S\ (ty) @m'.
=1

Now define
J :=k-span{t;;|1 < j <i<r}.
J is a coideal of H(c) and we will show J C Jy(. For all 1 < i,k <17 we

have
c(mk®ml) GC(Mk(X)M) C M ® M,

and on the other hand

c(my, ® my) Ztklme@ml Z r(tijs t)m; @ my
7,l=1

This implies (¢, tx) = 0 for [ < k. Moreover because ¢(M; @ M) C M @ M,
we have by Lemma that & (M*®M;) C M;®M* and thus by Proposition
8273 that

CM,M*(Mi X M*) Cc M* X ]\4Z
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In the same manner as above we obtain r(S™!(t;;),tx) = 0 for [ < k. Now
by Theorem B.I.T1 the algebra H(c) is generated by the t;; and the S(%;;).
Thus it is also generated by the S7'(¢;;) and the ¢;;. Lemma allows us
to conclude that (H,.JJ) = 0 and thus J C Jg (). As Jp( is stable under S
we obtain J 4 S(J) C Ju(e).-

To see that H"¢(c) is pointed it suffices to show that the coalgebra C' spanned
by the images of #;;, S(Zx) of t;;,S(tx) in H™(c) is pointed (Lemma B.2.4).
For this define subsets C),,n > 0 by

C, = k-span{t;;, S(t;)|1 <i<j<i+n<r}C H*c).

Since J + 8(J) C Ju(e), we find that the C,, define a coalgebra filtration of
C. Thus

Corad C' C Cy = k-span{t;;, S(t;;)|1 <i < r}.
As A(ty;) = t; @ t; and A(S(t;;)) = S(ts) @ S(;) in Hred(c) we find that C'
is pointed. O

For future use we remark that the coradical of H™(c) is generated by the
elements #;;, S(;;).

3.3 The reduced FRT construction for trian-
gular braidings

In this section we will consider the reduced FRT constructions of (right)
triangular braidings and obtain a characterization of triangular braidings.
First we prove that triangular braidings are indeed rigid, i.e. the notion of
a (reduced) FRT Hopf algebra makes sense. Note that ¢ is a braiding if and
only if 7c7 is a braiding, where 7 is the flip map.

Proposition 3.3.1. Let (M, ¢) be a finite dimensional braided vector space.
1. cis left triangular if and only if ¢! is right triangular.
2. cis left triangular if and only if 7c7 is right triangular.

Proof. (2) is trivial. Thus for (1) it suffices to show the if-part. Assume
¢ ! is right triangular and adopt the notation from the definition. Define

M-, := k-span{z € X|z>x}. We see from the definition that

cly®z) = lrRy+c (Z Wag,: ® z) € Byr @y +c(M @ Ms,).

zZ2>T
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It is now easy to show by downward induction on z (along the order on X)
that

c(y®a) € Bz @y + My @ M.
Thus c is left triangular. O

Lemma 3.3.2. Let (M, ¢) be a (left or right) triangular braided vector space.
Then (M, c) and (M, c™1) are rigid.

Proof. In both cases it suffices to show that (M, c) is rigid. Assume (M, c)
is left triangular with respect to the basis X. Let (¢,).ex denote the dual
basis (¢4 (y) = 0y). Then

ch(x ® py) = Cb(SOy ® )
= D (oM(r©2)®p,

zeX

= Tyt Oyt Z Py (2 ez, ® 0

2€X,2'>z

€ VoyT®Py+ Y Vszy® @s
z<y

This means that the map ¢’ has upper triangular representing matrix with
respect to the basis

T1Q Pryyerey Tr @ Qg y 1 Q Prgy oo o 3 T Q@ Py o, L1 Q Py oo, Ty QO Pp,

(where we assumed that the elements of X are z1<xs<...<z,). The diago-
nal entries are v,, # 0 and thus the matrix is invertible. This shows that e
is an isomorphism. A similar proof works for right triangular braidings. [

These results together with the Theorems B-2.1 and B.2.5 already show that
the reduced FRT construction A™(c) (resp. H"(c)) is pointed if ¢ is right
triangular. We will refine this knowledge now by describing the flag of co-
modules we used in the proof of B.2Z.5 more exactly.

Definition 3.3.3. Let G be an abelian monoid and M a G-module. We say
G acts diagonally on M if M is the direct sum of simultaneous eigenspaces
under the action of G, this means:

M = @{m € M|Vg € G:gm = x(g9)m}.

x€G
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Proposition 3.3.4. Let H be a pointed bialgebra with abelian coradical
such that for all ¢ € G := G(H) the map H — H,h +— hg is injective. Let
M € EYD be such that G acts diagonally on M. Then there is a series of H
subcomodules and G submodules

O=MyCcMyC...CM,=M
such that dim M; =i for all 1 <i <.

Proof. Consider modules N € M N M that have an eigenspace decompo-
sition as in the lemma and satisfy the following compatibility condition:
= gn

(9n) 9@ (gn) L, ®@gn VgeGneN.

(0) (

It suffices to show that every such module N contains a one dimensional H
subcomodule that is also a G submodule (note that the objects considered
in the lemma are of this type).

So pick a simple subcomodule of N. As H is pointed this is spanned by ng €
N and we find g € G such that §(ng) = g ® ng. Consider the subcomodule

0#X :={neN|jin)=g®n} CN.

This is a G submodule as for n € X and h € G we have by the compatibility
condition (and because G is abelian)

(hn) h®(hn) =hn ® hn ~=hg @ hn = gh® hn.

(=1 (0) (=1

Now right multiplication with h is injective by assumption and we obtain
d(hn) = g ® hn showing that X is indeed a G submodule. A lemma from
linear algebra tells us that because N is the direct sum of eigenspaces under
the action of G, so is X. We find an element n € N that is an eigenvector
under the action of G. Then kn is a one dimensional H subcomodule and G
submodule. O

Proposition 3.3.5. Let H, M be as in B.3.4. Then we can find a basis
mi,...,m, of M made up of eigenvectors under the action of G(H) and
elements ¢;; € H,1 <14 < j < r such that

r J
d(my) = Z c @my, Algj) = Zcﬂ ® ¢y, €(ciy) = 04
=i =t
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Proof. Take the series of comodules from B.3.4. For all 1 < ¢ < r we can
choose an eigenvector m,1_; € M; \ M;_; (thus M; = k-span{m;,...,m,}).
Now we can find elements ¢;; € H,1 <14 < j <r such that

d(m;) = Zcu @ my.

=i

The formulas for the comultiplication and the counit follow from the axioms
of comodules. O

Theorem 3.3.6. Let (M, c) be a rigid braided vector space. The following
are equivalent:

1. c¢is right triangular.

2. H™(c) is pointed with abelian coradical and G(H"%(c)) acts diago-
nally on M.

3. There is a pointed Hopf algebra H with abelian coradical having M as
a Yetter-Drinfeld module such that the induced braiding is ¢ and G(H)
acts diagonally on M.

Proof. Of course (2) implies (3). Assume c is right triangular with re-
spect to the basis mq,...,m, ordered by m;<...<m,. If we define M; =
k-span{m, ..., m,}, then we have of course

(M@ M) C M®M; V1 <i<r.

Theorem tells us that H"*?(c) is pointed. We adopt the notation from
the proof of (4) = (1) there. Then we obtain using the right triangularity of
¢ T T

Zt_ilmj ®@my = c(m; ® m;) € ayym; @m; + M & Z kmy.

I=i I=i+1
This means t;m; = a;ym; for all 1 < 4,5 < r. As the ¢; and their inverses
generate the coradical of H™(c) as an algebra we get that G(H"(c)) acts
diagonally on M.
We are left to show that the G(H"(c)) is abelian. Let g,h € G(H"(c)),
thus g and h act diagonally on M. Then gh — hg acts as 0 on M, saying
k(gh — hg) is a coideal annihilating M. In the same way g 'h™! — h=lg™!
annihilates M and thus k(gh — hg) annihilates M*. As H"%(c) is M, M*-
reduced, we get that gh = hg.

