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Deformation by cocycles of pointed Hopf algebras
over non-abelian groups

GASTON ANDRES GARCIA AND MITJA MASTNAK

We explore a method for explicitly constructing multiplicative
2-cocycles for bosonizations of Nichols algebras B(V) over Hopf
algebras H. These cocycles arise as liftings of H-invariant linear
functionals on V ® V and give a formula for deforming braided-
commutator-type relations. Using this construction, we show that
all known finite-dimensional pointed Hopf algebras over the dihe-
dral groups D,,, with m = 4t > 12, over the symmetric group Ss,
and some families over S4 are cocycle deformations of bosonizations
of Nichols algebras.

Introduction

Let k be an algebraically closed field of characteristic zero. A Hopf alge-
bra A is said to be pointed if all simple subcoalgebras are one dimen-
sional, or equivalently, if the coradical Ag of A coincides with the group
algebra kG(A) over the group of group-like elements. The best method for
classifying finite-dimensional pointed Hopf algebras over k was developed
by Andruskiewitsch and Schneider, see, [7]. Shortly, the method works as
follows: first find all braided vector spaces V' in flzﬁ))D whose Nichols alge-
bra B(V) is finite dimensional, then find all pointed Hopf algebras H for
which the associated coradically graded Hopf algebra gr H is isomorphic
to the bosonization B(V)#Aj, and finally prove that all Hopf algebras H
obtained this way exhaust all possibilities; the latter is equivalent to prov-
ing that for every finite-dimensional pointed Hopf algebra A with the fixed
coradical Ag, gr A is generated by its degree 0 and 1 components.

Using this method, they were able to classify in [8] all finite-dimensional
pointed Hopf algebras A whose G(A) is abelian and of order coprime to 210.
When the group of group likes is not abelian, the problem is far from being
completed. In this situation, Nichols algebras tend to be infinite dimensional,
see, e.g., [2]. Nevertheless, examples on which the Nichols algebras are finite
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dimensional do exist. Over the symmetric groups S3 and S4 these algebras
were determined in [6]. All of them arise from racks associated with a cocycle.
In [6] and Garcia and Garcia Iglesias [11] the classification of all finite-
dimensional pointed Hopf algebras over Sg and S4 is completed, respectively.
Over the dihedral groups D,, with m = 4¢ > 12, the classification of finite-
dimensional Nichols algebras and finite-dimensional pointed Hopf algebras
was done in [10]. In this case, it turns out that all Nichols algebras are
isomorphic to exterior algebras.

Among many useful tools for constructing new Hopf algebras is the use
of multiplicative 2-cocycles for deforming the multiplication of a given Hopf
algebra (and the dual notion of deforming its coproduct by using a twist).
With this in mind, it is interesting to ask whether some non-isomorphic Hopf
algebras might be cocycle deformations of each other. It has been proven
that the family of finite-dimensional pointed Hopf algebras over abelian
groups I' appearing in [8] can be constructed by deforming the multipli-
cation in B(V)#KI, see, [15, 17]. Also, Garcia Iglesias and Mombelli [12]
proved, using module category theory, the same result for all known finite-
dimensional pointed Hopf algebras over the symmetric groups.

In these notes, we prove in Theorems 3.11 and 3.16 that all finite-
dimensional pointed Hopf algebras over the dihedral groups D, with
m = 4t > 12 are cocycle deformations of bosonizations of finite-dimensional
Nichols algebras, by giving explicitly the 2-cocycles. Moreover, using these
techniques, we construct the cocycles that give the deformation of the bosoni
zations of Nichols algebras over S3 and for some families over Sy, see,
Theorem 4.10.

