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ON NONDIAGONAL FINITE QUASI-QUANTUM GROUPS
OVER FINITE ABELIAN GROUPS'

HUA-LIN HUANG, YUPING YANG*, AND YINHUO ZHANG

Dedicated to Professor Shaoxue Liu on the occasion of his 90th birthday

ABSTRACT. In this paper, we initiate the study of nondiagonal finite quasi-quantum
groups over finite abelian groups. We mainly study the Nichols algebras in the
twisted Yetter-Drinfeld module category ¥&YD® with ® a nonabelian 3-cocycle
on a finite abelian group G. A complete clarification is obtained for the Nichols
algebra B(V) in case V is a simple twisted Yetter-Drinfeld module of nondiagonal
type. This is also applied to provide a complete classification of finite-dimensional
coradically graded pointed coquasi-Hopf algebras over abelian groups of odd order
and confirm partially the generation conjecture of pointed finite tensor categories
due to Etingof, Gelaki, Nikshych and Ostrik.

1. INTRODUCTION

This is a further contribution to the classification problem of finite quasi-quantum
groups and pointed finite tensor categories over finite abelian groups beyond some
previous works [10, 11] by the first two authors jointly with Liu and Ye. Throughout,
we work over an algebraically closed field k of characteristic zero. Unless stated
otherwise, in this paper all spaces, maps, (co)algebras, (co)modules, and categories,
etc., are over k.

The theory of finite tensor categories started at [6]. In their pioneering work [4],
Etingof and Gelaki proposed to classify pointed finite tensor categories which are
nonsemisimple. Via the Tannakian formalism [5], pointed finite tensor categories are
naturally related to finite quasi-quantum groups, i.e. quasi-Hopf and coquasi-Hopf
algebras. This theory of pointed finite tensor categories is a natural generalization
of the deep and beautiful theory of finite-dimensional pointed Hopf algebras. It has
attracted much interest in recent years. Systems of new examples and pointed finite
tensor categories and the related finite quasi-quantum groups have been obtained.

In [10, 11], finite quasi-quantum groups of diagonal type are classified. A key observa-
tion is that the study of such algebras can be transformed to that of finite-dimensional
pointed Hopf algebras over abelian groups. The latter has been successfully developed
and featured with many powerful tools such as Nichols algebras, Weyl groupoids, and
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arithmetic root systems, see e.g. [2, 3, 7, 8]. In this paper, we initiate the investi-
gation of finite quasi-quantum groups of nondiagonal type. In the following we use
some concrete notations to provide more explicit explanations.

Once and for all, let G be a finite abelian group and ® be a 3-cocycle on G. A complete
understanding of the Nichols algebras in the twisted Yetter-Drinfeld module category
%g)ﬂD‘b is the crux for the classification of finite-dimensional pointed coquasi-Hopf
algebras. A twisted Yetter-Drinfeld module V € ﬁg)ﬂ)q’ is said to be of diagonal
type, if it is a direct sum of 1-dimensional twisted Yetter-Drinfeld modules. The
associated Nichols algebra B(V) and the coquasi-Hopf algebra B(V)#kG are called
diagonal if V' is so. It is shown in [11] that, all V' € ﬁg)ﬂ)‘l’ are diagonal if and only
if the 3-cocycle ® is abelian, and if and only if there exists a bigger finite abelian
group G with canonical projection 7 : G — G such that 7*(®) is a 3-coboundary on
G. If this is the case, then the diagonal Nichols algebras in ﬁg)ﬂ)q’ can essentially be
reduced to those in K%yD”*(q)), and thus in ﬁg)ﬂ? as 7*(®) is a 3-coboundary. So to
go further beyond [11], we shall consider the case with ® nonabelian and V' € ﬁg)ﬂ)‘b
nondiagonal.

To this end, in principle we need to develop a theory for the Nichols algebras of
semisimple twisted Yetter-Drinfeld modules. The Hopf version of such a theory was
developed in [1, 9]. However, at present it seems not easy to extend this theory to
the quasi-Hopf case directly. As a trial step, firstly we study the Nichols algebras of
semisimple twisted Yetter-Drinfeld modules with few summands. It turns out that
if the number of summands is less than or equal to 2, then we are able to make a
connection from this to the diagonal case. The main idea is to consider the support
groups of such easy Yetter-Drinfeld modules and carry out the base group change as
in our previous works [10, 11]. More precisely, if V' € ﬁg)ﬂ)‘i’ is nondiagonal and has
at most 2 simple summands, then its support group Gy is either a cyclic group or the
direct product of two cyclic groups. Moreover, the Nichols algebra B(V') € ]ﬁgyD@
is essentially nothing other than B(V') € ﬁgg YD2lev | In this situation, all 3-cocycles
on Gy are abelian and then [10, 11] can be applied.

Our first main result is a complete clarification of the Nichols algebra B(V') when
V is a simple twisted Yetter-Drinfeld module of nondiagonal type. In particular, we
provide an explicit necessary and sufficient condition on V for B(V') to be finite-
dimensional. The same idea and process can be applied to B(V') when V is a direct
sum of 2 simple twisted Yetter-Drinfeld modules. As this will not provide more in-
sights for our ultimate aim, we do not include a detailed discussion of this case.
Instead, we present several simple examples to offer the reader some flavor. Surpris-
ingly, the result on B(V') with V' simple is already enough for us to achieve half of our
final aim. Our second main result is a complete classification of finite-dimensional
coradically graded pointed coquasi-Hopf algebras over abelian groups of odd order.
The key observation is that B(V) € X6YD?® is infinite-dimensional for any simple
nondiagonal twisted Yetter-Drinfeld module V if the order of G is odd. As an appli-
cation, we also prove that any pointed finite tensor category over an abelian group
of odd order is tensor generated by objects of length 2, which partially confirms the
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generation conjecture [5, Conjecture 5.11.10.] of pointed finite tensor categories due
to Etingof, Gelaki, Nikshych and Ostrik.

The paper is organized as follows. Section 2 is devoted to some preliminaries. In
Section 3, we consider mainly the Nichols algebras in %‘{gqu) with ® nonabelian. A
full description of the Nichols algebra of a simple nondiagonal twisted Yetter-Drinfeld
module is obtained. This is applied in Section 4 to the generation problem and a
complete classification of finite-dimensional pointed coquasi-Hopf algebras over finite
abelian groups of odd order. Finally, in Section 5 we provide some further examples
and problems of finite-dimensional pointed coquasi-Hopf algebras over finite abelian
groups of even order.

2. PRELIMINARIES

In this section, we recall some necessary notions and basic facts on pointed finite
tensor categories, pointed coquasi-Hopf algebras, twisted Yetter-Drinfeld modules,
Nichols algebras, and arithmetic root systems. The reader is referred to [5, 10, 11]
for any unexplained concepts and notations.

2.1. Pointed finite tensor categories and coquasi-Hopf algebras. A finite ten-
sor category is called pointed if every simple object is invertible. According to [6],
every pointed finite tensor category is tensor equivalent to the category of comodules
of a finite-dimensional pointed coquasi-Hopf algebras.

Recall that a coquasi-Hopf algebra is a coalgebra (M, A, ¢) equipped with a compat-
ible quasi-algebra structure and a quasi-antipode. Namely, there exist two coalgebra
homomorphisms

m: MM -—M, a®b—ab and p:k — M, A— Al

a convolution-invertible map ® : M® — k called associator, a coalgebra antimor-
phism S : M — M and two functions «, 8 : M — k such that for all a,b,c,d € M
the following equalities hold:
ay(bycy)®(ag, be, co) = ®(ay, by, c1)(azbz)ca,
Iyva = a = alyg,
®(ay, by, c1dr)P(agbs, ca,do) = ®(by, c1,d1)P(ay, baca, d2)P(az, bs, c3),
®(a, 1y, b) = e(a)e(b).
S(ar)a(az)as = a(a)lm, a1f(a2)S(az) = B(a)lwm,

®(a1, S(az), as)B(az)a(as) = 2~1(S(a1), as, S(as))a(az)B(as) = £(a).