Now assume we are given a Hopf algebra as in (3). Let my,...,m, be the
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basis of M from Proposition B.3.9 and also take the ¢;; from there. Then we
have
c(m; @ m;) € c;m; @m; + M ® Z km,.
I>i
Now since ¢; € G(H) we obtain ¢;m; € km; \ {0} and thus ¢ is right
triangular. O

3.4 Explicit constructions for U, (g)-modules

Assume for this section that the characteristic of the base field k is zero and
that ¢ € k is not a root of unity. Let g be a complex finite-dimensional
semi-simple Lie algebra with root system (V,®), weight lattice A and II a
basis of the root system. Furthermore fix a function f : A x A — k> that
satisfies Equation [[.T in Example [.3.7. For an integrable U,(g)-module M
denote the braiding cj\;’ y by ¢

We will explicitly construct a Hopf algebra U and a Yetter-Drinfeld module
structure over U on every integrable U,(g)-module such that the Yetter-
Drinfeld braidings equal the c& y defined by the quasi-R-matrix and the
function f. This is an important tool for our treatment of Nichols algebras
of U,(g)-modules in Chapter f|. Furthermore it allows us to calculate the
reduced FRT construction explicitly. A similar construction was mentioned
in [BR] for highest weight modules.

Since Lusztig [27] we know that U;"(g) decomposes as a Radford biproduct

U (a) = B(V)#HT.

Here I' = Z® is written multiplicatively identifying u € Z® with K, € I' as
usual. B(V) is the Nichols algebra of the vector space V := BocrkEL, with
braiding

(F,@Fp) =q P, @ F,.

The usual generators F, as in Jantzens book are given by Fa = K,F,.
The following easy lemma allows to define representations of the biproduct
algebra.

Lemma 3.4.1. Let H be a Hopf algebra with bijective antipode and R
a Hopf algebra in ZYD. Let A be any algebra. The following data are
equivalent:

e an algebra morphism ¢ : R#H — A
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e algebra morphisms p: H — A and ¢ : R — A such that:
Vh e H,r € R:p(h)p(r) = ¢(h,, -r)p(hy,),
where r resp. h run through a set of algebra generators of R resp. H.

In this case 1 = V4(p#p) and ¢ = Y|R#1, p = Y|1#H.
Proof. The proof is straightforward and will be omitted. O

Now the Hopf algebra U and the Yetter-Drinfeld module structure will be
constructed in 6 steps.

Step 1: Enlarge the Group.
As Z® C A are free abelian groups of the same rank |II|, the quotient A/Z®

is a finite group. Choose a set X C A of representatives of the cosets of Z®.
Define

G:=1x H,

where H denotes the free abelian group generated by the set X (written
multiplicatively). For every A € A there are unique elements a) € Z® and
zy € X such that

A=y + 2,

Define for any A € A
L)\ = (Kil l‘)\) e G.

ay
Note that for € Z&, \ € A
Ly, =L\K,.

Step 2: Define U
Now define a kG-coaction on V' by setting

5V(Fa) =K, ® F, for all a €Il
Consider the action defined by
Kaﬁ’g = q_(ﬁ’a)ﬁg and Lmﬁ’ﬂ = q(’g’x)]s’ﬁ

for all o, € I,z € X. Obviously this defines a YD structure on V
inducing the original braiding. The desired Hopf algebra is

U = B(V)#kG.
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Step 3: The action of U on U,(g)-modules
Let M be an integrable U,(g)-module. Define the action of G on m € M) by

Kom :=¢*m and L,m = f(\, z)m

for a € I, € X. Furthermore consider the action of B(V') C Uqgo(g) given

by the restriction of the action of U,(g) on M. Using E,M, C M,_, and
the properties of the map f it is easy to check that these two representations
satisfy the compatibility conditions from Lemma B.4.1] and induce a repre-
sentation of U on M.

Step 4: The U-coaction on U,(g)-modules
Let M be an integrable U,(g)-module. The map

§:M—U®M, 6(m)=>Y ©,L,®0,m for me M,
u>0

defines a coaction on M. Of course this map is counital. For m € M,
calculate

(i[d®@d6)6(m) = > ©,L\®3(6;m)

v>0

= > 0,L,®0,LK,'®6/0,m
p,v>0

= Y A(6,Ly) ®6;m.
>0

In the last step we use the equality
AO,)®0; =Y 6,86,K,'©6/0]

v,pu>0
vtp=p

for p > 0 taken from [I5, 7.4], which holds in U;%(g) ® Us%(g) @ Ut (g) C
UeUaU;s(g).

Step 5: This defines a gyD structure on M
Let m € M,. It suffices to check the compatibility condition for algebra
generators of U. Start with the K:
I(K,m) = q(’\’o‘)(F(m)
— Z q—(uva)@;[& ® q(Hu,a)@:m
n=0
= ) K.O0,L\K;' © K,0/m.

n=>0
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Then the L, for z € X:

6(Lem) = f(Ax)d(m)
= Y "0, Ly ® f(A+ p,2)05m
n=>0

- Z L,O, LyL;' @ L,OFm.

pn=>0

Finally consider the F, = K;'F,, o € II.

0(Fam) =Y 0, Ly o ® O Fym.

n=0

On the other hand (setting ©,, := 0 for p # 0)

Fy,,m S(Fa(g))®Fa<2)m(_o>:

am (=1
= ) RO, LK, @K;'0fm+> 6,L\K,® F,0/m
n>0 p>0
—> 0, LiF K, ® 0, m
u>0
= Y RO, LK.®K'Of ym+ > 6, L K, ® F,0fm
n>0 n>0

= 0, WFula Ko ® 6] Kam,

n>0

using A(F,) =F,® K;' +1® F,, S(F,) = —F,K, and the commutation
relations for the K,’s and F.,’s. Now use

- + - -1+ - + I +
0, ® F,0f + F,0, 0 K,'0 0, F, 06" K,=6,6F,

for all © > 0 from [I3, 7.1]. This yields

FoqymyS(Fag) ® Fayym ., =
= ) 0,L\K,® 0O} Fym
n>0
= ) 0, Lra® 0O} Fam = 5(F,m).
p=>0

Step 6: The induced braiding is ¢/
Assume that M, N are integrable U,(g)-modules. Let m € M,,n € Ny. The
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braiding induced by the Yetter-Drinfeld structure defined above is

cyp(m®@n) = Z O, Lxn® O m
pn=0

= fNV,N)D ©,n20,m

n>0

= C&,N(m ®n).

Remark 3.4.2. Since every U,(g)-linear map between integrable U,(g)-
modules is U-linear and colinear this defines a functor from the category
of integrable U,(g)-modules to the category 5 YD. Note that this functor
preserves the braiding but is in general not monoidal. This is because it
may happen that Ly, # L)Ly . In fact if this functor were monoidal, then
¢/ would satisfy the hexagon identities on every triple of integrable U,(g)-
modules. This is not true unless the function f is a Z-bilinear map from
A x A to k*. However, if f is indeed bilinear, there is an other extension
U of U="(g) and a monoidal functor from the category of integrable U,(g)-
modules to gin that preserves the braiding. In this case choose G = A
identifying A € A with K, € G, use L) := K_) and redo the proof above.

Remark 3.4.3. Using similar methods one can find an extension U” of
U7%(g) and a functor from the category of integrable U, (g)-modules to v.yD
such that the induced braiding is (¢/)~. Again this functor cannot be chosen
monoidal unless f is bilinear.

Remark 3.4.4. Note that U has a similar root space decomposition as
U, (g). The N-grading of U induced by this decomposition via the height
function coincides with the N-grading induced by the Nichols algebra B(V).
Now let M be a simple integrable U,(g)-module of highest weight A and

define a grading on M by

M(n):= > M.

nw>0
ht u=n—1

Then these gradings on M and U turn the Yetter-Drinfeld action and coaction
into graded maps. If M is an arbitrary integrable U,(g)-module, then we can
define a similar grading by decomposing M into simple submodules. With
this braiding the structure maps are graded again. In particular, the braiding
is a graded map.
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The reduced FRT construction

Now we will determine H"*¥(c) for braidings induced by finite dimensional
U,(g)-modules. Assume that k& is an algebraically closed field of characteristic
zero. We will need the following proposition for Radford biproducts.

Proposition 3.4.5. Let ) : A — A’ be a morphism between Hopf algebras
A, A" with bijective antipodes. Let H C A, H C A’ be Hopf subalgebras
with Hopf algebra projections p, p’ such that the following diagram

A ¥ A
p p’'
H
H 1/}| H/

commutes (and is well defined, i.e. ¥(H) C H'). Let R := A®P R := A’V
be the coinvariant subalgebras. Then ¢(R) C R’ and the diagram

A d - A
R#H ———  » R'#H'
i rwed

commutes, where the vertical isomorphisms are given by

A — R#H,a a, Supla,))#p(a,)
and the corresponding map for A’.

