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POINTED HOPF ALGEBRAS WITH STANDARD
BRAIDING ARE GENERATED IN DEGREE ONE

ANGIONO, IVAN; GARCIA IGLESIAS, AGUSTIN

ABSTRACT. We show that any finite-dimensional pointed Hopf alge-
bra over an abelian group I' such that its infinitesimal braiding is of
standard type is generated by group-like and skew-primitive elements.
This fact agrees with a long-standing conjecture by Andruskiewitsch and
Schneider. We also show that the quantum Serre relations hold in any
coradically graded pointed Hopf algebra over I" of finite dimension and
determine how these relations are lifted in the standard case.

INTRODUCTION

The classification of finite-dimensional pointed Hopf algebras is currently
an active area of research. This class includes group algebras kI', I" a group,
and Frobenius-Luzstig kernels u,(g) [L], associated to a semisimple finite-
dimensional Lie algebra g and a root of unity q.

The main result concerning the classification of finite-dimensional pointed
Hopf algebras with group of group-likes I' over an algebraically closed field
of characteristic zero has been done by Andruskiewitsch and Schneider in
[AS4], for the case I' abelian and |I'| not divisible by 2,3,5,7. This was
achieved using the so-called Lifting method, introduced by the authors in
previous works, see e.g. [AS1], [AS3].

One of the main steps in the Lifting method is to determine when a given
braiding yields a finite-dimensional Nichols algebra. This was solved in the
abelian case by Heckenberger [H]. Another key step of this method is to
prove that all pointed Hopf algebras over I' are generated by group-like and
skew-primitive elements, or, equivalently, that the associated graded Hopf
algebra with respect to the coradical filtration is generated in degrees 0
and 1. This problem has been solved for a finite-dimensional pointed Hopf
algebra H over a group I' in the following cases:

e when H is co-triangular [AEG],

e when I is abelian and |T'| is not divisible by 2,3,5,7 [AS4],

e when I' is (isomorphic to) S,, n = 3,4,5 [AG, GG,

e when the braiding arises from some particular affine racks [AG].
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It has been conjectured in [AS2, Conjecture 1.4] that this holds for any H as
above. Our main result, Theorem 2.7 is a positive answer to this conjecture
in the case in which the braiding is of standard type.

The paper is organized as follows. In Section 1 we recall the basic facts
about braided vector spaces and Nichols algebras, including the description
of standard braidings. Also we explicitly recall the steps of the Lifting
method.

In Section 2 we prove Theorem 2.7. To do this, we first prove in Proposi-
tion 2.1 that quantum Serre relations hold in any finite-dimensional graded
braided Hopf algebra in the category of Yetter-Drinfeld modules over an
abelian group I, not necessarily of standard type. To complete the proof we
strongly use the presentation of Nichols algebras of standard type by gener-
ators and relations given in [A], which we recall in Theorem 1.1. Along this
part, we repeatedly use the classification of finite arithmetic root systems in
[H] to check that some diagrams that we can associate to the relations are
not of finite type.

In Section 3 we show how the quantum Serre relations are lifted to a gen-
eral pointed Hopf algebra, exploiting the arguments in the proof of Propo-
sition 2.1.

1. PRELIMINARIES

1.1. Conventions. We work over an algebraically closed field k of charac-
teristic 0. For each N > 0, Gy denotes the group of primitive N-th roots
of 1 in k. Given n € N and ¢ € k, ¢ ¢ Up<j<nGj, ¢ # 0, we denote

E
—_

p _(n—h! where (n :n an _
(j)q_(k)q!(n—k)q!’ here (n)g! jl;[l(k)q d (k), 7.

<.

<.
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If T is an abelian group, we denote I' = Hom(T', k*).
1.2. Nichols algebras and the Lifting method.

1.2.1. Braided vector spaces. A braided vector space is a pair (V,c), where
V is a vector space and ¢ € Aut(V ® V) is a solution of the braid equation:

(c®id)(id®c)(c®id) = (id ®c)(c ® id)(id ®c).

We extend the braiding to ¢ : T(V) @ T(V) — T(V) ® T(V) in the usual
way. If 2,y € T(V), then the braided commutator is

[z, Y], := multiplication o (id —¢) (z ® y) .