To construct the 2-cocycles we apply to non-abelian groups some tech-
niques discussed in [15] for the setting of abelian groups. Specifically, let H
be a Hopf algebra with bijective antipode and V € g)}D. We first associate
with any linear map n: V ® V' — k a Hochschild 2-cocycle on the Nichols
algebras B (V). If this map is invariant under the action of H, it gives
rise to a Hochschild 2-cocycle 7 on A = B(V)#H. Applying [15, Lemma
4.1], it turns out that the exponentiation o = e’ is indeed a multiplica-
tive 2-cocycle, provided extra conditions are satisfied, e.g., H is semisimple
and the braiding of V is symmetric. As a consequence, the exponentia-
tion of liftings of D,,-invariant linear functionals on Yetter—Drinfeld mod-
ules with finite-dimensional Nichols algebra are multiplicative 2-cocycles and
these are the ones we use to prove our first main theorems, Theorems 3.11
and 3.16.

An important consequence of using an H-invariant linear map 7 on
V ®V to construct a multiplicative 2-cocycle ¢ is that o coincides with
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1 on the elements of V ® V. This gives a formula for the deformation of
braided commutator-type relations [z,y]. =0 on B(V) for z,y € V in the
same connected component, which in this case also include the power root
vector-type relations 2 = 0. This simplifies the computation of the defor-
mation, see, Lemma 2.7.

The paper is organized as follows: in Section 1, we fix the notation, make
some definitions and recall some facts that are used throughout the paper. In
particular, we briefly review the theory of Yetter—Drinfeld modules V' over
group algebras H = KkI', their Nichols algebras %(V'), their bosonizations
B(V)#H, their liftings, and their cocycle deformations. In Section 2, we
give a method for constructing Hochschild 2-cocycles 77 on B(V)#H from
H-invariant linear functionals 7 on V' ® V, and give necessary conditions
for the exponential o = €7 to be a multiplicative 2-cocycle on B(V)#H.
In Section 3, we recall the classification of finite-dimensional pointed Hopf
algebras over the dihedral groups D, with m = 4¢ > 12 and prove that they
are cocycle deformation of bosonizations by using the cocycles constructed
in Section 2. Finally, in Section 4, we first recall the notion of racks and the
classification of finite-dimensional pointed Hopf algebras over Sg and Sy, and
then prove our last main result, Theorem 4.10 about cocycle deformations
of bosonizations of finite-dimensional Nichols algebras over the symmetric
groups.

1. Preliminaries
1.1. Conventions

We work over an algebraically closed field k of characteristic zero. Good
references for Hopf algebra theory are [19, 22].

If H is a Hopf algebra over k then A, € and S denote, respectively, the
comultiplication, the counit and the antipode. Comultiplication and coac-
tions are written using the Sweedler—-Heynemann notation with summation
sign suppressed, e.g., A(h) = h(;) ® hy) for h € H.

Let C be a braided monoidal category. A braided Hopf algebra R in C is
an object R such that all structural maps mpg, AR, €r, and Sg are morphisms
in the category.

The coradical Hg of H is the sum of all simple sub-coalgebras of H. In
particular, if G(H) denotes the group of group-like elements of H, we have
kG(H) C Hy. A Hopf algebra is pointed if Hy = kG(H), that is, all simple
sub-coalgebras are one dimensional.
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Denote by {H;}i>o the coradical filtration of H; if Hy is a Hopf subal-
gebra of H, then by gr H = @®,>0gr H(n) we denote the associated graded
Hopf algebra, with gr H(n) = H,/H,_1, setting H_; = 0.

For h,g € G(H), the linear space of (h, g)-primitives is

PrgH):={z e H|A(x)=2®@h+g®x}.

If g =1 = h, the linear space P(H) = P11(H) is called the set of primitive
elements.

If M is a right H-comodule via d(m) = m ) @ m(;y € M ® H for allm €
M, then the space of right coinvariants is M©% = {z € M | §(z) =z ®1}.
In particular, if # : H — L is a morphism of Hopf algebras, then H is a right
L-comodule via (id ®m)A and in this case

He™ .= g (@A _ 1 ¢ [ | (id@r)A(h) = h® 1}.

Left coinvariants, written “°™H are defined analogously.
Let n,m € N. We denote by S,, the symmetric group on n letters and
by D, the dihedral group of order 2m.

1.2. Yetter—Drinfeld modules and Nichols algebras

In this subsection, we recall the definition of Yetter—Drinfeld modules over
Hopf algebras and we describe the irreducible ones in case H is a group
algebra. We also review the definition of Nichols algebras associated with
them.