Proof. The vertical isomorphisms are those from Radfords theorem on Hopf
algebras with a projection [L4.12. The rest of the proposition is just a com-
putation. [

Let M be a finite dimensional U,(g)-module with braiding ¢ = ¢/. Define
P :={a cll|E,M # 0},

W= {\ € A|M, # 0}.
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Let G be the subgroup of G generated by the K/j\ﬂ, )\ € W. Denote by V the
subspace of V' generated by the Fa, a € P; this is again a Yetter-Drinfeld
module over G.

N:={geGVme M :gm=m)},

J :=k-span{gn — glg € G,n € N\ {1}}.

Theorem 3.4.6. The reduced FRT construction of (M, ¢/) is given by

H"“(c")=B(V)#k(G/N).

Proof. First observe that the Yetter-Drinfeld module V over G can be re-
stricted to a Yetter-Drinfeld module over G because K, € G for all a € P:
For o € P we find A € W, m € M, with 0 # E’am € M, .. By the definition
of W and of the coaction on M it follows that Ly, Ly, € W C G. Hence
also K, = L;i Ly, € G.

Next we show that N acts trivially on V. Let g € N, € P; then there is an
m € M with E,m # 0 and there is an p € k such that ¢ - E, = pF Then

A

pEFam = (g Fy)m = gF,g 'm = Fym

implies p = 1 and thus g - F,, = F,. This means that V can be turned into a
Yetter-Drinfeld module over G /N using the canonical projection G—G /N.
Now we can form H := B(V)#k(G/N). We have a canonical projection
H=B(V)#kG — H.

Now observe that the U-coaction on M can be restricted to a B(V)#G-
coaction. This is possible because the E,,a € P act on M as zero. As N
acts trivially on M by definition, we can turn M into a Yetter-Drinfeld mod-
ule over H using the canonical projection. We obtain then a commutative

diagram of Hopf algebra projections

Hc

I

Hred C)

H= B(V)#k(G/N)

where ¢ is given by the universal property of H(c) and 7 is the canonical
projection. Both maps are compatible with action and coaction. To show
that we have a factorization 1) we show ker ¢ C kerm: Let x € ker ¢. Then
M = o(x)M = 0,2M* = p(z)M* = 0. This implies that 7(ker(y)) is
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a coideal of H™?(c) that annihilates M and M*. Since H"(c) is M, M*-
reduced we obtain 7(ker(p)) = 0.

To see that v is injective we will first show that all occurring maps are
graded. In Remark B:4.4 we saw that M has a N-grading such that the
structure maps of the Yetter-Drinfeld module structure over U are graded.
This grading turns the H action and coaction into graded maps. Thus H (¢)
and H"*?(c) have Z-gradings such that the projection , the actions and the
coactions are graded (This can easily be seen in the construction of H(c)
given in [39]: Start with a homogenous basis my,...,m, of M and grade
H(c) by giving the generator 7;; the degree deg(m;) — deg(m;)). Using the
compatibility condition between ¢ and the H(c) resp. H-coactions it is easy
to see that also ¢ is a graded map. Then by construction also the map v is
graded. It follows that H"(c) is actually N-graded.

Now both H and H red(c) are graded Hopf algebras, hence admit Hopf algebra
projections onto the zeroth components. As v is a graded map we can apply
Proposition B.4.5 to our situation. So to show that 1 is injective it suffices
to show that w\k(G/N) and 1|B(V) are injective.

First show that ¢|k(G/N) is injective: Let Z,7 € G/N such that (Z) =
(). This means xm = ym for all m € M and thus zy~' € N. Hence
Z = ¢y, showing that @/}|C;Y /N is injective. The claim follows by linear algebra.
On the other hand, let I be the kernel of 1|B(V). As this is a graded
morphism of algebras and coalgebras, I is a coideal and an ideal generated
by homogeneous elements. By the characterization of Nichols algebras from
5], =0if INV =0 (i.e. I is generated by elements of degree > 2).

So assume we have z € I NV and write z = 3. 7 oF, for scalars r, € k.
acP

Then M = 0, as I C kert. The weight-space grading of the module M
yields that for all a € P

raﬁ’aM = 0.
For a € P we have E,M # 0 and hence also ﬁ’a]\/[ # 0. This implies r, =0
for all @ € P and thus x = 0. O

Remark 3.4.7. The set P is a union of connected components of the Coxeter
graph of g.

In particular if g is simple, we have V =V and thus H red(c) is obtained from
U just by dividing out the ideal generated by the set

{9 —hlg,h € G,Ym € M : gm = hm}.

In the general case we obtain that H"*?(c) may be viewed as the “non-positive
part of a quantized enveloping algebra of g” (where g is the Lie subalgebra of
g generated by the F,, H,, F,,a« € P) in the sense that H"*¢(c) is a biproduct
of the negative part U, (g) with a finitely generated abelian group.
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Proof. The second part of the remark follows from the proof of the theorem
above. We show only that P is a union of connected components of the
Coxeter graph, i.e. if « € P and ( € II with (a, ) < 0 then also § € P.

So assume we have o € P, € II such that (o, 3) < 0. Thus we have
E,M # 0 and we will show EgM # 0. Let A € A,m € M, with E,m # 0.
If (\,3) = 0 replace m by E,m and A by A + a. Hence 0 # m € M, and
(A, B) # 0. Let U,(sl2)s be the subalgebra of U,(g) generated by Eg, Fg, Kj
and Kj . it is isomorphic to U,i.5(slz) as a Hopf algebra. Consider the
U,(slz)g submodule N of M generated by m. If Egm # 0 we have § € P and
the proof is done. So assume Ezm = 0, hence m is a highest weight vector
for the U,(sly)g-module N. As (), 3) # 0, N is not one-dimensional. Thus
we have Eg(Fzm) # 0, implying § € P. O

Remark 3.4.8. It is an open question if there is a combinatorial descrip-
tion of those triangular braidings for which the reduced FRT construction is
generated by group-like and skew-primitive elements.



Chapter 4

Nichols algebras of
U,(g)-modules

One motivating example of triangular braidings are those braidings induced
by the quasi-R-matrix of a deformed enveloping algebra U,(g). In particular
Andruskiewitsch [I] raised the question on the structure of the Nichols al-
gebras of these modules. Apart from cases when the braidings are of Hecke
type (see [88] and [5]) nothing seemed to be known in this area.

These algebras are by definition bialgebras of triangular type and we already
considered some special examples in Section B.G for the case that g = sls.
Nevertheless for a general study of more complicated Lie algebras and higher-
dimensional modules the combinatorial method from Chapter B does not
seem to be suitable. In this chapter we present a second approach which is
motivated by the work of Rosso [38], but takes a different point of view. Rosso
uses the knowledge on Nichols algebras of Hecke type to obtain information
on the structure of the nonnegative parts of the deformed enveloping algebras;
we will obtain new results for the Nichols algebras by applying knowledge on
the deformed enveloping algebras. With this approach we get new results on
Nichols algebras also in cases when the braiding is not of Hecke type.

In Section B.4 we have realized the braidings on U,(g)-modules M as Yetter-
Drinfeld braidings over a Hopf algebra of the form U = B(V)#kG, where
V' is a braided vector space with diagonal braiding and G is a free abelian
group. An important observation for our method is that the braided biprod-
uct B(M)#B(V) is again a Nichols algebra of a braided vector space with
diagonal braiding. Our results on braided biproducts actually hold in a more
general setting where the base Hopf algebra is not necessarily an abelian
group algebra. In Sections I, .7 and .3 we will present these general re-
sults. In Section [.4 we determine those U,(g)-modules that lead to Nichols
algebras of finite Gelfand-Kirillov dimension; Rosso considered only some
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special cases of the simple modules we list in Table f.1. In Section f.H we
calculate the defining relations of the Nichols algebras of U, (g)-modules, even
if the braiding is not necessarily of Hecke type.
When we deal with braided biproducts we will use different types of Sweedler
notation according to the following convention.

Notation 4.0.9. Assume that H is a Hopf algebra with bijective antipode,
R a Hopf algebra in £ YD such that R# H has bijective antipode and let Q) be
a braided Hopf algebra in gﬁg)ﬂ). In this chapter the following conventions

for Sweedler notation are used:

1. The Sweedler indices for the comultiplication in usual Hopf algebras

are lower indices with round brackets: Ag(h) =h @ h,.

2. The Sweedler indices for the comultiplication in braided Hopf algebras
in YD are upper indices with round brackets: Agr(r) =r" @ ™.