1.2.2. Braided vector spaces of diagonal type and hyperwords. A braided
vector space (V, ¢) is of diagonal type with respect to a basis {x; };er if there
exist ¢;; € k™ such that c(z; ® z;) = ¢;jz; @ x4, 1,7 € I.
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Fix a basis {x1,...,29} of V (we assume dimV < o0). Denote by X
the set of words in letters x1, ...,y and order them using the lexicographic
order. We identify canonically X with a basis of T'(V).

We say that u € X is a Lyndon word if u is smaller than any of its proper
ends. That is, u = x; for some 7 or for each v, w € X\ {1} such that u = vw,
we have u < w.

Denote by L the set of Lyndon words. It follows that u € L if and only
if there exist v < w € L such that u = vw or u = x;, 1 < i < 6. Given
u € L\ {x1,...,z9} the Shirshov decomposition v = vw with v,w € L is
the one such that w is the smallest end between all possible decompositions.
See [Kh] and references therein.

For each u € L we consider an element [u]. € T'(V'), called the hyperletter
[Kh] corresponding to u, defined inductively by

] = u, if u € X;
We = [[v]e, [w]e],, if uw=wvw is the Shirshov decomposition of w.

1.2.3. Braided vector spaces of standard type. Fix § € N, I ={1,...,0} and
(gij)1<i,j<o as above.

Let E = {ey,..., ey} be the canonical basis of Z% and x : Z?xZ¢ — k* the
bilinear form determined by x(e;,e;) = ;5,1 <4, <0. If F ={f1..., fo}
is another basis of Z?, then we set ¢f = (q5)15i7j§9, by qf; = x(fi, fj)s
1<i,j <. Thus ¢ =¢”. Fori#j <€ {l,...,0}, consider the set

M} = {m € No|(m +1),r(¢f; "afaf; — 1) = 0}.

If this set is not empty, let mf; denote its minimal element. Also let mf; =
2,Vi. Let SZF be the pseudo-reflection in Z? given by

si(f)=fi+mifi, j=1,....0.

Let Q be the set of all ordered bases of Z? and let P(x) C Q be the set of
points of the Weyl grupoid W () of the bilinear form y, see [A, Def. 3.2].

Clearly, sI'(F) is again a basis of Z?. The form y is called standard if
for every F' € P(x), the integers mf; are defined, for all 1 < 4,5 < 6, and
m(st'(F))ij = myj for every i,j,k. The corresponding braided vector space
is said to be of standard type [AA].

We are interested in standard braiding whose associated Nichols algebra
is finite-dimensional. In such case, the corresponding Cartan matrix C' =
(aij = —mij)ijeqa,.. 0y is finite, see [A, Thm. 4.1]. This family includes
properly the braidings of Cartan type considered in [AS2].

Standard braidings with finite-dimensional Nichols algebras are classified
in [A]. In the same paper, the dimension, a presentation by generators and
relations and a PBW basis is given for each Nichols algebras with standard
braiding. We recall next this result, which will be fundamental for our work.
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Theorem 1.1. [A, Thms. 5.14, 5.19, 5.22, 5.25] Let V' be a braided vector
space of standard type, of dimension 0, C' = (aij = —mij);jeq1,...0p the
associated finite Cartan matriz, and Ay the corresponding root system.

The Nichols algebra B(V') is presented by generators x;, 1 < i <60, and
the following relations

(1) 2Ne =0, acAy;

(2) ade(ay) M (2)) =0, kA j, gy AL

if there exist distinct j, k,l satisfying my; = mp =1, qp = —1, then

(3) [(ad @), (ad w )y, = O;

if there exist k # j satisfying my; = 2,m;, = 1, qur € Gz or q;; = —1, then
(4) [(ad xk)Qmj, (ad ack)a:j]c =0;

if there exist distinct k, j,1 satisfying my; = 2, mj = mj; = 1, g € Gz or
qjj = —1, then

(5) [(ad zx)*(ad 2;) 2y, (ad xp)xs], = 0;

if i,j determines a connected component of the Dynkin diagram of type Go
and qir € Gy or qjj = —1, then

(6) [(ada:k) zj, (ad xy) l’j]c =0,
(7) [k, [wRejong] ], =0,
(8) kaxﬂk%} [zr;] L =0,
(9) [[wia;]. [ekejmems] ], =0,

Moreover, a basis of B(V) is given explicitly by:

h1i,.h h . .
,31 52 ﬂpv OShjSNﬁj—la if €85, 1<j<P U

1.3. Generalized Dynkin diagrams. Given a braided vector space of di-
agonal type, with matrix (g;;j)i<i j<e, there is a generalized Dynkin diagram
[H] associated to it, in such a way that two braided vector spaces of diagonal
type have the same generalized Dynkin diagram if and only if they are twist
equivalent. This diagram is a labeled graph with vertices 1,..., 60, each one
labeled with the corresponding scalar ¢;. There is an edge between two
different vertices ¢ and j if ¢;;¢;; # 1 and it is labeled with this scalar.