The triple (S, a, ) is called a quasi-antipode. M is called a pointed coquasi-Hopf

algebra if (M, A, ¢) is a pointed coalgebra, i.e., every simple comodule of M is 1-
dimensional.

Let C be a coalgebra, the coradical Cy of C' is the sum of all simple subcoalgebras
of C. Fix a coalgebra C with coradical Cjy, define C,, inductively as follows: for each



4 H.-L. HUANG, Y. YANG, AND Y. ZHANG

n > 1, define

Ch=A"HCRCp_1+CoxC).
Then we get a filtration Cy C Cy C ---C, C ---, which is called the coradical
filtration of C. A coquasi-Hopf algebra also has a coradical filtration since every
coquasi-Hopf algebra is a coalgebra.

Given a coquasi-Hopf algebra (M, A, e, m, u, ®, S, o, 8), let {My, },>0 be its coradical
filtration, and let

gr M = Mo & M1 /Mo @& Ma/M; @ -+,
the corresponding coradically graded coalgebra. Then naturally gr M inherits from
M a graded coquasi-Hopf algebra structure. The corresponding graded associator
gr ® satisfies gr ®(a, b, ¢) = 0 for all homogeneous a, b, ¢ € gr M unless they all lie in
Mg. Similar conditions hold for gra and gr 5. A coquasi-Hopf algebra M is called
coradically graded if M = gr(M) as coquasi-Hopf algebras.

Here is an example with some useful terms and notations for our later investigations.

Example 2.1. Let G be a group. Clearly the group algebra kG is a Hopf algebra
with A(g) = g®g, S(9) =g ' and e(g) = 1 for any g € G. Let w be a normalized
3-cocycle on G, i.e.

(2.1) wlef,g,h)w(e, f,gh) = wle, f,g)w(e, fg, h)w(f,g,h),
(2:2) w(f,1,9) =1

for all e, f,g,h € G. By linearly extending, w: (kG)®3 — k becomes a convolution-
invertible map. Define two linear functions o, B: kG — k by

1
a(g) :==e(g) and B(g) = (g0 L9)

forany g € G. Then kG together with these w, o and B makes a coquasi-Hopf algebra,
which will be written as (kG,w) in the following. By definition, the Gr-category Vecg,
is just the category of comodules of (kG,w).

It is well known that a pointed fusion category over k is equivalent to a Gr-category,
see [5] for details. The crux to determine all the pointed fusion categories is to give
a complete list of the representatives of the 3-cohomology classes in H?(G, k*) for all
groups G. However, when G is a finite abelian group, the problem is solved in [11],
and a list of the representatives of H3(G, k*) can be given as follows.

Let N denote the set of nonnegative integers, Z the ring of integers, and Z,, the cyclic
group of order m. Any finite abelian group G is of the form Z,,, x --- X Z,,, with
m; € N for 1 < j < n. Denote by A the set of all N-sequences

(23) (Clu <oy Cly 3 Cny C125 - - Cigy e oo, C—1ny C1235 - - -, Crsty - - - acn—2,n—1,n)

such that 0 < ¢ <my, 0 < ¢ < (my,my), 0 < crgp < (Mg, mg,my) for 1 <1 <n, 1<
1<j<mn, 1<r<s<t<n, where ¢;; and c.5 are ordered in the lexicographic
order of their indices. We denote by c the sequence (2.3) in the following. Let g; be
a generator of Z,,,1 <i <n. For any c € A, define

we: GxGxG— k"
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i1 in J1 j k1 k
(24) [gl gy 91 ”'ggznvgl gnn] =
n itk etk
[t [ ol [ oo
m mt (mp,ms,me)”
=1 1<s<t<n 1<r<s<t<n

Here and below (,;,, stands for an m-th primitive root of unity.

Proposition 2.2. [11, Proposition 3.8] {we | ¢ € A} forms a complete set of repre-
sentatives of the normalized 3-cocycles on G up to 3-cohomology.

2.2. Twisted Yetter-Drinfeld module categories. The Yetter-Drinfeld module
category gyp of a quasi-Hopf algebra H may be defined as the center Z(H-mod) of
its module category H-mod and it is braided tensor equivalent to the module category
of the quantum double D(H) of H, see [13, 14] for more details. The Yetter-Drinfeld
module category of a coquasi-Hopf algebra can be defined in a dual manner, see
[11, 12].

In this paper we are mainly concerned with the Yetter-Drinfeld module category of the
coquasi-Hopf algebra (kG, @) of a finite abelian group G and a normalized 3-cocycle
® on G for our purpose. To emphasize ¢, we denote the Yetter-Drinfeld category
of (kG,®) as Egjﬂ)q’, and the objects in it are called twisted Yetter-Drinfeld
modules. Define

(2 2(a,) = q)(g’i}i)j,(;)’y’g)

for all g,z,y € G. By direct computation one can show that 59 is a 2-cocycle on
G. The construction of category ﬁg)ﬂ)q’ can be summarized as follows, the detailed
computation can be found in [11, 12].

Proposition 2.3. A vector space V is an object in i‘g)ﬂ@q’ if and only if V = ©g4eaVy
with each Vy a projective G-representation with respect to the 2-cocycle ®4, namely

(2.6) e>(fro) :;ISg(e,f)(ef)Dv.
The tensor product V, @ V}, is determined by

(2.7) e>(XRY)=0(g,h)ep X ®e>Y, X eV, Y eV,

The associativity and the braiding constraints of i‘g)ﬂ)@ are given respectively by
(28) av. v, (X @Y)© 2) = (e, f,9) 7' X @ (Y © 2)

(2.9) RX®Y)=erY®X

foral X €V, Y €Vy, Z €V,

Remark 2.4. For a simple twisted Yetter-Drinfeld module V' in ﬁgqu’, there exists
some g € G such that V =V, and we define gy := g in this case. Recall that a 2-
cocycle ¢ on G is called symmetric if p(g,h) = @(h, g) for all h,g € G. By (2.6), it is
not hard to show that a simple Yetter-Drinfeld module V' with gy = g is 1-dimensional
if and only if ®4 is symmetric.
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From the representatives of 3-cocycles on abelian groups given in Proposition 2.2, one
can verify directly that

(2.10) $,B), = B, Vg,h € G.

The following proposition is fundamental and the proof follows from (2.7) and the
fact that S? = id.

Proposition 2.5. Suppose V; is (G, :I;g)-representation, Vi is a (G, &)h)-representation,
then Vy @ Vy, is a (G, ®gp)-representation. In particular, the dual object ViofVyisa
(G, &)g—l)-representation and (V)" =V,.

A 3-cocycle @ on G is called an abelian 3-cocycle if ﬁg)ﬂ)q’ is pointed, i.e. each
simple object of ﬁg)ﬂDq’ is 1-dimensional. Using the representatives of normalized
3-cocycles listed in Proposition 2.2, we can write out the representatives of abelian
3-cocycles of a finite abelian group.

Proposition 2.6. [11, Proposition 3.14] Suppose G = Zyy, X Ly X -+ X L, , €; S
a generator of Ly, for all1 <i <mn, and ® is an abelian 3-cocycle on G. Then up to
cohomology ® must be of the form

n 19tk  ristks

{ in LJ1 in ok kny _ il m ] cstit| ]

(2.11) O(el e eyt el el ey) = | ICZ | | Cmy ™ .
=1 1<s<t<n

An object V of ﬁg)ﬂ)q’ is said to be of diagonal type if V is a direct sum of 1-
dimensional objects. It is not hard to verify that each object of ﬁgypq) is of diagonal
type if and only if ® is an abelian 3-cocycle on G.