3. The Sweedler indices for the comultiplication in braided Hopf algebras
in gﬁf]yl) are upper indices with square brackets: Ag(z) = 2 @z,

4. For H-coactions we use lower Sweedler indices with round brackets:
on(v) =v_,, ®vy.

5. For R# H-coactions we use lower Sweedler indices with square brackets:
Orgm(m) =m_, ®@my.

4.1 Braided biproducts

In this section a braided version of Radfords biproduct construction is intro-
duced. This is done for arbitrary braided categories in [6]. Here an ad-hoc
approach for the category ZYD is presented, that leads very quickly to the
necessary results. Let H be a Hopf algebra with bijective antipode and R a
Hopf algebra in £2YD such that R#H has bijective antipode. Moreover let

@ be a Hopf algebra in ﬁﬁgyu Consider the projection of Hopf algebras

e®e® H: Q#(R#H) — H.

Proposition 4.1.1. The space of (right) coinvariants with respect to the
projection e R e ®idy is Q ® R ® 1.

Proof. One inclusion is trivial. So assume there is a coinvariant

T = wifridth; € (Q#(R#H)) ==

i=1
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The x; ® r; can be chosen linearly independent. Using the formulas for the
comultiplication of the Radford biproduct one obtains

T®ly=(idg®idp ®idy ®e @ e @idy)A(T) = > ;@1 @ hiy) @ by, .
i=1
This implies h; = €(h;)1 for all 1 < i <r and thus T € Q#R#1. O

Definition 4.1.2. Q ® R inherits the structure of a Hopf algebra in #YD
from the coinvariants. This object is called the braided biproduct of (Q and
R and is denoted by Q#R.

@ is a subalgebra of Q#R (via the inclusion x — z#1) and R is a braided
Hopf subalgebra of Q#R.
Note that Q € £YD via the inclusion H — R#H and the projection

my : R#H — H, r#h — e(r)h.

However @ is in general not a braided Hopf algebra in £YD.
By construction of Q#R it is obvious that

Q#(R#H)~(Q#R)#H, x#(r#h) — (x#r)#h.

Structure maps

The following list contains formulas for the structure maps of Q#R. The
proofs are left to the reader. For all x, 2" € Q,r,v" € R,h € H:

(1) (2) (2)
) = $|:(7“ #r <71))'x,:| #r (o)rla
(1] (2] (2] (1) [2] (2)
AQ#R<I#T> = x #0r(z [_2]) |:7TH<I [_1])'T ]@J? [O]#T )
) = ma(T)r Ly © Ty # )
)

= (k) - ) #hg, o

Here 0 = idr®ey : R#H — R and 7y = eg ® idy : R#H — H are the
maps from Subsection [[Z.2. Note that the action and coaction correspond
to the tensor product of Yetter-Drinfeld modules over H.
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The braided adjoint action
For any Hopf algebra R in £)D the braided adjoint action is defined by

ad. : R — End(R), ad.(r)(r') :=r" (7“@)(71) -r’) Sk (r@) <0)> :
In the usual Radford biproduct R#H the following rules are valid:

ad(1#h) (1) = 1grad(h)(R),
ad(1#h)(r#l) = (h-r)#1,
ad(r#1)(F"#1) = ado(r)(r)#1

for all r,»" € R,h,h' € H.
In the braided biproduct Q#R the corresponding rules

ad(1##r) (1) = 1ffadc(r)(r'),
ade(1##r)(z#1) = ((r#1) - @) #1,
ad.(z#1)(2'#1) = ad.(z)(x")#1

hold for all z,2’ € Q,r,r € R. Note that in the last equation on the right
side the ﬁﬁgyp structure on () is used to define ad..

4.2 Graded Yetter-Drinfeld modules

For this section assume that A = @,>¢0A(n) is a graded Hopf algebra with
bijective antipode. Then H := A(0) is a Hopf algebra with bijective antipode.
In this section the notion of a graded Yetter-Drinfeld modules over A is
defined. This class of Yetter-Drinfeld modules is the natural context for the
extension Theorem A=3l.

Definition 4.2.1. M is called a graded Yetter-Drinfeld module (over A) if
M € 4YD and it has a grading M = ®,>;M(n) as a vector space such
that the action and the coaction are graded maps with respect to the usual
grading on tensor products

(A M)n)= Y Al)® M(j).

i+j=n

The subspace My := {m € M|6(m) € H® M} is called the space of highest
weight vectors of M.

M 1is said to be of highest weight if it is a graded Yetter-Drinfeld module,
My = M(1) and M is generated by My as an A-module.
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Lemma 4.2.2. Let M € 4YD be of highest weight. The space of highest
weight vectors My of M is a Yetter-Drinfeld module over H with action and
coaction given by the restrictions of the structure maps on M.

Proof. My is an H submodule by the Yetter-Drinfeld condition. To see that
My is a H-comodule fix a basis (h;);e; of H. There are scalars (Oé;-l)i,j,zg

such that for all i € 1 .
A(hy) =" alyh; @ .
j,lel
Furthermore let m € My. Now there are elements (m;);c; of M (almost all
equal to zero) such that

i€l

It suffices to show that m; € My for all j € I. We have

D hj@d(my) = (H®6)d(m) = (A M)d(m) = > alyh; @ h@m;

jeI i€l

and thus for all j €

d(m;) = Zaélhl ®@m; € H® M,

ilel
showing m; € My for all j € I. O

Example 4.2.3. Assume that chark = 0 and that ¢ € k is not a root of
unity. Let U be the extension of Uqgo(g) defined in Section @ By Remark
B4 the Yetter-Drinfeld module structure defined in Section B4 makes M
a graded Yetter-Drinfeld module over U. It is easy to see that it is a graded
Yetter-Drinfeld module of highest weight. Moreover the space of highest
weight vectors is exactly the space spanned by the vectors that are of highest
weight in the usual sense.

The next step is to extend the grading from graded Yetter-Drinfeld modules
to their Nichols algebras. In general the coradical grading of the Nichols
algebra does not turn the action and coaction into graded maps.

Proposition 4.2.4. Let M € ﬁyD be a graded Yetter-Drinfeld module.
Then there is a grading

B(M) = € B(M)[n),

n>0
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turning B(M) into a graded Yetter-Drinfeld module over A and into a graded
braided Hopf algebra such that

B(M)[0] = k1 and B(M)[1] = M(1).

Proof. Grade the tensor algebra T'(M) by giving M (n) the degree n. Then
the action and the coaction are graded and so is the braiding. Thus the
quantum symmetrizer maps are graded maps. As the kernel of the projec-
tion T (M) — B(M) is just the direct sum of the kernels of the quantum
symmetrizers [40], it is a graded Hopf ideal. So the quotient B(M) admits
the desired (induced) grading. O

4.3 Braided biproducts of Nichols algebras

In this section the results of the preceding sections are specialized to a braided
biproduct of two Nichols algebras. The next theorem is a generalization of
[8R, Proposition 2.2] from abelian group algebras to arbitrary Hopf algebras
H with bijective antipode. This result allows to reduce the study of Nichols
algebras of graded Yetter-Drinfeld modules over B(V)#H to the study of
Yetter-Drinfeld modules over H.

Theorem 4.3.1. Assume that H is a Hopf algebra with bijective antipode,
V € YD and set A := B(V)#H as a graded Hopf algebra with grading
A(n) = B(V)(n)#H. Furthermore let M € 4YD be a graded Yetter-
Drinfeld module. If M is of highest weight then there is an isomorphism
of graded braided Hopf algebras in YD

¢ B(M)#B(V) — B(My ®V)

such that for all m € My,v € V we have ¢p(m#1) = m and ¢(1#v) = v.
Here the left side is graded by the tensor product grading and the grading
for B(M) is taken from Proposition [{.2.4.

Proof. B := B(M)#B(V) is graded as a braided Hopf algebra: All the struc-
ture maps of B are obtained from the structure maps of H,V,B(V), M and
B(M). As all these maps are graded (giving V' the degree 1 and H the degree
0) this part is done.

Next check that B[1] = P(B). As B is graded as a coalgebra and B[0] = k1
it is clear that B[1] C P(B). To show the other inclusion identify B with the
coinvariant subalgebra in B(M)#(B(V)#H). By construction of the grading

B[1] = My#14#1 & 1#V#1.
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For a primitive element ¢ = Y\ x;#u;#1 € P(B), the coproduct of ¢ is
given by

A(t) = Z a:im #xim[_zl <ui(l>#1> ST (mi[zl[_1]> ® xip] - #ui@)#l,
i=0

where 7 denotes the Hopf algebra projection from A = B(V)#H onto H and
¢ is the inclusion of H into B(V)#H.