The generalized Dynkin diagrams whose associated Nichols algebra is
finite-dimensional were classified in [H]. We explicitly exhibit this classi-
fication for the case As. Let ¢ € Gy, N > 2, then the following are all the
generalized Dynkin diagrams of standard type As:

°_1 Dy = 01
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1.3.1. Yetter-Drinfeld modules. We denote by gyD the category of Yetter-
Drinfeld modules over H, where H is a Hopf algebra with bijective antipode.
M is an object of YD if and only if there exists an action - such that (M, -)
is a (left) H-module and a coaction d such that (M, ) is a (left) H-comodule,
subject to the following compatibility condition:

5(hm) = hlm_ls(h3) ® ho-mg, Vme M,h € H,

where 6(m) =m_1 ® mg. Any V € gyD becomes a braided vector space,
[Mo]. If T is a finite abelian group and H = kI, we denote LYD instead of
gyD. Any V € FJ)D is a braided vector space of diagonal type. Indeed,
V= @ger,xef“VgX? where Vgt = VXNV, Vy = {v eV |dv) =g},
VX ={v eV |g-v=x(gvioral g € T'}. The braiding is given by
c(rey)=x(gly®x, forallz eV, gel',ye VX, x € L. Reciprocally, any
braided vector space of diagonal type can be realized as a Yetter-Drinfeld
module over the group algebra of an abelian group.

1.3.2. Nichols algebras. If V € YD, then the tensor algebra T(V') admits
a unique structure of graded braided Hopf algebra in gyD such that V' C
P(V). The Nichols algebra B(V) [AS2] is the defined as the quotient of
T(V) by the maximal element I(V') of the class & of all the homogeneous
two-sided ideals I C T'(V') such that

e [ is generated by homogeneous elements of degree > 2,
e [ is a Yetter-Drinfeld submodule of T'(V),
e [isa Hopfideal: A(J) CI®T(V)+T(V)®I.

1.4. Lifting method. Let ' be a finite group. The main steps of the
Lifting Method [AS2] for the classification of all finite-dimensional pointed
Hopf algebras with group of group-likes (isomorphic to) I" are:

e determine all V' € LYD such that the Nichols algebra B(V) is finite
dimensional,

e for such V, compute all Hopf algebras H such that gr H ~ B(V){kI.
We call H a lifting of B(V') over T'.

e Prove that any finite-dimensional pointed Hopf algebras with group
I' is generated by group-likes and skew-primitives.

2. GENERATION IN DEGREE ONE

Throghout this Section, I' will denote a finite abelian group and S =
@D, S(n) a finite-dimensional graded braided Hopf algebra in [LYD such
that S(0) = k1. We fix a basis {z1,...,xp} of V := S(1), with z; € S(1)
for some g; € I' and y; € I, and call ¢ij = X;(i)-

We will show that given such S, if V' is a braided vector space of standard
type, then S is the Nichols algebra B (V') associated to V. In particular, we
will obtain the main result of this work, that is that any finite-dimensional
pointed Hopf algebra over I' with infinitesimal braiding of standard type is
generated by group-like and skew-primitive elements.
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First, we prove in the next Proposition that the quantum Serre relations
hold in any such S, not necessarily of standard type. This result extends
[AS4, Lemma 5.4].

Proposition 2.1. Let S as above. Then,

(10) ade(z;) ™ (x;) =0, for alli # j such that qm’ﬁ_1 # 1.

Proof. Suppose that ad.(z;)*™ (z;) # 0 for some i # j such that qm”Jrl #*
1 (so q;“ gijqji = 1 by definition of m;;).