1.2.1. Yetter—Drinfeld modules over group algebras. Let H be a
Hopf algebra. A left Yetter—Drinfeld module M over H is a left H-module
(M, ) and a left H-comodule (M, §) with 6(m) = m_;) ® m(y) € H @ M for
all m € M, satisfying the compatibility condition

d(h-m) = h(l)m(_l)S(h(g)) &® h(g) M(0) VmeM,heH.
We denote by g)}D the category of left Yetter—Drinfeld modules over H. It
is a braided monoidal category: for any M, N € g)}D, the braiding cps v :

M®N — N ® M is given by

CM,N(WL@TZ) =m(-1) ‘n®m(0) Vme M,néeN.
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Assume H = KI" with I a finite group. A left Yetter—Drinfeld module over
kI is a left kI'-module and left kI'-comodule M such that

5(g.m) =ghg ' ®@gm, YmeM,gheTl,

where My, = {m € M : §(m) = h ® m}; clearly, M = ®per M), and thus M
is a ['-graded module. We denote this category simply by ;yD.
Yetter—Drinfeld modules over kI' are completely reducible. The irre-
ducible modules are parameterized by pairs (O, p), where O is a conjugacy
class of I' and (p, V') is an irreducible representation of the centralizer Cr (o)
of a fixed point o € O. The corresponding Yetter—Drinfeld module is given by

M(0,p) =Indg, () V = kI @, (o) V-

Explicitly, let o1 =0, ..., 0, be a numeration of O and let g; € I’
such that giogi_1 =o; forall 1 <i <n.Then M(O,p) = ®i1<i<ngi ® V. The
Yetter—Drinfeld module structure is given as follows: let g;v:=¢g; Qv €
M(O,p), 1<i<n,veV.IfveV and 1<i<mn, then the action of
g € I" and the coaction are given by

g-(gv) = gj(y-v), 0(gv) = 0y @ gsv,

where gg; = g7, for some 1 < j <nand vy € Cr(o). In this case, the explicit
formula for the braiding is given by

c(giv ® gjw) = 0y - (gjw) ® giv = gu(7y - v) ® giv,

for any 1 <4,j <n, v,w €V, where 0;9; = g5y for unique h, 1 <h<n
and v € Cr(o). For explicit examples with T' =D,,,S,, see, Sections 3.1
and 4.1.

1.2.2. Nichols algebras. The Nichols algebra of a braided vector space
(V,c) can be defined in various different ways, see, [3, 7, 16, 20]. They are
connected Hopf algebras in a braided monoidal category with certain prop-
erties. In general, the computation of the Nichols algebra of an arbitrary
braided vector space is a delicate issue. We are interested in Nichols alge-
bras of braided vector spaces arising from Yetter—Drinfeld modules, hence
we give the explicit definition for this case.

The notion of a Nichols algebra first appeared in the work of Nichols
[20] and was later rediscovered by several authors.
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Definition 1.1 ([7, Definition 2.1]). Let H be a Hopf algebra and V €
BYD. A braided N-graded Hopf algebra R = @, ~, R(n) € ZYD is called
the Nichols algebra of V' if N

(i) k ~ R(0), V ~ R(1) € EyD;
(i) R(1)=P(R)={re R | Agr(r)=r®1+1®r}, the linear space of

primitive elements;
(iii) R is generated as an algebra by R(1).
In this case, R is denoted by B(V) = D,,5, B" (V).

For any V € ¥ YD there is a Nichols algebra B(V) associated with it. It
can be constructed as a quotient of the tensor algebra T'(V') by the largest
homogeneous two-sided ideal I satisfying;:

e [ is generated by homogeneous elements of degree > 2,
e A()CI®T(V)+T(V)®I,ie., it is also a coideal.

In such a case, B(V) =T(V)/I. See [7, Section 2.1] for details.

An important observation is that the Nichols algebra B(V'), as algebra
and as a coalgebra, is completely determined just by the braiding.