2.3. Quasi-version of bosonization. The study of pointed coquasi-Hopf algebras
may be reduced to that of Hopf algebras in twisted Yetter-Drinfeld categories. The
related notions of algebras and Hopf algebras in a braided tensor category can be
found in [13].

Assume that

M =P
1€N
is a coradically graded pointed coquasi-Hopf algebra over an abelian group G. So

My = (kG, @) for a 3-cocycle ® on G. Let m: M — My be the canonical projection.
Then M is a kG-bicomodule naturally via

0 = (mn®id)A, g := (idan)A.
Thus there is a G-bigrading on M, that is,

M = @ MM

g,heG
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where IM"? = {m € M | 6;,(m) = g @ m, dg(m) = m @ h}. Define the coinvariant
subalgebra of M by

R:={meM]| (idom)A(m)=m® 1}.
Then R = @®;>oR; is a coradically graded Hopf algebra in ﬁgypq’ such that Ry = k.

Conversely, let H = @®;>0H; be a coradically graded Hopf algebra in 83213@ such that
Hy=k. If X € H,, then we say that X has length n. Since H is a left G-comodule,
there is a G-grading on H:

H="H

zeG
where H = {X € H|6.(X) = 2 ® X }. Hence
i@ @ .
geG geG,neN

As a convention, homogeneous elements in H are denoted by capital letters, say
XY, Z,...,and the associated degrees are denoted by their lower cases, say =, vy, 2, . . . .
For any X € H, we write its comultiplication as

Ap(X) = X(l) & X(g)

Lemma 2.7. [12, Proposition 3.3] Keep the notations as above. We define a coquasi-
Hopf algebra on H @ kG as follows. The product is given by

O(xg,y,h)®(x,y,9)
O(z,9,y)@(vy,g,h)

and the coproduct is determined by

(2.12) (X®g)(Y ®h) =

X(geY)® gh,

(2.13) AX ®g) = ®(x1),2(2),9) " (X(1) ® 22)9) @ (X(2) @ g).

The quasi-antipode (S, o, B) is given by

(214)  S(X®g) = gl ) (1 ea g ) (Su(X) @),

=g g9~ 1)®(x,9,9~
(2.15) a(l®g)=1, a(X®g)=0,

(2.16) Bleg) =2(g,97,9)7", B(X®g) =0,

here g,h € G and X,Y are homogeneous elements of length > 1.

In the following, by H#kG we denote the resulting coquasi-Hopf algebra defined on
H ® kG.

Lemma 2.8. [12, Proposition 3.4] Let M be a coradically graded pointed coquasi-Hopf
algebra over abelian group G and R the coinvariant subalgebra of M. Then we have
R#kG = M as coquasi-Hopf algebras.
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2.4. Nichols algebras and arithmetic root systems. Nichols algebras are the
analogue of the usual symmetric algebras in more general braided tensor categories.
Here for our purpose we only give the definition of a Nichols algebra in twisted Yetter-
Drinfeld module categories ﬁg)ﬂ)q’.

Let V be a nonzero object in i‘g)ﬂ)‘b. By T (V) we denote the tensor algebra in
%g)ﬂ@q) generated freely by V. It is clear that Tp(V) is isomorphic to €B,,5 yer
as a linear space, where VE7 means (- (VeV)®V)---®V). This induces a
~——
n—1

natural N-graded structure on T (V). Define a comultiplication on Te (V') by A(X) =
X®14+1®X, VX € V, a counit by ¢(X) = 0, and an antipode by S(X) = —X. These
provide a graded Hopf algebra structure on T (V) in the braided tensor category
KyDr.

Definition 2.9. The Nichols algebra B(V') of V is defined to be the quotient Hopf al-

gebra Te(V) /1 in ﬁg)ﬂ?‘b, where I is the unique mazrimal graded Hopf ideal generated
by homogeneous elements of degree greater than or equal to 2.

A Nichols algebra B(V) is called of diagonal type if V is a twisted Yetter-Drinfeld
module of diagonal type. When @ is an abelian 3-cocycle on G, any Nichols algebra
in %gyl)q’ is of diagonal type. In the classification of finite-dimensional pointed Hopf
algebras, one is mainly concerned with Nichols algebras in %ﬁg)ﬂ)q’ with @ trivial.
Such a Yetter-Drinfeld module category is often written in the form Kgyl). The
Nichols algebras in ﬁg)ﬂ) are called usual Nichols algebras in order to distinguish
from those in ]}ﬁgyp‘b with ® nontrivial.

Arithmetic root systems are invariants of usual Nichols algebras of diagonal type with
certain finiteness property. A complete classification of arithmetic root systems was
given in [8] by Heckenberger. In [10, 11] arithmetic root systems are applied to classify
finite-dimensional pointed coquasi-Hopf algebras of diagonal type.

Suppose B(V') is a usual Nichols algebra of diagonal type in %{‘g)}D. Then there is a
basis {X;|1 < i < n} of V called canonical basis such that kX; is a simple Yetter-
Drinfeld module for each 1 < i < n. Suppose 61(X;) = h; @ X;,1 < i < n. The
structure constants of B(V) are {¢;;|1 < i,j < n} such that h; > X; = ¢;;X;. Let
E = {eil]l < i < n} be a canonical basis of Z", and x be a bicharacter of Z"
determined by x(e;, €;) = g;j. As defined in [7, Sec.3], AT(B(V)) is the set of degrees
of the (restricted) Poincare-Birkhoff-Witt generators counted with multiplicities and
A(B(V)) == AT(B(V))U—-A"(B(V)), which is called the root system of B(V).
Moreover, the triple (A = A(B(V)),x, E) is called an arithmetic root system of
B(V) if the corresponding Weyl groupoid W, g is full and finite (see [8, Sec.2,3]). In
this case, we denote this arithmetic root system by A(B(V))y g for brevity. If there
is another arithmetic root system A,/ g/, and an isomorphism 7 : Z"™ — Z" such that

T(E)=E', X'(7(e),7(e)) = x(e,e),
X' (T(£), 7(9)x' (7(9), 7(f)) = x(f, 9)x(g, f)

for all e, f, g € Z", then we say that A, g and A,/ g/ are twist equivalent.
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A generalized Dynkin diagram is an invariant of arithmetic root systems, and it can
determine arithmetic root systems up to twist equivalence.

Definition 2.10. The generalized Dynkin diagram of an arithmetic root system Ay g
is a nondirected graph D, g with the following properties:

1) There is a bijective map ¢ from I ={1,2,...,n} to the set of vertices of Dy .

2) For all 1 < i < n, the vertex ¢(i) is labelled by g;;.

3) For all 1 <i,j < n, the number n;; of edges between ¢(i) and ¢(j) is either
0 orl. Ifi=j orqjq; =1 then n;; = 0, otherwise n;; = 1 and the edge is
labelled by qi; = qijqji for all1 <i < j <mn.

An arithmetic root system A, g is called connected if and only if the corresponding
generalized Dynkin diagram D, g is connected. All the generalized Dynkin diagrams
of connected arithmetic root systems are listed in [8].

3. NICHOLS ALGEBRAS IN TWISTED YETTER-DRINFELD CATEGORIES

In this section, we focus on the Nichols algebras in twisted Yetter-Drinfeld module
categories %ﬁg)ﬂ)é with ® nonabelian. With a help of [11], an explicit description of
the finite-dimensional Nichols algebra of a simple nondiagonal twisted Yetter-Drinfeld
module is obtained.

3.1. Some basic facts on Nichols algebras. It is known that there is an N-graded
structure on B(V'). We will show that there is actually a Z!-graded structure on B(V))
for V = @ézl‘/; € ﬁg)ﬂ?@, where the V;’s are simple. Let {e; : 1 < ¢ <[} be a set
of free generators of Z!. Then we have the following proposition, which in fact is a
generalization of [11, Proposition 4.2].