To start with, we begin as in [AS4, Lemma 5.4]. Set m = myj;, ¢ = g,
y1 = xi, y2 = x;j and yz := ad.(z;)" " (x;). Also,

h1 = gi, ha = gj, hs = g/"ttg;,
m = Xi, = Xj, ns = X" g,

soyp € Spr, 1 <k <3 IfW = ky +kyz + kys, then B(W) is finite-
dimensional, because ys is a primitive element. Indeed, W C P(.S) hence we
have a monomorphism B(W) < S. We compute the corresponding braid-
ing matrix (Qp = 1i1(hk)),<k <3, and consider the corresponding generalized
Dynkin diagram: o

(11) 0%ii
7 x(nwl) 2
m+2 qu+ 4ii-

In consequence, this diagram appears in [H, Table 2]. We consider differ-
ent cases.

Case I: QpQ 75 lforall 1 <k<l<3.

By [H, Lemma 9(ii)], 1 = [[,.; QuQu = q2_m(m+1)qj2~j, and at least one
of the vertices is labeled with —1. Notice that ¢ # —1 because in such case
m = 0 (we assume ¢"™ ! # 1). Also, gj; # ¢™"1q;; by hypothesis, so exactly
one of the vertices is labeled with —1.

o If qj; = —1, then 1 = (¢"*1q;;) (g™ Vg2) = —¢'~™" and m = 1
by the same Lemma, but this is a contradiction.

o If ¢"lg;; = —1, then 1 = ¢¢g™ ™2 = ¢"™*3 and
1= qjj(qu(erl)quj) _ q?jqu(m+3)+2m qj?)j q2m’
by the same Lemma, so
—1= (1) = ¢;¢""® = (¢;¢*") "+ = ¢,

which is a contradiction. Therefore (11) does not belong to this case.

Case II: Q19Q21 = ¢ ™ = 1.
Here m = 0, so we have

(12) o1
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If ¢j; = —1 then we have the connected subdiagram o9 o~ . Notice

that this diagram has no vertices labeled with —1 and the labels of the
vertices are different. Also the diagram is not of finite Cartan type and it
does not correspond to the diagrams without —1 at the vertices in rows 5,
9, 11, 12, 15 of [H, Table 1], so we discard all of them.

If g;; # —1 but ¢ = —1 we have an analogous situation, so we consider
also ¢ # —1 and (12) is a connected diagram of rank 3.

If qqj; # —1, [H, Lemma 9(i)] implies that one of the following holds:

e it is of finite Cartan type, so it contains an Ay Cartan subdiagram.
Then 1 = q¢* = (qq5;)q* or 1 = qj;q3; = (94;)a;;, s0 ¢ = 1 or
g5 = 13
* ¢’ =1, 4j5,45;q € GeUGo and g;;¢3; = 1 or ¢j; = 1, ¢,jjq € GUGy
and q¢® = 1.
But neither of these cases is possible. In consequence, ggj; = —1. Looking
at [H, Table 2] we see that Q;;Qi3Q3; = 1 for some i € {1,2} in all the cases.
As both situations are analogous, we assume i = 1: ¢% = 1. By [H, Lemma
9(iii)], one of the following is true:
° q?j =1, but q?j =—q 3 =-1,
° q;-Lj =1,
* 4jj =4

We obtain a contradiction, so m # 0.

Case III: Q13Q31 = qm+2 =1.
The corresponding diagram is:

Oq

qii —1,..
2 O T 501 s,
q q 93

This diagram is analogous to (12) exchanging g;; with ¢;;¢~* so we see that
it does not belong to [H, Table 2]. Therefore ¢ *2 # 1.

Case IV: (Q23Q32 = 1. That is, quj = ¢™(m+1)  We have the following
diagram:

m—+1 ..

(13) o%ii q 455

™ ol qm+é3
By the previous cases, this is a connected diagram of rank 3. As m # 0 and
g™t #£ 1 we have ¢ # —1. We analyze the different possibilities for the
values on the vertices:

qjj = qm+1qjj = —1: In such case, ¢™"! =1 and the diagram is

-1

o o1 -1

q q ’

but it does not appear in Heckenberger’s list.
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gj = —1,q™"q; # —1: By [H, Table 2], we have 1 = Q22Q23Q32 =

¢™ "2 and the diagram is

SR -1 of 3
q q

Also, 1 = quj = ¢mmtl) — 2m — =6 Notice that ¢° # 1 because ¢ # 1,
so q € Gg. But this diagram does not belong to Heckenberger’s list.