Given any braided vector space (V,c), one may construct the Nichols
algebra B(V, ¢) = B(V) in a way similar to the construction above, by taking
a quotient of the tensor algebra T'(V') by the homogeneous two-sided ideal
given by the kernel of an homogeneous symmetrizer. We now briefly describe
this construction. Let B,, be the braid group of n letters. Since c¢ satisfies
the braid equation, it induces a representation of B,, p, : B, — GL(V®")
for each n > 2. Consider the morphisms

Q=Y pa(M(0)) € End(VE"),

oES,

where M : S,, — B, is the Matsumoto section corresponding to the canonical
projection B,, — S,. Then the Nichols algebra %B(V') is the quotient of the
tensor algebra T'(V') by the two-sided ideal J = €P,,~, Ker Q. If ¢ = 7 is the
usual flip, then B(V) = S(V) is just the symmetric algebra of V; if ¢ = —7,
then B(V) = AV is the exterior algebra of V.

Let T be a finite group. We denote by B(O, p) the Nichols algebra asso-
ciated with the irreducible Yetter-Drinfeld module M (O, p) € LYD.

Let V € LYD such that B(V) is finite dimensional and let {z;};c; be
homogeneous primitive elements that span linearly V' with 6(z;) = ¢; ® x4,
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and g; € I for all ¢ € I. Since for all h € I'; h-x; is again a homogeneous
primitive element, from now on we assume that

(1) h-zi = xi(R)Zon)s), foralliel, hel,

where o : I' — Sy and x; : I' — k is a character, see, [5, Example 5.9]. This
condition holds for all finite-dimensional pointed Hopf algebras over the
symmetric groups and over the dihedral groups, see, Sections 3 and 4. We
write 0(g;)(j) =i>j foralli,j € I.

Remark 1.2. (a) If V isirreducible, then V ~ M (O, p) with O a conjugacy
class of I'. In such a case, I can be identified with O and o(h) is just the
conjugation by h.

(b) If T is abelian, then V is a braided space of diagonal type, i.e.,
h-x; = xi(h)x; for all i € I and o(h) =1id for all h € T.

Important examples of Nichols algebras come from the theory of quan-
tum groups. As shown in [8], they play a crucial role in the classification of
finite-dimensional pointed Hopf algebras over k, via the lifting method. For
more details on Nichols algebras see, [7, 16] and references therein; and for
explicit examples with I' = D,,, and I' = S,, see, Sections 3.1 and 4.1.

1.3. Bosonization and Hopf algebras with a projection

Let H be a Hopf algebra and R a braided Hopf algebra in gyD. The pro-
cedure to obtain a usual Hopf algebra from R and H is called the Majid—
Radford product or bosonization, and it is usually denoted by R#H. As
vector spaces R#H = R® H, and the multiplication and comultiplication
are given by the smash-product and smash-coproduct, respectively. That is,
forall r,s € Rand g,h € H

(r#g)(s#h) = r(g) - $)#9@2)h
A(r#g) = rY#0E®) gy © (@) 0 #ac),

where Ag(r) = r) @ #(2) denotes the comultiplication in R € BYD. Ifr €
R and h € H, then we identify r = r#1 and h = 1#h; in particular we
have rh = r#h and hr = h(yy - r#h(y). Clearly, the map ¢ : H — R#H given
by t(h) = 1#h for all h € H is an injective Hopf algebra map, and the
map 7 : R#H — H given by w(r#h) =cgr(r)h for all re R, he H is a
surjective Hopf algebra map such that w o+t = idg. Moreover, it holds that
R = (R#H)™T.
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Conversely, let A be a Hopf algebra with bijective antipode and 7 : A —
H a Hopf algebra epimorphism admitting a Hopf algebra section ¢ : H — A
such that mort =1idyg. Then R = AT is a braided Hopf algebra in gyD
and A ~ R#H as Hopf algebras.

1.4. The lifting method

The lifting method was introduced by Andruskiewitsch and Schneider, see,
[7]. It is one of the more general results concerning the structure of Hopf
algebras and became a powerful tool for classifying finite-dimensional
pointed Hopf algebras, as shown in [6, 8, 10, 11], among others.