Proposition 3.1. There is a Z'-grading on the Nichols algebra B(V) € %‘{g)}D@ by
setting deg V; = e;.

Proof. Obviously, there is a Z!-grading on the tensor algebra Tp(V) € X6YD? by
assigning deg V; = e;, that is deg(X) = e; for all X € V;, 1 < i < [. Since A(X) =
X®1+1®X forall X € V, and A is a multiplicative, i.e., A(YZ) = A(Y)A(Z) for
all Y, Z € Ts(V). So the comultiplication A of Tp(V) preserves the Z!-grading. Let
I = ®;>11; be the maximal graded Hopf ideal generated by N-homogeneous elements
of degree greater than or equal to 2. To prove that B(V) is Z!-graded, it suffices to
prove that I is Z!-graded. This will be done by induction on the N-degree.

Since I = @;>11; is generated by N-homogeneous elements of degree greater than or
equal to 2, it is obvious that I; = 0. Hence I; is Z'-graded.

Now suppose that I* := Pr<i<il; is Z'-graded. We shall prove that T¥+1 = Pi<i<kt+11i
is also Z!-graded. Let X € Iy;; and X = X' + X2 4 ... + X", with each X being
Z!-homogenous and X' and X7 having different Z!-degrees if i # j. Write A(X?) =
X@1+1®0 X + (X1 ® (XY, Since A(X) = X®1+1® X + (X)1 ® (X)a, where
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(X)1®(X)g € To(V)RIF+TF2Ts(V), ie., (X )1@(XH)g € To(V)RIF4+TF2Ts (V).
According to the inductive assumption, Tp (V)@ I* 4+ I* @ Ty (V) is a Z!-graded space.
So each (X?); ® (X%)g € To(V) @ I* + I* @ Tp (V) as A preserves Z!-degrees. If there
was an X' ¢ I 1, then I + (X?) is a Hopf ideal properly containing I, which con-
tradicts to the maximality of I. It follows that Xt e Ipyp for all 1 <4 < n and
hence I¥*1 is also Z!-graded by the assumption on X. This completes the proof of the
proposition. O

If B(V) is a Nichols algebra in X&YD®, we say that G is the base group of B(V).
From Definition 2.9 we know that a Nichols algebra depends on both the base group
G and the 3-cocycle ®. But sometimes we are only concerned about the braided Hopf
algebra structure of a Nichols algebra. Hence we need to omit or change the base
group of the Nichols algebra in the sense of the following definition.

Definition 3.2. Let B(V) and B(U) be Nichols algebras in ¥GYD® and kHyDY
respectively with dimV = dimU = [. We say that B(V) is isomorphic to B(U)
if there is a Z!'-graded linear isomorphism F : B(V) — B(U) which preserves the
multiplication and comultiplication.

Definition 3.3. Let V = @7 |V € %;gyp‘b be a Yetter-Drinfeld module, where
Vi (1 <1 < n) are simple Yetter-Drinfeld modules. Let g; be the corresponding
degree of V;. Then we call the subgroup G' = (g1, , gn), generated by g1, . .., gn, the
support group of V', which is denoted by Gy .

Lemma 3.4. [11, Lemma 4.4] Suppose V € ¥6YD?® and U € XLYyDY | where H is a
finite abelian group. Let G|y and H|y be the support groups of V- and U respectively.
If there is a linear isomorphism F : V. — U and a group epimorphism f : G|y — H|y
such that:

(3.1) doF =(f®F)od,
(3:2) F(grv) = f(g)> F(v),
(3.3) ®lgp, = Y,

for any g € G|y, v € V. Then B(V) is isomorphic to B(U).

Corollary 3.5. Let B(V) be a Nichols algebra in X6YD®, H = Gy and ¥ = ®|q,,.
Then there is a Yetter-Drinfeld module U in ¥2YDY such that B(V) = B(U).

Proof. Let U =V as linear space with module and comodule structures inherited from
those of V. Then U is a Yetter-Drinfeld module in Iﬁig)}D‘I’, and B(V) is isomorphic
to B(U) by Lemma 3.4. O

Next we will introduce the twist of a Nichols algebra. Let (V,>,dr) € ﬁgjﬂ)q’, and
let J be a 2-cochain of G. Then we can define a new action > of G on V by

J(g,z)

(3.4) grg X = T(.9)°




NONDIAGONAL FINITE QUASI-QUANTUM GROUPS 11

for X € V and g € G. We denote (V,>;,01) by V7, and by definition we have
V7 e %;gyDM(J). Moreover there is a tensor equivalence (Fj, o, p2) : %‘{gqu) —
ﬁgyzﬂ*@(ﬂ which takes V to V7 and

w(UV):(UV) U V!, YRZ— Jy,2)7 'Y ®Z
forYeU, ZeV.

Let B(V) be a usual Nichols algebra in ¥4YD. Then it is clear that B(V)” is a Hopf
algebra in ]}ggyp&f with multiplication o determined by
(3.5) XoY =J(z,y)XY

for all homogenous elements X,Y € B(V), here x = deg X, y = degY are the
associated G-degrees as defined in Subsection 2.3. Using the same terminology as for
coquasi-Hopf algebras , we call B(V) and B(V)” twist equivalent. The following fact
is obvious.

Lemma 3.6. [11, Lemma 2.12] The twisting B(V)”? of B(V) is a Nichols algebra in
XGyD97 and B(V)! = B(VY).

3.2. Nichols algebras of diagonal type. In general, there are both Nichols alge-
bras of diagonal type and of nondiagonal type in ﬁg)ﬂ)@ if ® is nonabelian. Recall
that for a simple twisted Yetter-Drinfeld module V in ﬁgyp‘ﬁ, there exists a g € G
such that §7(X) =g ® X for all X € V and in this case we write gy := g.

Example 3.7. Let G = (g1) X (g2) X (93) X (94) = Zm, X Ly X Lopg X Ly, such that
milm; if 1 <i < j <4, ® a3-cocycle on G given by

(3.6) D(gi - gt gl - gi gl - gt = G,

Let U and V' be two simple twisted Yetter-Drinfeld modules in %‘{g)}D@ such that
gu = g1, gv = ga. Then @4, is not symmetric since P4 (g2, 93) # Py, (93, 92), and

&, is symmetric. Hence by Remark 2.4, U is of nondiagonal type, while V is of
diagonal type.

The following lemma says that the study of Nichols algebras of diagonal type can
always be reduced to those in a suitable twisted Yetter-Drinfeld module category
ﬁg)ﬂD‘I’ such that ¥ is an abelian 3-cocycle on H.

Lemma 3.8. [11, Lemma 4.1] Let B(V) be a Nichols algebras of diagonal type in
%g)ﬂ)q}. Then ®|q,, is an abelian 3-cocycle on Gy .

Suppose G = Zpy, X+ X Ly, = (81) X - (8n) and G = Zyy, X -+ X Ly, =
(g1) x -+ (gn) where m; = m? for 1 <i < n. Let

(3.7) 7m: kG > kG, g g, 1<i<n

be the canonical epimorphism. Then we have

Proposition 3.9. [11, Proposition 3.15] Suppose that ® is an abelian 3-cocycle on
G. Then 7*(®) is a 3-coboundary on G.
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Let 61, and > be the comodule and the module structure maps of V' € ﬁg)ﬂ)q’. Define
pr: V-okG®V, pr=(®id)dL
> kGV -V, geZ=n(g)prZ

for all g € G and Z € V. Then the following observation is immediate.

Lemma 3.10. Defined in this way, (V, pr,»), denoted simply by V in the following,
is an object in %ﬁ%)ﬂ)ﬁ(@).

Proposition 3.11. For any Nichols algebra B(V) € ﬁgy@‘b, the Nichols algebra
B(V) e i‘%yl)”*(q)) is isomorphic to B(V'). Moreover, if ® is an abelian 3-cocycle on
G, then B(V) is twist equivalent to a usual Nichols algebra in %‘(g)}D.