qjj # —1,qm+1qij = —1: As in the previous case, 1 = Q22Q21Q12 =
¢'~™. By the definition of m we conclude that m = 1 and the diagram is
the same as in the previous case, where again q € Gg by the initial condition
of case IV, and we have the same contradiction.

gj> 9™ tqj; # —1: By [H, Lemma 9(i)], one of the following holds:

e it is of Cartan type. Therefore ¢ = ¢;; and m =1, or ¢ = qm+1qjj =
¢~ ™ 2. In both cases we arrive to the same diagram

o1 = ¥ 7 o0
It is easy to see that it is not of types Az, C3 because q, ¢ # ¢>. But
if it were of type C3, ¢ = (¢*)? = ¢~3, which is a contradiction.
® qij €G3, g€ GgUGg and 1 = gt-m = qjjq2m+3. Then m = 1 and
@ = q;jl, so ¢'% = 1, but this is a contradiction with ¢ € Gg U Gy.
e ¢"g;; € Gs, g€ GgUGy and 1 = ¢j;¢™ = ¢™"3. Again ¢ = 1,
which is a contradiction with g € Gg U Gy.

In consequence (11) is not of finite type, so we conclude the proof. O

The following Lemmata show that if the braiding satisfies certain con-
ditions related with braidings of standard type, then some extra relations
hold in S. We consider the presentation of Nichols algebras of standard type
from Theorem 1.1. As this presentation is not minimal in some cases, we
need first to discard some redundant relations in the next Lemma.

Lemma 2.2. If there exist j # k € {1,...,0} such that my; =1, m), = 2,
but qj; ¢ Gs or quk # —1, then [(ade z;)*z, (ade zj)ar ], = 0.

Proof. To prove this, by [A, Lemma 5.5(ii)] it is enough to consider two
cases: ¢j; € Gs, qpi # —1, or q;; ¢ G3, qrr = —1. In the first case we have

xj" =0, (adcwy)’m; = xiw; — (14 qrr)qrjoee iy + qkkqijxj:ci = 0.

In consequence we have

x?wkxjxk =(1+ qkk)flq,;jlx?m%xj,
and by [A, Lemma 5.5(i)] we conclude that [(ad. z;)*z¢, (ade 25)xx] , = 0 (we
can restrict to the Hopf subalgebra generated by x;, xj, in order to satisfy the
conditions of such Lemma). The proof for the other case is analogous. O
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Lemma 2.3. Assume that there exist distinct j, k,l € {1,...,0} such that
Gk = =1, Gk = G G # 1 qiar; = 1. Then,

(14) x% =0, [adczj(adezg(2)), 28], = O.

Proof. The first equation follows easily because azi is primitive and the as-
sociated scalar is 1. This implies that (ad. :xk)%j = (ad. )%z = 0.

For the second equation, we denote u := [ad. z;(ad. 2k (7)), 2], Gu =
9i9r0 € T, xu == xjx¢x1 € I, ¢ := qan. By [A, Lemma 5.8], u is a
primitive element.

We proceed as in the proof of the previous Lemma. Suppose that u # 0.
Then the braiding of y1 = xj, y2 = xp, y3 = z; and y4 = u, with the
corresponding elements h; € I',n; € f, corresponds to one whose associated
Nichols algebra is finite-dimensional. We obtain the following generalized
Dynkin diagram attached to (Qrs = ns(hy))1<rs<a:

(15) 0% o1
p
aj;q > q
o3 qu o4t

il

Notice that ¢ = —1 implies that (15) contains (12) as a subdiagram, which
is a contradiction to the finite dimension of the associated Nichols algebra.
Therefore ¢ # —1 and as any such diagram contains a 4-cycle, by [H, Lemma
12] we have qJQ-jq*2 =1 or ¢g3¢> = 1. By the symmetry of the diagram we
can assume ¢;; = =+q.