The x; can be chosen linearly independent and such that £(z;) # 0 if and
only if ¢ = 0. Applying the map idg) # idg) ®idg ®e# idg) @idy to
the equality 1 ® t +t ® 1 = A(t) yields

uy € P(B(V)) =V andV1 <i <r:u; €kl

This means t = x#1#1 + 1#u#1 for v € B(M),u € V. In particular
x#14#1 € P(B). Now calculate

n o, [ (2] (2]
Aaprpn) = o g s () @ 11

Consider the equality x#1#1 @ 1H#1# L+ 1#1H#1 Q@ #1#]1 = A(x#14#1) and
apply first the map idg(y) ®e®e®@idgan ®e®e. This yields x € P(B(M)) =
M. Then apply the map € ® idg) ®idy ®idp) ®e ® €. This yields

I[_2]LS7T (x[_l]) Rz, =1z,

implying that 6(z) = ur(z_,) ® x, € H ® M and thus z € M.

It remains to show that B is actually generated by B[1]. Of course B is gen-
erated by B(M)#1#1 and 1#B(V)#1. So it suffices to show that M#1#1
is contained in the subalgebra generated by My#14#1 and 1#V #1. As M
is of highest weight it is generated as a B(V')# H-module by My. Using that
My is an H-module this means

M = (B(V)#H)- Mg = ((B(V)#1)(1#H)) - My
= (B(V)#1)- My = ad(B(V))(My)#1.

Thus within B, M is generated by My under the braided adjoint action of
B(V). All together My and V' generate B. O
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4.4 The Gelfand-Kirillov dimension of Nichols
algebras of finite-dimensional U,(g)-modules

If ¢ is not a root of unity we do not expect that the Nichols algebras of inte-
grable U,(g)-modules are finite-dimensional. If we want to consider the size
of the Nichols algebras, the Gelfand-Kirillov dimension is the right invariant.
We will first collect some basic statements.

Definition 4.4.1. [22] Let A = @,>0A(n) be a graded algebra which is
generated by A(1l). For all n € N define d(n) := dim@®p<i<,A(7). The
Gelfand-Kirillov dimension of A is

GK-dim A = inf{p € R|d(n) < n” for almost all n € N}.
Remark 4.4.2. Let A be as in the definition.

1. The Gelfand-Kirillov dimension of A does not depend on the grading
of A. Furthermore it can be defined in a similar way for arbitrary
algebras.

2. Assume there are polynomials p,p € R[X] of degree r such that for
almost all n € N we have

p(n) < d(n) < p(n).
Then the Gelfand-Kirillov dimension of A is r.

3. Assume that A has a PBW basis (.5, <, h) with finite set S made up of
homogenous elements and h(s) = oo for all s € S. Then the Gelfand-
Kirillov dimension of A is the cardinality of S.

4. Assume that A has a PBW basis (5, <,h) with infinite set S made
up of homogenous elements and h(s) = oo for all s € S. Then the
Gelfand-Kirillov dimension of A is infinite.

Proof. For part one our reference is [22, Chapter 1 and 2]. Part 2: First let
p > r. Then % tends to zero for growing n. Thus we have d(n) < p(n) < n”
for almost all n € N and GK-dim A < p. This implies GK-dim A < r. On
the other hand let p < r. Then ’% tends to infinity for large n. Thus we
have d(n) > p(n) > n” for almost all n € N. This implies GK-dim A > r.
For part 3 assume that we have a PBW basis as in the second part of the
remark. Denote the elements of S by s1,...,s, with s < ... <'s, and let d;

be the degree of s; for all 1 < ¢ < r. Obviously the elements of the form

el €r
sit...s,
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with eq,...,e, € Ngand Y _, e;d; < n form a basis of ®7_; A(7). So by 2) it
suffices to find polynomials p, g € R[X] of degree r such that for almost all

neN
{(ela"'aer) ENgyze’Ldz Sn}

i=1

p(n) < < q(n).

This follows by an easy geometric argument. The proof of part 4 is similar
to that of part 2. O

Assume that char k = 0 and that ¢ € k is not a root of unity. For this section
let M be a finite-dimensional integrable U,(g)-module with braiding ¢/ as in
Example [.31. Moreover assume that the root system of g is normalized as
in Subsection [.2.3. Recall that A € A is called a highest weight of M if there
exists a 0 # m € M, such that for all & € I : E,m = 0. The first result will
be a criterion to decide whether B(M) has finite Gelfand-Kirillov dimension
or not.

From now on we will restrict to braidings of a special form. This restriction
is necessary due to missing information on Nichols algebras of diagonal type.

Definition 4.4.3. The braiding ¢/ is of exponential type with function ¢ if
the map f: A x A — k> is of the form

FOA p) = v

for some v € k, d € 2Z such that v? = g and for amap ¢ : A x A — %Z with
the property that for \, N € A,v € Zd

PO+ 1. N) = 90 X) + (1, V) and (A, X + 1) = p(AN) + ().

¢l is of strong exponential type if it is of exponential type with a function ¢
such that for every highest weight A of M with (A, \) < 0 we have

(A A) =0
and for every other highest weight X" of M
90()" )‘/) + 90()‘/’ )‘) = 0.

As shown in Example 22.3 the module M is a graded Yetter-Drinfeld module
of highest weight over U (the grading on U = B(V)#kG is the one induced
by the Nichols algebra). Assume that M = @<;<,M; is the decomposition
of the U,(g)-module M into irreducible submodules. For all 1 < < r choose
a highest weight vector m; € M; and denote by A; € A the weight of m,.
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Then the space My @ V has basis {my,...,m,} U {E,|a € TI}. If ¢/ is of
exponential type, the braiding on Mps & V is given by

C(Fa ® Fg = U_d(ﬁ’“)ﬁg @ E,,
c(ﬁ’a ®@m;) = vd(’\j’a)mj ® F,,

)
)
c(m; ® F3) = vy @ m, and
) = fOy A)my @ my = v RN @ m,.

Let P :=TIU{1,...,r}. If ¢/ is of strong exponential type there is always a
matrix (b;;); jep € QPP such that the following conditions are satisfied:

Vo, 3 €11 2(a, B) = (a, a)bag (1)
Vael[1<i<r: 2(a, \;) = — (v, )by (2)
Vaoell,1<i<r: 2(a, Ai) = —p(Aiy A)bia (3)

Vi<ig<r: o)+ e A) = e, M)by  (4)
Vi<i<ritjePacll: gA,A)=0= by=20b;=0ba=0 (5)

The matrix (b;;); jep will be called the extended Cartan matriz of M.

Theorem 4.4.4. Let k be an algebraically closed field of characteristic zero,
g € k not a root of unity. Assume that the braiding ¢/ on the finite-
dimensional integrable U,(g)-module M is of exponential type with a sym-
metric function ¢ (i.e. p(A,N) = (N, A) for all A\, N € A).

Then the Nichols algebra B(M, ¢/) has finite Gelfand-Kirillov dimension if
and only if ¢/ is of strong exponential type (with function ¢) and the ex-
tended Cartan matrix (b;;) is a Cartan matrix of finite type.

Proof. Denote the basis of Myo®V by z;,i1 € P where x,, := E, and z; :== m;
for a € [T and 1 < ¢ < r. The braiding of Mg @ V is of the form

C(.CEZ‘ X :ch) = @;jT; X x; VZ,] € P,
where the ¢;; can be read off the formulas given above:

Gop = 070 o = 010N, gi, = 07D and g = v WA

forall a,felland 1 <i,5 <.
The if-part: By the definition of (b;;) for all ¢,j € P
Qij i = i
For all a € IT and for all 1 <1 <7 with p(X\;, A;) # 0 define

d(a, «) and d. = dp(Ais i)

dy, =
2 2
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and for 1 < i < r with ¢(\;, ;) = 0 define d; := 1. These (d;) are positive
integers satisfying
dlb” == djbji VZ,j c P

Because ¢ is symmetric one gets for all i, 5 € P

Qij = v~ %bi,

This means that the braiding on Mg &V is of Frobenius-Lusztig type with
generalized Cartan matrix (b;;). As (b;;) is a finite Cartan matrix, B(Myc &
V') has finite Gelfand-Kirillov dimension by [#, Theorem 2.10.]. Thus the
subalgebra B(M) has finite Gelfand-Kirillov dimension [22, Lemma 3.1.].
The only-if-part: By 2.2.4 B(M) has a PBW basis and because the Gelfand-
Kirillov dimension is finite the set of PBW generators S3; must be finite.
Similarly B(V') has a PBW basis and because it has finite Gelfand-Kirillov
dimension (see [, Theorem 2.10.]) its set of PBW generators Sy is also
finite. So the finite set

S = {s#l|s € Sy JU{1#5|s" € Sy}

forms a set of PBW generators for B(M)#B(V') = B(Mye®V'). This implies
that B(Myg @ V) has finite Gelfand-Kirillov dimension. Now [B8, Lemma 14
and 20] allows us to find integers ¢;; < 0,1, € P such that

qi;q5i = g’ Vi, j e P.