Proof. The first statement is a direct consequence of Lemma 3.4. For the second, just
note that 7*(®) is a 3-coboundary on G by Proposition 3.9. So there is a 2-cochain
J on @G such that 8J = 7*(®). Therefore, B(V)? ' =~ B(V7 ') is a Nichols algebra
in ﬁ%yp according to Lemma 3.6. O

Thanks to the preceding proposition, each Nichols algebra of diagonal type B(V') in
ﬁgypq’ is twist equivalent to an ordinary Nichols algebra of diagonal type, thus has
a PBW-type basis as well. So we can define root systems for Nichols algebras of
diagonal type in ﬁgyp‘?

Definition 3.12. Suppose B(V') is a rank n Nichols algebra of diagonal type in
%gqu). Let AT(B(V)) be the set of Z"-degrees of the Poincare-Birkhoff- Witt genera-
tors counted with multiplicities and let A(B(V)) := AT (B(V)) U —-AT(B(V)), which
is called the root system of B(V').

It is obvious that if B(V) is twist equivalent to an ordinary Nichols algebra B(V"),
then A(B(V)) = A(B(V’)) since the twisting does not change the Z"-degrees of PBW
generators.

Proposition 3.13. Let B(V) be a Nichols algebra of diagonal type in %;gyz)q’, {X;|1 <
i < n} a canonical basis of V, 61(X;) = g: ® X;,1 <1 < n. Let (gij)nxn be the struc-
ture constants of V., i.e. g;i>X; = ¢;;X;, 1 <i4,j <n. Let E = {e1, - ,en} bea
basis of Z", x a bicharacter on Z™ such that

x(eiej) = qij, 1<i,j<n
Then A(B(V)) is finite if and only if A(B(V))y,g is an arithmetic root system.

Proof. If A(B(V))y,E is an arithmetic root system, then clearly A(B(V)) is finite.

Now suppose that A(B(V)) is finite. Since B(V) is of diagonal type, it is harmless to
assume that @ is an abelian 3-cocycle on GG by Lemma 3.8. According to Proposition
3.11, there is a 2-cochain J on G such that B(V)’/ = B(V”/) is an ordinary Nichols
algebra. Let V! =V, {gi;} the structure constants of V’, " a bicharacter of Z" such
that

X,(eivej) = qijv 1< Za] <n.
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Hence A(B(V')),E is an arithmetic root system since B(V') is an ordinary Nichols
algebra of diagonal type and A(B(V’)) is finite. On the other hand, we have ¢, =
Giis 9395 = €ij%5i> 1 < 4,5 <n by (3.4). So A(B(V'))y,e = A(B(V))y,E is an arith-
metic root system twist equivalent to A(B(V’)),s g. This implies that A(B(V))y.E
is an arithmetic root system. U

Let R = ®;>0R][i] be a coradically graded Hopf algebra in ﬁg)ﬂ)‘b. We call R con-
nected if R[0] = k1. The following proposition is very important for our further
investigation.

Proposition 3.14. Suppose that R = @;>oR[i] is a finite-dimensional connected
coradically graded Hopf algebra in %;gyp‘b such that <I>|GR[1] is an abelian 3-cocycle on
Grpy- Then R = B(RI[1]) is a Nichols algebra.

Proof. Since R is coradically graded, we have Gg1) = Ggr. Let H = Grand ¥ = D|p.
It is obvious that R is also a connected coradically graded Hopf algebra in ﬁgyp‘l“.

Since ¥ is an abelian 3-cocycle on H, we have R = B(R[1]) by [11, Proposition
5.1]. O

3.3. The Nichols algebras of simple twisted Yetter-Drinfeld modules. In
this subsection we focus on the Nichols algebras of nondiagonal Yetter-Drinfeld mod-
ules. Note that if ® is an abelian 3-cocycle on G, then each object of i‘g)ﬂ)é is of
diagonal type. So nondiagonal Yetter-Drinfeld modules appear in %;gyp‘b only if ® is
nonabelian. The following proposition is an immediate consequence of Propositions
2.2 and 2.6.

Proposition 3.15. Suppose that G is a cyclic group Z,, or a direct product of two
cyclic groups, say Ly, X Lm,, then all the 3-cocycles on G are abelian.

Proposition 3.16. Let G be a finite abelian group, ® a 3-cocycle on G. Suppose that
B(V) is a Nichols algebra in ﬁgyp(b, where V' is a simple Yetter-Drinfeld module,
or a direct sum of two simple Yetter-Drinfeld modules. Then B(V') is isomorphic to
a Nichols algebra of diagonal type B(V') in XEYDY where H = Gy and ¥ = ®|y.

Proof. By Proposition 2.3, Gy is either a cyclic group, or of the form Z,, x Z,. Hence
V¥ is an abelian 3-cocycle of H by Proposition 3.15. According to Corollary 3.5, there
is a Nichols algebra B(V') in KLYDY such that B(V) = B(V’). Thus B(V) is of
diagonal type since W is an abelian 3-cocycle on H. g

According to this proposition, we can apply the theory of Nichols algebras of diagonal
type to study the Nichols algebras of simple twisted Yetter-Dinfeld modules, or of a
direct sum of two simple twisted Yetter-Drinfeld modules.

Definition 3.17. Let G be a finite group and o a 2-cocycle on G. An element g € G
is called an a-element if a(g, h) = a(h, g) for all h € G.
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Proposition 3.18. Let G be a finite abelian group, ® a 3-cocycle on G. Suppose
V is a simple Yetter-Drinfeld module of nondiagonal type in %;gyp‘b, gv = g. Then
B(V) is finite-dimensional if and only if V' is one of the following two cases:

(Cl) grv=—v forallveV;
(C2) dim(V) =2 and g>v = (3v for all v € V', here (3 is a 3-rd primitive root of
unity.

Proof. First of all, we study the simple Yetter-Drinfeld module V' by considering its
support group. According to Proposition 2.3, V' is a simple (G, ®,)-representation.
We claim that g>v = Av, Vv € V for some nonzero constant A\. Assume the order of
g is n. Then

n—1
ge (9o (- (gpv) ) = [ [ ®glg, 9", Vo eV,
N—— i1

n

So the action of g on V is diagonal. On the other hand, for each h € G, we have

= _ q)(g’gvh)@(gvhag) _ @(h,g,g)@(g,h,g) - &
y(g,h) = ®(g,9,h) B ®(h,g,9) = 29(h9)

Hence g is a E{q—element, and we have g (h>v) = &)g(g, h)gh>v = h> (g>v) for any

h € G and v € V. So the g-action on V' is a morphism of (G, ®,)-representations,
and the Schur’s Lemma guarantees g>v = Av, Vv € V for some nonzero constant A.

Let H = (g) and ¥ = ®|g. Then by Corollary 3.5, B(V) is isomorphic to a Nichols
algebra B(V') in ¥£YDY. Thus in the following it is enough to consider V' and B(V”)
instead. Let dim(V') = n. The structure constants (g;;) of V' are given by

gi; =\, 1<i,j<mn,

since g>v = Av, Yo € V'. Let E'= {e1,-- ,en} be a basis of Z", x a bicharacter on
Z"™ such that
x(eisej) =qij =X 1<4,j <n.