If also q; = +q !, since Qu = ¢jjqu # 1, then the diagram is of the

form o4 o1 o—4 "' . But this is a contradiction with [H, Lemma

q
9(iii)]. Therefore we have a connected diagram of rank 4:

ota o1 odu 55 o%5qu
q q a3q

Suppose that ¢j; = —¢. As Q11Q12Q21 # 1, we deduce from [H, Table 3]
that
0=(1-Q})(Q71Q12Q21 — 1) = (1+¢*)(¢— 1),
but we discard this case by [H, Table 3].
Therefore ¢j; = q. We obtain that there are no diagrams in [H, Table 3]
such that Q22 = —1, Q11 = Q44Q§31 = q # +1, so the above diagram does
not belong to such list. Therefore u = 0. ([l

Lemma 2.4. Assume that there exist j # k € {1,...,0} such that my; =1,
mig = 2.
(a) If ¢j; € Gg and qur, = —1, then the following relation holds:

(16) [(adcz;) g, (ad. zj)zg], = 0.
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(b) If V is standard and there exist | # j,k € {1,...,0} such that m; =
my; =0, my =1 and (1 + i) (1 — q;’j) =0, then:

(17) [(ad. )% (ad. x;) 2y, (ad, xj)xk]c =0.

Proof. (a) We proceed as in the previous Lemmata. Assume that v :=
[(ade zj)%zy, (ad. xj)xk]c # 0. By [A, Lemma 5.9], v is a primitive element:
notice that 1‘? =0, or .%z =0, or q?jqjquj = QkkQjkqr; = 1 because S is
finite dimensional. A

Call y1 = xj, y2 = %, y3 = v, and h; € I', n; € T, i = 1,2,3
the corresponding elements. In consequence, the braiding matrix (Q,s =
Ns(hr))1<rs<3 corresponds to one in Heckenberger’s list. The associated
generalized Dynkin diagram is

ol ——————o"1,  q:= ¢
k 4
o4’

As the diagram is finite, Q33 = ¢% # 1, but then this contradicts [H, Lemma
9(iii)]. Therefore, v = 0.

(b) By the previous item, Lemma 2.2 and [A, Lemma 5.9(b)],
w := [(ad, zy)?(ade )z, (ade J?j)ka]c

is a primitive element. If we suppose that w # 0, we work as in previous
cases for each possible diagram calling y1 = xj, yo = @k, Y3 = 27, Ya = w,
and h; e I', n; € I', ¢ = 1,2, 3,4 the corresponding elements: the braiding
matrix (Qrs = ns(hr))1<r,s<3 corresponds to one in Heckenberger’s list.

e g1 = —1, q]?jqqujk = 1 = qrjqkqrqx: the corresponding diagram

for (Qrs) is

-2 2
q q
oq O_l oqll s q = qj]'
—4
q
k %‘1121
o%4u

By [H, Lemma 9(ii)] ¢* = 1. Then the vertices 1,3,4 determine a
diagram of type (12), which is not in Heckenberger’s list.
. qu-ijijk = Qkjqjk = QkkQuqe = 1: the diagram for this case is

g

-2 2
q
o9 od’ ot q:=qjj € G3UGy.
k %‘]fl
oqQZl

If ¢* = 1, again we have (12) as subdiagram. If ¢ € G3 we have
qu = £q¢%, because there are no 4-cycles. As Qg # 1, we should
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have q; = —q?, but in such case we have a connected diagram of
rank 4 with mss = 4, because Q33 = —¢® and Q23Q32 = ¢ € Ga,
which is a contradiction.

® gk = —1, ¢j; = =@k € G3, Qkjqikrque = 1: the diagram is

—q —q°
of o1 odil q:=gj; € Gs.

2
q
k /%21

oqqll

This is not of finite type by [H, Lemma 9(ii)].

® qjj = —qkj%k € G3, Grqrjqjk = ki@ = 1: now the diagram is
—q —q
o4 o—4¢* ol | q:=q;j € Gs.
R %qfl
qull

First q; = 4q° because there are no 4-cycles, and second Qg4 # 1
so qu = —q®. Transforming the diagram by the symmetry at vertex
4, it is Weyl equivalent to

q
o1

qu
o ?

whose associated Nichols algebra is not finite-dimensional, a contra-
diction.

In all the cases we obtain a contradiction, so w = 0. [l

We are now able to prove the main results of this Section: Theorems 2.5
and 2.7.

Theorem 2.5. Let S = &,>05(n) be a finite-dimensional graded Hopf al-
gebra in ]ﬁ;FyD, I a finite abelian group, such that S(0) = k1. Fiz a basis
T1,...,x9 of V i= S(1), with z; € S(1)5! for some g; €T and x; € I, and
call g;j := x;(9i). Assume that

o S is generated as an algebra by S(0) & S(1), and

e V is a standard braided vector space.

Then S = B(V).