Using the definition of the g;; one obtains that the ¢;; must satisfy the equa-
tions (1) — (4) from the definition of (b;;) with b;;,¢,j € P replaced by
¢ij, 1,7 € P. Because of relations (3) and (4), ¢ must satisfy the condi-
tion from the definition of strong exponential braidings. Furthermore one
may assume ¢; = 2 for all ¢ € P and ¢;; = 0 for all 1 < ¢ < r with
©(Ai, \;)) = 0,i # j € P. This means that b;; = ¢;; for all i,j5 € P. Now
observe that b;; is a generalized Cartan matrix. Exactly as in the “only-if”
part of the proof the braiding in Mg ® V is of Frobenius-Lusztig type with
generalized Cartan matrix (b;;). By [, Theorem 2.10.] (b;;) is a finite Cartan
matrix because B(Mye @ V') has finite Gelfand-Kirillov dimension. O

Explicit calculations for simple U,(g)-modules

Now the results above are used to determine for each finite-dimensional sim-
ple complex Lie algebra g all pairs (A, ¢) such that the Nichols algebra of the
U,(g)-module of highest weight A together with the braiding defined by the
function ¢ has finite Gelfand-Kirillov dimension. First observe that (as only
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modules of highest weight are considered) one may assume that the function
¢ is of the form
o, v) = (p,v) +a for p,v el

for some x € Q. This is true because the braiding ¢/ depends only on the
values p(X, \") for those weights X', \” € A such that My # 0, My # 0.
They are all in the same coset of Z® in A. Thus one can choose

T = 90<>‘a )‘) - (/\7 )‘)
for any weight A € A with M) # 0.

Theorem 4.4.5. Assume that k is an algebraically closed field of character-
istic zero and that ¢ € k is not a root of unity. Let g be a finite-dimensional
simple complex Lie algebra with weight lattice A. Fix a U,(g)-module M
of highest weight A € A and a value z € Q. Let d’ be the least common
multiple of the denominator of x and the determinant of the Cartan matrix
of g. Let d := 2d' and fix v € k with v? = ¢. Define a function

FrAXA—ES (AN pdOX)F2),

Then the Nichols algebra B(M, cﬁm ay) has finite Gelfand-Kirillov dimension
if and only if the tuple g, A\, z occurs in Table f1].

Note that the braiding C{VL  may depend on the choice of v, but the Gelfand-

Kirillov dimension of B(MM, cﬁ/L 1) does not.

In Table [L.]] also the type of the extended Cartan matrix (b;;) and the value
©(A, A) are given. The weight A, always denotes the fundamental weight
dual to the root a. The numbering of the roots is as in [I3] and in Table [[1.

Proof. Assume that the tuple g, \,z leads to a Nichols algebra of finite
Gelfand-Kirillov dimension and let (aqg)a,pgen be the Cartan matrix for g.
Define for all a € II the integer d,, := @“2—0‘) By Theorem the extended
Cartan matrix (b;;); jep is a finite Cartan matrix. Furthermore P = ITIU{\}
and b,z = aqp for a, § € I1. First assume that (b;;) is not a connected Cartan
matrix. As (a;;) is a connected Cartan matrix observe

brxa =0 =10b,y\ Va €1l

By the definition of (b;;) this implies A = 0. This is the first line in the table.
Now assume that (b;;) is a connected finite Cartan matrix and thus its Cox-
eter graph contains no cycles. As (a,p) is also a connected finite Cartan
matrix there is a unique root « € II such that

ba)\,b)\a < 0 and for allﬁ ell \ {Oé} : bﬁ)\ =0= b)\/g.
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Type of g A x Type of (bi;) | (A, N) D
any 0 any D U Ay any no relations
A, n>1 Ay OF Mg, nt2 Apia 2 2
A, n>1 Ay OF Mg, — B 1 2
Ap,n>1] 2X,, or 2),, niﬂ Chy1 (resp. Bo) 4 3
Ap,n >3 | Aa,_, OF Mg, %H Dy 2 2
A, Aoy 1 Gs 3 4
Ay 3y % Go 6 2
As Aas % Eg 2 2
Ag Aas O A, 2 E; 2 2
Aq Aas OF Aoy 5 Fs 2 2
By,n>2 Aoy 2 B 4 2
By Aas 1 Cs 2 2
B3 Aas 1 F, 2 2
Cnyn >3 Aay 1 Chi1 2 2
Cs Aas 1 F 4 2
D,,n>5 Aoy 1 D, 2 2
Dy Aars Aas OF Ag, 1 Ds 2 2
D5 Aay O Mgy % Eg 2 2
Dg Aas OF Agy % E; 2 2
D Aag OF Aoy i Eg 2 2
E Aay OF Agy % Er 2 2
Er Aoy % Ey 2 2

Table 4.1: Highest weights with Nichols algebras of finite Gelfand-Kirillov
dimension; D is the degree of the relations calculated with Theorem .55
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This implies that
l:=(a,\) >0 and for all 5 € IT\ {a} : (5,A) = 0.

Observe, using the definition of (b;;) and ¢, that

_ baa(a,a)
l= —— 5 = —barda,
ba ba
P\ A) = (o, @) = 2.2d,,, and
b)\a b)\a
Furthermore we conclude A = —b,\ A\, where )\, is the weight dual to the

root a, i.e.
(Aaaﬂ) = 5ﬁ,ada'

In a case-by-case analysis we will now consider all finite connected Car-
tan matrices (aap)a,sen and all possible finite connected Cartan matrices
(bij)ijenogny having (aqs) as a submatrix. In each case we compute the
values for [, (A, A) and = and decide if there is a tuple g, A,z leading to
the matrix (b;;). For every case also the Dynkin diagram of (b;;) with la-
beled vertices is given. The vertices 1,...,n correspond to the simple roots
ai,...,q, € 11, the vertex * corresponds to A € P.

Note that to calculate z we must calculate the values (A, A, ) for some o € I1.
To do this we use Table 1 from [[3, 11.4] and the explicit construction of the
root systems there. However in the case of the root system B, we have to
multiply the scalar product by 2 to obtain the normalization described in
Subsection T273.

A, — App,n > 1

1 2 n—1 n * * 1 2 n—1 n
® — @ - - ® — 0 — 0 0Or e —e — @ ----- e — o
We have either a = o, or a = ay. In any case d, = 1,b,) = byo = —1 and

n n -+ 2

—x = )
n+1 n+1

eAMA) =2 0= Ao, (M, A) =

So A = A,, or A = )\, together with x = Z—ﬁ extend the matrix of A,, to
Ay

An - Bn—l—lan Z 1:
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Here either a = a; or @ = «,,. In any case d, = 1,b,, = —1,b), = —2 and

n 1

M) =LA =M, (M) = = :

So A = A, or A = )\, together with x = %H extend the matrix of 4, to
Bis.

An - Cn+17n Z 1:

1 2 n—1 n * * 1 2 n—1 n

® — @ - ._.<:.Or.:>._. ...... e —— o

Either o = a; or @« = «,. In any case d, = 1,0,) = —2,byo = —1 and
4n 4

M) =40 =2\, (\\) = = .

So A =2\, or A =2),, together with z = ni“ extend the matrix of A, to
Cpy1 (vesp. Bs).

A, — Dpyq,n > 3

1 2 n—1 n 1 2 n—1 n
® — @ -+ ® — 0 0r ®€ — @ - e — o
[ J [ ]
* *
Here either a = a5 or @ = v, 1. In any case d, = 1,b,\ = byo = —1 and
2(n— 1) 4
M) =2 A=A, AM\)=—F 2= .

So A= A,, or A =), _, together with x = ni—i-l extend the matrix of A,, to
Dypya.