If the simple Yetter-Drinfeld module V, and so V', satisfies either (C1) or (C2), then
clearly B(V’), and so B(V), is finite-dimensional, see e.g. [8]. Now we prove the
converse. Suppose B(V”) is finite-dimensional. Then A must be a root of 1 and \ # 1,
since otherwise B(V’) is infinite-dimensional. By Proposition 3.13, A(B(V"))y.E is
an arithmetic root system. If A = —1, then we have ¢; = —1 and ¢;;q;; = 1 for all
1 <i# j < n. In this case, V' satisfies the condition C1 and so does V. Now assume
A # —1. Then the arithmetic root system associated to B(V’) is connected since
Qijq5i = A2 #£ 1 forall 1 <i# j < n. Hence the corresponding generalized Dynkin
diagram has n vertices which are all labelled by ), and there is an edge labelled by \?
between any two different vertices. By a careful check up on the generalized Dynkin
diagrams listed in [8, Table 1-Table 4], one can easily conclude that the generalized
Dynkin diagram of A(B(V’))y,r must be as follows:

(3 ¢t s
o——=O
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This forces A = (3 and n = 2. Thus V’, and so V, satisfies the condition C2. ]

In the following, we give two examples of simple Yetter-Drinfeld modules of nondiag-
onal type satisfying conditions C1 and C2 respectively. The associated nondiagonal
Nichols algebras are finite-dimensional.

Recall that, if ¢ is a 2-cocycle on an abelian group G, then a map p: G — GL(V) is
a (G, p)-representation if and only if

(3.8) p(1) =idy, p(g)p(h) = p(h)p(9), Vg.h € G.

Example 3.19. Let G = Zg X Za X Zy = {e1) % {(e2) x (e3), ® a 3-cocycle on G given
by

i1 02 J3 J1 J2 i3 k1 ka2 k3\ _ i3jok
P(efesey’, e e’es’, ertey’es’) = (—1)720

For a 2-dimensional k-vector space V' with a fized basis {X1, X2}, define p: G —
GL(V) by

=g 1) ste=(3 %) wer=(g %),
ples) = ( (1) é > pleres) = ( _01 (1) ) , pleres) = ( _01 _01 ) :
plezes) ( ) plereses) = ( o )

Then one can verify that p satisfies (3.8), hence (V,p) is a (G, ®e, )-representation.
According to Proposition 2.8, V is a simple Yetter-Drinfeld module in ﬁg)ﬂ?q’ such
that gy = e1 and e;>v = —v for allveV.

Example 3.20. Let G = Zg X Zg X Zg = {e1) X {e2) x (e3), ® a 3-cocycle on G given
by

i1 92 g3 J1.J2 i3 k1 ka2 k3\ __ i3j2k1
P(efes’es’, e’ ey’ey’, et er’es’) = (1) .

Let V' be a 2-dimensional k-vector space with a fixed basis. Define a map p: G —
GL(V), with respect to the fized basis of V, by

i1+19 i3
0 0 1
11 12 93\ __ [ 1)%213 3 L
et =0 (507 Ll ) (50)

Then one can verify that p satisfies (3.8), hence (V,p) is a (G, D, )-representation.
Since e, (e9,e3) = —1 £ O, (e3,e3) = 1, Be, is not symmetric. So all the simple
(G, <I>gl) representations have dimension > 2 by Remark 2.4. This implies that (V, p)
is a simple (G, 561) representation. By Proposition 2.8, V is a simple Yetter-Drinfeld
module in ]kgqu) such that gy =e1 and g1 >v = C3v for allv e V.
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4. FINITE QUASI-QUANTUM GROUPS OVER ABELIAN GROUPS OF ODD ORDER

In this section we provide a complete classification of finite-dimensional coradically
graded pointed coquasi-Hopf algebras over abelian groups of odd order. This is also
applied to the classification theory of pointed finite tensor categories. In particular,
we give a partial answer to the following

Conjecture 4.1. [5, Conjecture 5.11.10.] A pointed finite tensor category is tensor
generated by objects of length 2.

This conjecture is due to Etingof, Gelaki, Nikshych and Ostrik, hence will be called
EGNOQO'’s conjecture in the following. It is a natural generalization of the well known
Andruskiewitsch-Schneider conjecture [2, Conjecture 1.4]. Our main classification
result on finite-dimensional pointed coquasi-Hopf algebras will induce the following

Theorem 4.2. Suppose that C is a pointed finite tensor category with G(C) an abelian
group of odd order. Then C is tensor generated by objects of length 2.

4.1. Some preparations. In this subsection, we will give some important properties
of twisted Yetter-Drinfeld modules, and prove that each finite-dimensional Nichols
algebra in %‘{g)}D‘p must be of diagonal type if the order |G| of G is odd. We need the
following two propositions.

Proposition 4.3. Suppose that V' and W are two simple objects in %;gyp‘b such that
gv = gw. Then dim(V') = dim(W).

Proof. By C we denote the tensor category ﬁgypq’. Suppose gy = gw = ¢g. Then V. W
are (G, ®,)-representations. Let W* be the dual object of W, which is a (G, ®,4-1)-
representation. Hence V ® W* is an ordinary representation of G by Proposition 2.5.
Note that G is abelian, so simple G-representations are 1-dimensional. Therefore we
may take a 1-dimensional subobject of V@ W*, say K. It follows from

(4.1) 0 # Home (K, V @ W*) = Home (K @ W, V)

that dim(V) = dim(W) since V' and W are simple objects. O

Proposition 4.4. For each simple object V in X6YD®, we have dim(V) | |G|.

Proof. According to Proposition 2.3, V' is a simple Yetter-Drinfeld module in ﬁg)ﬂ)é
with gy = g if and only if V' is a simple (G, &Jg)—representation. By k[G] &, We denote
the twisted group algebra of G, i.e. the algebra with a basis {h|h € G} and product
determined by
foh=3,(f,h)fh, Vf heG.

Note that the representation category of k[G] %, is equivalent to the category of pro-
jective representations of G with respect to &39. Let {Vi[1 < i < m} be a set of
iso-classes of simple representations of ]k[G]&)q. By Proposition 4.3, all simple rep-

resentations of E{[G]&)q have the same dimension, which will be denoted by n. Since

]k[G]&)g is a semisimple algebra, we have mn2 = dim(]k[G]&)g) = |G|, hence n | |G|. O
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Now we will prove two technical lemmas, which are necessary for our next exploration.

Lemma 4.5. Suppose that {gi,92 - ,gm} C G generates G, and Cf)gi(gj,gk) =

Q. (9K, 95) for all 1 < 0,5,k < m. Then ® is an abelian 3-cocycle on G.

Proof. Suppose G = (e1) X -+ X (ey,) and m; = |e;| for 1 <i < n. By Proposition 2.2,
we can assume that @ is of the form (2.4). Let ® = UT', where ¥ and I" are 3-cocycles
on G given by

n . rJitkg . rjs+k
, L . crit] ] cstig[25772]
i1 7 J1 k1 kn\ my s m
(4.2) (el ey e et eftrey) = | | Gy [T ¢ ™
=1 1<s<t<n
B pin GI1 L pdn R gk crsthrjsit
(4.3) L(el' - e, et ---elr,ef en) = Clomemn )
1<r<s<t<n

Since V¥ is an abelian 3-cocycle on G, {IVIgi(gﬁgk) = (f/gi (gk,g;) for all 1 < i,j, k < n.
Thus @, (g5, 9k) = P, (gk, g;) implies

(4.4) Lg,(95: 9k) = L. (9> 95)

for 1 <i,j,k <m. From (4.3), it follows that
fef(.gah) = fe(g7h)ff(g>h)>
Fe(fg,h) = Fe(fa h)re(gv h)a
Fe(f,gh) = Fe(fag)re(fa h)

for all e, f,g,h € G. So (4.4) implies
Tf(g,h) =Ts(h,g), Vf,9,h € G,
since {g1, - gm} C G generates G. Hence ¢,s = 0 follows from
fer(es7et) = fer(etaes)) 1 g r<s< t S n.

This implies I' is trivial and ® = ¥ is an abelian 3-cocycle on G. g

Lemma 4.6. Let g1, g2, g3 be elements in G. Then the following three identities

(4.5) 4, (92, 93) ‘591 (93,92),
(46) (1)92 (91793) = <I>g2(93,gl),
(4.7) Dyi(91,92) = Pyi(92,91)

are mutually equivalent.