Proof. The canonical surjection T(V) — B(V) = T(V)/I(V) induces a
surjection
m:S8 = B(V),
of braided graded Hopf algebras, so we can consider S = T'(V')/I, for some
graded braided Hopf ideal I of T'(V'), generated in degree > 2, I C I(V).
Suppose that I(V) 2 I. Then at least one generator of I(V) as in Theo-
rem 1.1 is not in /. Consider a generator x € I(V') \ I of minimal degree k.
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Then

A(x)zx®1+1®x+zn:bj®cj ceIV)eT(V)+T(V)®I(V),
j=1

for some homogeneous elements b;,c; € @,’f;ll TH(V), satisfying deg(b;) +
deg(cj) = k. We can consider for each j that b; € I(V) or ¢; € I(V). If
bj € I(V), then it is a linear combination of elements ayb, with a,b € T'(V)
and y a generator of I(V), and as

deg(y) = deg(x) — deg(a) — deg(b) — deg(c;) < deg(x) =k,

we have y € I. Therefore b; € I. The same holds if ¢; € I(V). In
consequence, X is primitive in S, because 7 is a morphism of braided Hopf
algebras.

By Proposition 2.1 and Lemmata 2.2, 2.3 and 2.4, we have x = a:éVa for
some o € A, or there exist j # k € {1,...,0} such that mj, = 3, my; =1,
(1- q;-lj)(l + qrx) = 0, ( qjj‘ djk ) is a standard braiding of type G2 and

qk; dkk
x = [u]¢, see 1.2.2, where

3 3. .2 2 2. .2
ue{xjxka:jxk, T{TRT[ T, T TRTjTRT Tk, ;rjmkxjmka:jxk}.

Call gx € T, xx € I’ the associated elements. We discard easily the case
x = xNe | because in such case

Xx(9x) = qé\fg =4
(ord(ga) = Nq) and S is finite-dimensional.

Suppose x = [u].. Call ;1 = xj, 712 = Xk, 13 = Xx; b1 = g5, ha = gk,
hs = gx. As in the proof of previous Lemmata, the braiding corresponding
to the matrix (Qrs = 1s(hr))i1<rs<s appears in Heckenberger’s list. The
possible diagrams for the vertices j, k are

* ¢ o<37C€G4;
o of ——o1,(EGg
d 04240477C€GBQ
S
[ ] oC (e] 1,C€Gg,
¢t .
[ ] oC [e) 1,(6@8.

With three exceptions we conclude all of possible pairs of braidings and u
give diagrams not in Heckenberger’s list because ()33 = 1 or

Q12021 # 1, Q13Q31 # 1 and Q23032 # 1

and thus it is a triangle but H1§T<S§3 QrsQsr # 1.
The remaining cases are:
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(1) of ——o¢,  u=aualn,
-1
(2) of oL, U= :L‘?."L‘kl‘jl’k,
-1
(3) of o1, U = TITRTTRT Ty,
and corresponding diagrams of (Q,s) are:
(1) of — o8 —S o3,
2
-1
(2) o¢* ¢ oS ol
¢® -1
(3) of of — o1,
but they are Cartan braidings associated to non-finite Cartan matrices,
which is a contradiction. O

Remark 2.6. Note that in the proof of Theorem 2.5 we do not use the fact
that the braiding is realized over an abelian group but only that it is a

diagonal braiding of standard type. Thus, the conclusion of theorem still
holds for S € g)}D with this braiding and H any Hopf algebra.

The following Theorem is in agreement with Conjecture [AS2, Conj. 1.4].
As braidings of standard type properly include those of finite Cartan type,
this result extends [AS4, Thm. 5.5].

Theorem 2.7. Let H be a finite-dimensional pointed Hopf algebra over an
abelian group I' such that its infinitesimal braiding is of standard type. Then
H is generated by its group-like and skew-primitive elements.

Proof. Let gr H = R#KI', V = R(1). Then H is generated by its group-like
and skew-primitive elements if and only if R is the Nichols algebra B(V).
Let S be the graded dual R* in LYD. Notice that S(1) = R(1)* has the
same braiding as R(1). By [AS2, Lem. 5.5] it is enough to show that S is a
Nichols algebra. This follows by Theorem 2.5. (]

3. LIFTINGS OF THE QUANTUM SERRE RELATIONS

Let 5 a finite dimensional Nichols algebra of standard type, with braiding
(gij)1<ij<o, 0 the rank of ®B. Let H be a pointed Hopf algebra over an abelian
group I' such that gr H = B#kI[. In this Section we show that quantum
Serre relations in B are lifted in H as elements in kI'. We include this result
in this work since its proof heavily resembles the one of Proposition 2.1.
Moreover, we distinguish those cases in which these relations can only be
lifted as zero.