Al — Gzi
1 * 1 *
e—— 0 Or eiE—co
In any case @ = a; and d, = 1. The left diagram means b,y = —1,byo, = —3
and 5 1 1
M) == A==A,,, (M) ==,z =—-.
SO( Y ) 37 1 ( ) 2 z 6
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The right diagram means b,y = —3,b), = —1 and

PN =60 = 3oy, (AN = 2 2 =

SoN= Ay, T = é or A =3\,,,r = % extend the matrix of A; to Gs.

A5—>E62
1 2 3 4 5
o — 0 — 0 — 0 — o
[ ]
*

Here @ = a3 and d, = 1, b,y = by = —1. This implies

1
SN = 20 = Au, (A A) = g:p =2

A6—>E7I
1 2 3 4 5 6 1 2 3 4 5 6
o — 0 — 06— 06— 06— 0 0fre—oe —0—0—0— 0o
[ ] [ J
* *
a = ag or a = ay. Furthermore d, = 1, b,) = by, = —1. This implies
12 2
PMA) =2 A=A, M, )= —,2=—.
7 7
A7—>Eg
1 2 3 4 5 6 7 1 2 3 4 5 6 7
o — 0 — 06— 06— 60— 0 —0 Ore—o —0—0—0—0o—0o
[ [ J
* *
a = ag or a = as. Furthermore d, = 1, b, = by, = —1. This implies

1 1
SN = 20 = Aoy (W) = g,x: 3
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B, — B,i1,n > 2:

We have a = ay,d, = 2, b,y = by = —1 and this means

PN =44 = Aoy (A N) = 2,2 = 2.

By — Cs:
o——a
In this case @ = ay and d, = 1,b,\ = by = —1. This means
eMA) =2 A=A, M, A) =1,z =1.
Bs — Fy:
« s ——e @
Here a = a3 and d, = 1, b,)\ = byo = —1. This means

PN =20 =X, (M A) = 1,2 = 1.

All the other cases follow the same idea and are omitted.

It remains to show that the data from the table lead to Nichols algebras of
finite Gelfand-Kirillov dimension. It is clear that the braiding is of strong
exponential type in every case. Moreover in each line the extended Cartan
matrix (b;;) is of finite type and thus the Nichols algebra has finite Gelfand-
Kirillov dimension by Theorem E.4.4. O
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4.5 Results on relations

In the preceding Section .4 we found out under which conditions the Nichols
algebra of a U,(g)-module has finite Gelfand-Kirillov dimension. One of the
next natural problems on these abstractly defined algebras is a representation
by generators and relations. In this section we calculate Uqfo(g)—module
generators for the space of relations. Again we consider a more abstract
setting first.

Let H be a Hopf algebra with bijective antipode, V € YD, A = B(V)#H
and M a graded Yetter-Drinfeld module over A of highest weight. Further-
more T.(M) resp. T.(My@ V') denote the tensor algebras of M resp. My®V
viewed as braided Hopf algebras in the corresponding Yetter-Drinfeld cate-
gories 4VD resp. 1YD. The following diagram of H-linear maps describes
the situation of this section.

T.(M) = T.(M)#B(V) ~~T.(My ® V)
Te(M)#e

T T#B(V) q

BOM) e B(M)£B(V) =~ B(My & V)
B(M)#e

The maps p and ¢ are the unique algebra morphisms (and braided bialgebra
morphisms) that restrict to the identity on My @ V. All maps but T,.(M)#e
and B(M)+#e are algebra morphisms. The following proposition is the central
tool of this section.

Proposition 4.5.1. Assume the situation described above. Fix a subset
X C T.(Mg @& V) such that H - X generates ker ¢ as an ideal. Furthermore
write the elements of p(X) in the form

p(e) = Y migv; € TM)#B(V)
with m? € T.(M), v € B(V). Consider the space
g {me«vf#l) m)le € X,m € TC<M>} C T.(M).

Then A - X generates ker 7 as an ideal.
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Proof. Let I := ker q. Obviously

ker(n#B(V)) = p(1),

and it is easy to check that this implies

kerm = (T.(M)#<)p(1).

As H - X generates [ as an ideal, H - p(X) generates p(I) as an ideal. Now
T.(M)#-¢ is in general not an algebra morphism, so it is not easy to find ideal
generators for ker 7. The elements of the form

(m'#t0) (- plx))(me') =
=y | (S7 () - (m'#0)) ple) (S(hy,) - (mt)) |

(m,m' € T.(M),v,v" € B(V),z € X,h € H) generate p(I) as a vector space.
Thus p(7) is generated as H-module by elements of the form

(m'#tv)p(x) (m#tv’) =

- <1> o e/ 2@, 2@ @ L@
E, ( (_1)>'<mz’ <(U1 #Ui (_1))-m>))#v oY% ?

(m,m' € M,v,v" € B(V),z € X). Now apply the H-linear map T.(M)#e
and obtain H-module generators of ker w of the form

S () - (o (o #1) - )

(m,m'" € T.(M),v € B(V),z € X). Using that T.(M) is an H-module
algebra conclude that elements of the form

)

(m,m" € T.(M),v € B(V),h € H,v € X) generate kerm as vector space.
This means that A - X generates ker 7 as (left) ideal in T,.(M). O

Remark 4.5.2. Assume that for all z € X there is m* € T.(M) such that

Then X is the right ideal generated by the set {m?*|z € X}. It is easy to
check that in this case the B(V)# H-module generated by the m®, x € X
generates ker m as an ideal.
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The quantum group case

The description of the generators of the ideal ker m obtained in the preceding
theorem is not very explicit as the set X may be very large. Nevertheless it
is sufficient for the case treated in Section f.4 because then we are actually
in the situation of Remark E572.

In this section we work over an algebraically closed field k£ of characteristic
zero and assume that ¢ € k is not a root of unity. Let M be a finite-
dimensional integrable U,(g)-module with braiding ¢/ of strong exponential
type with function ¢; moreover assume that the extended Cartan matrix is
a generalized Cartan matrix. Let U = B(V)#kG be the extension defined
in B.4. We require that the ideal ker q is generated by the quantum Serre
relations

Va,fellla#p: rop= adc(ﬁa)l_b‘w( 3),
Vaoell,L1<i<r: ryg,= adc(mi)l_bm(ﬁa),
Vaoell,L1<i<r: ryu= adc(pa)l’b“(mi),

Vi<i#j<r: ry;=ad.(m)

Remark 4.5.3. Note that if ¢ is symmetric and (b;;) is a symmetrizeable
generalized Cartan matrix, then the braiding on Mys @ V is of Frobenius-
Lusztig type by the proof of Theorem f.4.4. In this case [@, Theorem 2.9]
ensures that ker g is generated by the quantum Serre relations.

In order to apply Proposition f.5.]] calculate the images of 743, Tia; Tais Tij
under p. First observe

Plrag) = ade(p(Ea))' ™ (p(Ey)) = ado(1#E,)1 s (14Fy) =
— 13 (ade(F)' "0 (Fp)) = 0

because this is a relation in B(V'). For r;, use the explicit form of the quantum
Serre relations from [3, Equation A.8]:

s=0

if c(x®y) = ny®z and c(x®@x) = yr@x. Define the coeflicients ¢y, z,y € P
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as in the proof of Theorem f.4.4. Then

1-0b;
o 1 _ bz s(s—1) A
p(ria) = p( (—1)s< a) 0 ° qmy e SFW?)
qii

S
s=0
l—bia . 1_ bia s(s2—1) s 1—bjo—s N s
= Z (-1) Qi © Ga(my #1)(1#Fa) (mi#1)
s=0 s Gii
—bia 1 — bia s(s—1) 1—b —s R
- Z <_1)8( ) Gi * Qo (mi (Ko mf)#ﬂx)
s=0 s Gii
1—b;
~ 1 - biOl e 1) s —bia—S/( T, s
+ (_1)8( s ) Ui ° Gia (mzl bia (Fa mz)#1>
s=0 qii

The first summand is zero. This can be seen using

bia
FiaGai = G;;

and [3, Equation A.5]:

17bioz 1 o bza M 1_b‘ s R
(=1)° Qi ° Gin (mz “ (Ka ) mf)#Fa>
s=0 s Giq
1—b;
oy of 1 —bin =) s A
= e (U) (e w)
S=| Qi

| o

bia

1
1— by, s .
S
s=0 Qii

Thus the image of r;, is

1=bia 1 — b s(s—1)
i) = _1 S 1 B 2 S 1*1)1@78 FA‘a' s 1
) (} (M) mg) #

s=0 i

Toi 18 mapped to

2(a, ;)