Proof. Suppose &391 (92,93) = &391 (93, g2), that is
(4 8) (p(gthLgS)(I)(gQ?g?ngl) _ @(91793,92)(1)(93792791)

@(92791793) q)(gf}aglng)
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Multiplying the identity (4.8) with the scalar ggg?g?giggg?g;ﬁg, we get

= ¢'(92791793)@(91793ag2) ‘I’(92,937g1)‘1’(93791,92) =
@ p— pr— pr— @ .
s2(91,.93) ®(g1, g2, g3) ®(g3, 92, g1) s2(9391)

The equivalence between (4.7) and (4.5), (4.6) can be proved similarly. O

Proposition 4.7. Let V = @[ V; be an object of %‘{8\))2)@, where the V;’s are simple
objects. Let H = Gy be the support group of V.. If ®|p is not an abelian 3-cocycle on
H, then n > 3 and at least three summands, say V;,,Vi,, Vi, of V, are of nondiagonal

type.
Proof. Suppose gy, = g; for 1 <i < mn, then H = (g1,--- ,gn). Since ®|y is not an

abelian 3-cocycle on H, there exist i, j, k such that &Jgi (95,9%) # Pg,(gk, g;) according
to Lemma 4.5. By Lemma 4.6, we also have

Oy (gi9k) # Do, (gr091),
Dy, (9i,9)) # Pg.(95,9i)-

Hence the 2-cocycles 592., &)gj, &)gk on G are not symmetric, this implies V;, V;, Vj, are
simple Yetter-Drinfeld modules of nondiagonal type. O

Now we can prove the following proposition, which says that if the order of G is odd,
then each finite-dimensional Nichols algebra in ﬁgyp‘b must be of diagonal type.

Proposition 4.8. Let GG be a finite abelian group of odd order and ® be a 3-cocycle
on G. Suppose that V € XaYD?® is not diagonal. Then B(V) is infinite-dimensional.

Proof. By assumption, there is a summand U of V such that U is a simple Yetter-
Drinfeld module of nondiagonal type. Suppose that g = gy. Then there exists some
A € k* such that

gou=Au, YueU.

Since G is odd, we have dim(U) # 2 by Proposition 4.4. Hence, U does not satisfy
the condition C2 of Proposition 3.18. It is also obvious that A # —1 since the order
lg| of g is odd. Thus U does not satisfy the condition C1 of Proposition 3.18 either.
So B(U) must be infinite-dimensional, therefore so is B(V). O

Corollary 4.9. Let G be a finite abelian group of odd order and ® be a 3-cocycle on
G. Suppose V € ﬁgypq’ such that ®|g, is not an abelian 3-cocycle on Gy . Then
B(V) is infinite-dimensional.

Proof. According to Proposition 4.7, there exists a nondiagonal simple submodule U
of V. By Proposition 4.8, B(U) is infinite-dimensional, and so is B(V). O
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4.2. A proof of Theorem 4.2. In this subsection we will prove Theorem 4.2 in
several steps. Recall that a comodule of a finite-dimensional coquasi-Hopf algebra M
is called cofree if it is isomorphic to M®" as comodules for an integer n > 1. It is
well-known that any finite-dimensional module of an algebra is a quotient of a free
module. Dually, any finite-dimensional comodule of a coalgebra is a subcomodule of
a cofree comodule.

Proposition 4.10. Suppose that M is a finite-dimensional pointed coquasi-Hopf al-
gebra. Then M is generated by grouplike and skew-primitive elements if and only if
comod (M) is tensor generated by objects of length 2.

Proof. Suppose that M is generated by grouplike and skew-primitive elements. Let
G = G(M), and {X;|1 < i <n} a maximal linear independent set of skew-primitive
elements. It is obvious that (9X)g~! is a skew-primitive element if X is. So each
element in M can be presented as a linear combination of elements of the form
g( (X0, X)) X5 ).

Let A = {g(--- (X, X4,) - Xi,)lg € G, (i1,i2, - ,im) € Z} be a minimal set that
cogenerates the cofree comodule M. Let V; = k{g;, X;}, where g; satisfies o (X;) =
9i ®X;, 1 <i<n. Let V(g9) = k{1,g} for g € G. Then it is obvious that V;,V(g)
are subcomodules of M of length 2. Let

F i M — @y inia iomyezV (9) © (- (Viy © Vi) - Vi)
be the linear map determined by
(4.9) g (X Xiy) - Xi) 2 9@ (- (X, ® XG,) @ @ XG,,,).

It is obvious that F' is an injective comodule map. So we have proved the cofree
comodule M is tensor generated by objects of length 2. This implies that each cofree
comodule is tensor generated by objects of length 2. As any finite-dimensional co-
module of M is a subcomodule of a cofree comodule, so comod (M) is tensor generated
by objects of length 2.

Conversely, suppose comod (M) is tensor generated by objects of length 2. For each
g € G, by Sy we mean a simple object such that 6(v) = g ® v for all v € S,. Since
comod(M) is pointed, each object of length 2 is an extension of S, by S}, for some
g,h € G. So an object of length 2 must be of the form S; &Sy, or V = k{h, X } where
X is a g-h-primitive element. Let V' (g),Vi,g € G,1 < i < n be objects in comod(M)
defined as the first part of the proof. Then the cofree comodule M is a subquotient
of object of the form

@V(9)®(”'(V;1®‘/i2)®”'®‘/:im)

according to the hypothesis. This implies that M is generated by grouplike and
skew-primitive elements. ]

Theorem 4.11. Suppose that R = ®;>oR]i] is a finite-dimensional connected coradi-

cally graded braided Hopf algebra in i‘g)ﬂ)é, where G is an abelian group of odd order
and ® is a 3-cocycle on G. Then R = B(R]1]).
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Proof. Since R = @;>0R[i| is a connected coradically graded braided Hopf algebra,
R[0] = k1 and RJ1] is the set of primitive elements of R. So there exists a canonical
injective linear map ¢: B(R[1]) — R. Since R is finite-dimensional, B(R[1]) is finite-
dimensional. By Corollary 4.9, we have that <I>|GR[1] is an abelian 3-cocycle on Ggyy.
Hence R = B(R][1]) according to Theorem 3.14. d

Proof of Theorem 4.2. Suppose that C is a pointed finite tensor category with G(C)
an abelian group of odd order. Then there exists a finite-dimensional pointed coquasi-
Hopf algebra M such that C is tensor equivalent to comod(M). So we only need to
prove that comod(M) is tensor generated by objects of length 2. By Proposition
4.10, this amounts to proving that M is generated by grouplike and skew-primitive
elements. It is obvious that M is generated by grouplike and skew-primitive elements
if and only if gr(M) is so. Let G = G(M) = G(C), R the coinvariant subalgebra
of gr(M). So R is a finite-dimensional coradically graded braided Hopf algebra in
ﬁgypq), where @ is the associator of gr(M), which is actually a 3-cocycle on G.
By Theorem 4.11, R = B(R]1]) is a Nichols algebra. Hence gr(M) is generated by
grouplike and skew-primitive elements since gr(M) = R#kG(M) by Lemma 2.8. O

4.3. The classification results. With the help of Theorem 4.11, we achieve the
classification of coradically graded pointed coquasi-Hopf algebras and that of pointed
finite tensor categories over abelian groups of odd order.

We need some new notions to present the main result. Let A, p be an arithmetic
root system. For each positive root « € A, define g, = x(«, ). Then the height of «
is defined by

(4.10) ht(a) = {

A function y : G — k* is called a quasi-character associated to a 2-cocycle w on
G if for all f,g € G,

(4.11) x(f)x(g) = w(f,9)x(fg), x(1)=1.

|gal, if go # 1 is a root of unity;
oo, otherwise.

It is clear that there is a quasi-character associated to w if and only if w is symmetric.
Recall that for a fixed 3-cocycle ® on G, {®4|g € G} gives 2-cocycles on G.