Let m;; be as in 1.2.3. For 1 <17 # j <6, set

Xij = @m”HXj, Gij = g;nu—i_lgj'
Lemma 3.1. Let 1 <i # j < 0. Assume q;mjJrl £ 1. Then

(18) (Xij» 9i5) # (Xt 1), V1<1<0.
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Proof. Assume there exists [ such that (18) holds. Then it follows as in the
proof of Proposition 2.1 that either [ =i or [ = j, since otherwise we would
get a subdiagram of the diagram D related to the braiding which would not
be of finite type.

Now, I # j, since otherwise x;;(9:j) = q; gt

Zij+1 # 1. But if [ = i, we would have

aj; = x;(95) = ¢jj and

0% = xi(9:)* = xilgi)vii(9) = a7 PV ajias = 7,

since, as (gi;) is of standard type and qZLin #1, q;, 7 qijq;i = 1. Therefore,
by definition of m;;, we have m;; = 0. In this case, ¢;; = xi(9:) = xi(9i5) =
iiqjj, @ contradiction. O

Let a; € P{(lgz(H) such that a; is mapped to x; € B via Ay - A /Ay =
B(1). In particular, it follows that ad(a;)™ii*!(a;) € Py (H).

If 1 <i# j <0, denote by D;; the subdiagram of D with vertices i, j
and by Q;; the corresponding submatrix of (g)1<k,i<6-
Proposition 3.2. Let H,a; as above, 1 < i # j < 0. Assume qZ.l“H £ 1.
Then there exists A € k such that

ad(a;)™+ (a5) = M1 - g, " gy).

Moreover, \ can be non-zero only in the following cases:
(1) my; =3 and

—3

(i) Dij = ©°q 1 0q3,q€G7aninj:<g )
1
1

, € €Gs and Qi :(gj)

(i) Dij = ©¢
(2) mi; = 2 and

2
(i) Dij = ©q ! °¢2 ,q€Gs and Qi = (gg)

(R ., q € Gg and Q;j :( )

(i) Dij = g

(3) mi; =1 implies

(i) Dij = ©4m =

o , q € Gomy1 and Q5 = <qmg>
°©-1,q€ Gy and Q;; = (g ),
)

—1
-1
o Gs, and Q;j = ( ¢
556 3, an ng —£¢

(ii) Dij = ©°q
_571

(111) Di]’ = 0O—¢

—1

(iv) Dy = 0 —— ¢, g € G and Qi = (45
(4) m;; = 0 implies
(i) D;j = ©q Oqfl,qeGN,N>1aninj:(ggj>.

Proof. By [AS1, Lemma 5.4] we know that Py ,(H) = k(1 — g) and that
if x # € then 'P; (H) # 0 if and only if there is 1 <1 < 0 such that
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(9ij. Xij) = (91, x1). As ad(a;)™i7 1 (a;) € Py? (H) then the first part of the
Proposition follows from Lemma 3.1. For the second part, as A can be chosen
# 0 only when szij +1Xj = ¢, the Proposition follows by evaluating x;; in
. mi;+1 m;j+1

g; and g; to determine when ¢;;" " g;; = qj; J
that g, gijq;; = 1. We fully develop the case m;; = 3 as an example. As
Z-”j i # 1 must hold, two cases are left, namely those corresponding to
the diagrams in (1)(i) and (ii) of the Proposition. Let (gij)1<ij<o be the
braiding. In the first case, we have ¢;; = ¢, ¢qj; = ¢® and qijqji = ¢~3. Then

gj; = 1, taking into account

Xixi(9i) = d*aij,  Xixi(95) = 4ia”.
Then, if x;; = €, we have 1 = q4qijq;-1iq3 = q4q§-’i and 1 = q;*iq3 = qjiq_l.
Therefore, ¢;; = q, q7 =1, qj= q’4 = q3.
In the second case, we have ¢;; = &, q;; = —1, ¢ijq;; = €73, ¢ € Gg. Then,
if fij =€ 1= f4qij = —q;-ii. Then gij = —1 and qji = —5_3 =¢. [l
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