P(rai) = adC(p(Fa))l_bM (p(my;)) = adC(l#ﬁa>1+ @) (m#l) =
2(a, ;)
_ (F;+ (@0 m) #1 =0

because the braided adjoint action of B(V') on M (in T.(M)#B(V)) is the
same as the module action (denoted by -) of B(V) C U,(g) on M. By [I5,
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5.4.] the last equality holds. This leaves 7;; to be considered.
p(ry) = p(ade(m)' =" (my)) = ad. (p(my))' ™" (p(m;))
= ad (m;#1)' 7" (m;#1) = ad.(m;)' " (m;)#1

Remark 4.5.4. A short calculation results in the following representation
of the relation coming from r;, for 1 <i < r a € II:

_bia 1_bia 1 - b s(s—1)
Ry = E (_1>S( Za) Qi ° q;bm Q;itmz‘_bm_t (Fo - my) m?-
Qi

S
t=0 Ls=t+1

11

The relations coming from the r;;,1 <4,7 <1 are
Rij = ad(m;)' ™" (m;)

It follows from Proposition [.5.1 that the B(V)#kG submodule of T,.(M)
generated by the elements

{Ria]l <i<racl}U{Ry[1<i#j<r}
generates the kernel of the canonical map
m:T.(M) — B(M)
as an ideal.

Theorem 4.5.5. Let M be a finite-dimensional integrable U,(g)-module
and fix a braiding ¢/ of strong exponential type with symmetric function ¢.
Assume that the extended Cartan matrix (b;;); jep is a generalized Cartan
matrix. Consider the grading on B(M) such that the elements of M have
degree 1. Then B(M) is generated by M with homogeneous relations of the
degrees

2—0by for 1<i#j<r and

1—1b, for 1<i<r a¢€ll such that b;, # 0.
The last column of Table {1 was calculated using this theorem.

Proof. Exactly as in the proof of Theorem f.4.4 we see that (b;;)ijep is a
symmetric generalized Cartan matrix. By Remark f.5-3 the Nichols algebra
of Mg ®V is given by the quantum Serre relations.

Realize the module M as a Yetter-Drinfeld module over B(V)#kG as in
Section B.4. The B(V)#kG-module generated by the elements R;,, R;; with
1 <i#j <r,acll generates the ker 7 as an ideal. R;, has degree 1 — b;,,
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R;; has degree 2 — b;; (with respect to the grading of T.(M) giving M the
degree 1). As the homogeneous components of T,.(M) are B(V')#kG-modules
all defining relations can be found in the degrees

1— bia and 2 — bl]

Observe that P(ia) s zero if b, = 0: The summand for s = 0 is zero anyway
because e(Fy,) = 0. The summand for s = 1 is a scalar multiple of F, - m;.
If b, = 0 then also b,; = 0 and thus by [I5, 5.4.] F, -m; = 0. O
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Summary

This thesis deals with the structure of braided Hopf algebras of triangular
type. Braided Hopf algebras arise naturally in the structure theory of usual
Hopf algebras. A braided Hopf algebra is of triangular type, if it is gener-
ated by a finite-dimensional braided subspace of primitive elements and if
moreover the braiding on this subspace is triangular. Nichols algebras of
U,(g)-modules are important examples.

One of the main results of this thesis is Theorem P.2.4, which shows the
existence of bases of Poincaré-Birkhoff-Witt (PBW) type for braided Hopf
algebras of triangular type. The PBW-basis is described by Lyndon words
in the generators of the algebra. The combinatorial proof basically follows a
paper of Kharchenko, where he proves a PBW-result for so-called character
Hopf algebras, but our situation requires new methods and ideas.

As one application of our PBW-theorem we prove a PBW-result for Hopf
algebras which are generated by an abelian group and a finite-dimensional
G-subspace of skew-primitive elements. This generalizes the original result of
Kharchenko in the sense that the action of the group on the skew-primitive
elements is not necessarily given by a character.

As a second application we use the PBW-theorem to determine the structure
of Nichols algebras of low-dimensional U, (sl;)-modules, where the braiding
is given by the quasi-R-matrix.

The second main result in Chapter B of this thesis gives a characterization
of triangular braidings. Originally these braidings are defined by a certain
combinatorial property. We show that triangular braidings are exactly those
braidings coming from Yetter-Drinfeld modules over pointed Hopf algebras
with abelian coradical which are completely reducible as modules over the
coradical. Braidings induced by the quasi-R-matrix on U,(g)-modules are
triangular. We show how they arise in this context.

Answering a question of Andruskiewitsch [I], we investigate the structure of
Nichols algebras of U,(g)-modules in Chapter ] of this thesis. We describe a
method that allows to reduce the study of these Nichols algebras to the study
of Nichols algebras with diagonal braiding. We apply this method to decide
when the Gelfand-Kirillov dimension of these algebras is finite and to describe
their defining relations. We give a complete list of all simple U,(g)-modules (g
a finite-dimensional simple complex Lie algebra), that have Nichols algebras
with finite Gelfand-Kirillov dimension.
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Zusammenfassung

Diese Dissertation beschaftigt sich mit der Struktur verzopfter Hopfalgebren
vom triangularen Typ. Verzopfte Hopfalgebren treten in natiirlicher Weise in
der Strukturtheorie tiblicher Hopfalgebren auf. Eine verzopfte Hopfalgebra
ist vom triangularen Typ, falls sie von einem endlichdimensionalen verzopften
Unterraum primitiver Elemente erzeugt wird und die Verzopfung auf diesem
Unterraum triangular ist. Wichtige Beispiele sind Nicholsalgebren von R-
Matrix-Verzopfungen auf U,(g)-Moduln.

Eines der Hauptresultate dieser Arbeit ist Theorem P.2.4, das die Existenz
einer Basis vom Poincaré-Birkhoff-Witt (PBW) Typ fiir verzopfte Hopfalge-
bren vom triangularen Typ zeigt. Die PBW-Basis wird durch Lyndonworter
in den Erzeugenden der Algebra beschrieben. Der kombinatorische Beweis
orientiert sich an einer Arbeit Kharchenkos, in der ein PBW-Resultat fiir so-
genannte Charakterhopfalgebren bewiesen wird. Allerdings erfordert unsere
Situation einige neue Methoden und Ideen.

Als eine Anwendung des PBW-Satzes beweisen wir ein PBW-Resultat fiir
Hopfalgebren, die von einer abelschen Gruppe G und einem endlichdimen-
sionalen G-Unterraum von schiefprimitiven Elementen erzeugt werden. Dies
verallgemeinert das Resultat Kharchenkos in dem Sinne, dass die Wirkung
der Gruppe auf den schiefprimitiven Elementen nicht mehr durch einen Cha-
rakter der Gruppe gegeben sein muss.

Als eine zweite Anwendung benutzen wir den PBW-Satz, um die Struktur der
Nicholsalgebren niedrigdimensionaler U, (slz)-Moduln zu bestimmen, wobei
die Verzopfung durch die quasi-R-Matrix gegeben ist.

Als zweites Hauptergebnis wird in Kapitel B eine Charakterisierung trian-
gularer Verzopfungen gegeben. Diese sind urspriinglich durch eine kombina-
torische Bedingung definiert. Hier zeigen wir, dass triangulare Verzopfungen
genau diejenigen Verzopfungen sind, die von Yetter-Drinfeld-Moduln tiber
punktierten Hopfalgebren mit abelschem Koradikal induziert werden, welche
als Moduln iiber dem Koradikal halbeinfach sind. Verzopfungen, die durch
die quasi-R-Matrix auf U,(g)-Moduln induziert werden, sind triangulér. Wir
zeigen, wie sie in dieses Bild passen.

Im Kapitel @ der Arbeit geht es, motiviert durch eine Frage von Andruskie-
witsch [I], um die Struktur der Nicholsalgebren von U,(g)-Moduln. Wir
beschreiben eine Methode, mit der man die Untersuchung dieser Nichol-
salgebren auf die Theorie von Nicholsalgebren mit diagonaler Verzopfung
zuriickfithren kann. Wir wenden diese Methode an, um ein Kriterium fiir die
Endlichkeit der Gelfand-Kirillov-Dimension dieser Algebren zu beweisen und
um ihre definierenden Relationen zu beschreiben. Wir geben eine vollstandige
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Liste aller einfachen U,(g)-Moduln (g eine endlichdimensionale einfache kom-
plexe Liealgebra) an, deren Nicholsalgebren endliche Gelfand-Kirillov-Di-
mension haben.
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