Definition 4.12. Let x1, -+, xn be quasi-characters of G associated to &)gv e ,<T>gn
respectively. We say the series (x1,- -+, Xn) S of finite type if there is an arithmetic
root system Ay g of rank n such that:

® Xi(95)x;j(9i) = @ijqjis Xi(9i) = qii for all 1 < i,j < n. Here g;j = x(e;, ej) for
€, e € E.
e ht(a) < oo for all o € A.
For a series of quasi-characters (x1,- -, xn) of finite type associated to 591, s <T>gn,
we can attach to it a twisted Yetter-Drinfeld module V' (x1,-- -, x»n) with a canonical
basis {X1,---, X, } such that g; > X; = x;(9:)X; and §1(X;) = ¢; ® X for all 1 <
1,5 < n.
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Theorem 4.13. Let G be a finite abelian group of odd order, ® a 3-cocycle on G.

(1) If (x1,- - 7Xn) is a series of quasi-characters of finite type associated to the 2-
cocycles <I>g1, oo, By, then B(V(x1,--+,Xn)) 5 a finite-dimensional Nichols
algebra in %‘{g)}D@.

(2) Suppose that C is a coradically graded pointed finite tensor category such that
G(C) = G and the associator is ®. Then there exists a series of quasi-
characters (x1,- -+ ,Xn) of finite type associated to <I>gl, ‘e <I>gn such that

C = comod(B(V (x1,- - , xn))#kG).

Proof. (1) Direct consequence of Proposition 3.13.

(2) As C is a coradically graded pointed finite tensor category, there is a finite-
dimensional coradically graded pointed coquasi-Hopf algebra M over G such
that C = comod(M). Let R be the coinvariant subalgebra of M. By Theorem
4.11, R = B(R][1]) is a finite-dimensional Nichols algebra of diagonal type in
]ﬁgyl?q). So there exists a series of quasi-characters x1,--- , xn of finite type

associated to 591, e 7&5% such that R = B(V(x1,--- ,Xn)). Hence we have
C = comod(M) = comod(B(V (x1," - , xn))#kG).

O

5. FURTHER EXAMPLES AND PROBLEMS

So far, we have clarified the Nichols algebras of simple twisted Yetter-Drinfeld modules
over an arbitrary finite abelian group. The main idea is: by considering the support
group of a simple Yetter-Drinfeld module, one may transform a nondiagonal twisted
Yetter-Drinfeld module to a diagonal one. Then the previously developed related
theories, see e.g. [7, 8, 10, 11], can be fully applied. Remarkably, this is already
enough to help us classify the finite-dimensional coradically graded pointed coquasi-
Hopf algebras over abelian groups of odd order.

To move on, we should study pointed finite tensor categories C over abelian groups
with 2 | G(C). The critical step is a thorough investigation of the Nichols algebras of
nonsimple nondiagonal twisted Yetter-Drinfeld modules. Thanks to Proposition 3.16,
we may applied the same strategy to Nichols algebras of form B(V; @ V3), where V3
and V5 are nondiagonal simples. Thus, we will have a complete classification based on
our previous work [11]. As this will not provide further valuable insights than what
we have done in Sections 3 and 4, we do not include a detailed discussion about this.
Instead, we provide several simple examples in the following to elucidate the process.

Let G =79 X Zy x Zo = {g1) X {g2) X {g3), ® a nonabelian 3-cocycle on G given by

(g1 g5 g5, g1 93295, 911 952 g5°) = (—1)P7k.

Consider three simple objects Vi, Vo, V3 in Ikgyp‘b given as follows:
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o Vi = k{X1, X}, gvy =91, 1> X1 = X1, 1> Xo = —Xo, o> X1 = Xy,
92> Xo = —Xo, g3> X1 = Xo, g3> Xo = X1.

o Vo = kiY1,Ya}, gv, = g2, 1> Y1 =Y, gip Yo = =Y, gap Y] = V7,
g2 Yo = —=Y5, g3 Y] = Yo, g3> Yo =Y.

o V3 =Kk{Z1, 25}, gvs =93, 1> Z1 = Zo, 1> Zo = Z1, 92> 21 = Z1, G2 > Lo =
—Za, g3> 21 = — 24, g3 Zo = — L.

Note that Vj is isomorphic to the twisted Yetter-Drinfeld module V' given in Ex-
ample 3.19. Similarly, one can verify that V5, V3 are indeed simple twisted Yetter-
Drinfeld modules in ¥6YD?® with the help of Proposition 2.3. Note that Vi, Vs, Vs
satisfy the condition C1 of Proposition 3.18. Hence B(V1), B(Va) and B(V3) are
finite-dimensional Nichols algebras. In additon, we have the following observation.

Proposition 5.1. The Nichols algebras B(Vy & Va), B(V1 & V3) and B(Va & V3) are
finite-dimensional.

Proof. Firstly we will show that B(V; @ Va) is finite-dimensional. Since the support
group of Vi @ V5 is G1 := (g1) X (g2), we have ®|g, is an abelian 3-cocycle on G;
by proposition 2.2. In the following we use the notations of Subsection 3.2. Let
G1 = (g1) x (g2) and 7] : G1 — G; be the group epimorphism given by 7j(g1) =
91,71(g2) = g2, and V = V; @ V5. By Lemma 3.10 and Proposition 3.9, B(V) €
Eginﬁ(q)lGl). As a consequence, there is a 2-cochain J on Gy such that B(V)/ =

B(V7) e ﬁgiyl). According to (3.4), we have:
g1y X1 =—-X1, gibyXo=—-Xo,

J(gl7g2) J(g1,g2)
g1y Y1 = —"—Y), gipbyYo=————""7Y5,

J(g2,21) J(g2,21)

J J

J(glag2) J(g1,g2)

g Y1 ==Y, gob;Yo=-Ys.
So the generalized Dynkin diagram corresponding to B(V”) is

-1 4 -1 -1 4 -1
oO——-—-0O Oo———0O

This implies that B(V”) is finite-dimensional according to [8, Table 1 of Section 3].
So B(V1 @ V4) is finite-dimensional.

Next we will prove that B(V; @ V3) is finite-dimensional. Let Ry = X; + X3, Ro =
X1 —Xo, S1=Y14+Ys, S9=Y] —Ys. Then we have:

g1> Ry =—Ry, g1>Ro = —Ra, g3> Ry = Ry, g3> Ro = — Ry,

g1> 51 =51, g1> 52 = =52, g3> 51 = =51, g3> S = —So.

Let Go = (g1) x (g3). Then B(V; @ V3) is a Nichols algebra of diagonal type in

%{‘g;ych‘G& The remaining steps of the proof are Similar to that of B(V; @ V3). One

can show that B(V; @ V3) is twist equivalent to an ordinary Nichols algebra of diagonal
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type corresponding to the same generalized Dynkin diagram of B(V; @ V). Hence
B(Vy @ V3) is finite-dimensional.

Similarly, one can show that the Nichols algebra B(V2 @ V3) is finite-dimensional as
the previous two cases. We complete the proof of the proposition. O

For more general situation, the main challenge is the study of Nichols algebra B(V)
where V has at least 3 nondiagonal simple Yetter-Drinfeld summands over its support
group Gy . In our opinion, this is the truly new phenomenon for pointed finite tensor
categories over finite abelian groups with nonabelian 3-cocycles as associators. The
main difficulty lies in a lack of tools for the investigation of nondiagonal Nichols
algebras in twisted Yetter-Drinfeld categories. Moreover, it is also much more difficult
to prove EGNO’s conjecture in this situation. However, for the Hopf case there is
already a nice theory for nondiagonal Nichols algebras developed by Andruskiewitsch,
Heckenberger and Schneider in [1, 9]. We wish to extend this theory to quasi-Hopf case
and pursue a complete classification of pointed finite tensor categories over abelian
groups in the future works.
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