Let H be a finite-dimensional pointed Hopf algebra with coradical Hy =
kG(H) and gr H = ®,>0gr H(n) the associated graded Hopf algebra. If
7 :gr H — Hj denotes the homogeneous projection, then R = (gr H)®7™ is
called the diagram of H. It is a braided Hopf algebra in ggyp and it is
a graded subobject of gr H. The linear space R(1), with the braiding from
gg VD, is called the infinitesimal braiding of H and coincides with the sub-
space of primitive elements P(R). This braiding is the key to the structure
of pointed Hopf algebras. It turns out that the Hopf algebra gr H is the
bosonization gr H ~ R#kG(H) and the subalgebra of R generated by V is
isomorphic to the Nichols algebra B(V), see, Section 1.2.

Let I" be a finite group. The main steps of the lifting method 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 I' ~ G(H);

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

Using this method, it was possible to classify finite-dimensional non-
trivial pointed Hopf algebras over abelian groups with order relative prime
to 210, over the symmetric groups S3 and S4 and over the dihedral groups
Dy, with m = 4t, t > 3, see, [6, 8, 10, 11].

1.5. Deforming cocycles

Let A be a Hopf algebra. Recall that a convolution invertible linear map o
in Homy (A ® A, k) is a normalized multiplicative 2-cocycle if

a(bay, cay)o(a,beyc)) = olay, bay)o(ap)be), c)
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and o(a,1) = e(a) = o(1,a) for all a,b, c € A, see, [5, Section 7.1]. In partic-
ular, the inverse of o is given by o~ !(a,b) = 0(S(a),b) for all a,b € A and
the 2-cocycle condition is equivalent to

(2) (e®o0)*xo(ida®@m) =(c®e)*xo(m®ida)

and o(ida,1) = e = o(1,ida).

Using a 2-cocycle o it is possible to define a new algebra structure on A
by deforming the multiplication, which we denote by A,. Moreover, A, is
indeed a Hopf algebra with A = A, as coalgebras, deformed multiplication
me =0xm+*0c ': A® A — A given by

me(a,b) =a-x b= U(a(l), b(l))a(g)b(g)afl(a(g), b(g)), for all a,b € A,
and antipode S, = 0 xS+~ !: A — A given by (see, [9] for details)

So(a) = U(a(l),S(a(Q)))S(a(g))a_l(S(a(4)), aey), forallae A

1.5.1. Deforming cocycles for graded Hopf algebras. Assume now
A =&p>04, is a graded Hopf algebra and let n € Homy (A ® A, k) be a
Hochschild 2-cocycle on A, that is

e(a)n(b, c) +n(a,bec) = n(a,b)e(c) + n(ab,c), for all a,b,c € A.

If we assume further that 7|ag4,+4,04 = 0, then

OO %
o=¢l= n,—':A®A—>k
i
=0

is a well-defined convolution invertible map with convolution inverse e™";
moreover, often e will be a multiplicative 2-cocycle. For instance, this hap-
pens whenever 7(id ®m) and n(m ® id) commute (with respect to the convo-
lution product) with e ® n and n ® ¢, respectively. Also note that if n xn = 0,
then e’ = ¢ + 1.

The following result is well known in the cocommutative setting [21]
and it is a generalization of a result from [13]. Although the result holds
for more general graded algebras, we state it for the case of our interest
where A = B(V)#H is a graded Hopf algebra given by the bosonization of
a Nichols algebra B (V') with a Hopf algebra H.

Lemma 1.3 ([15, Lemma 4.1]). Let A= B(V)#H be a bosonization of
a Nichols algebra B(V') with a Hopf algebra H. If n € Homg(A® A, k) is a
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Hochschild 2-cocycle such that n(id ®m) commutes with e @ n and n(m & id)
commutes with n ® € in the convolution algebra Homy(A ® A® A, k), then
e is a multiplicative 2-cocycle.

2. Cocycles on bosonizations of Nichols algebras

In this section we discuss sufficient conditions for a Hochschild 2-cocycle on
a bosonization B(V)#H to satisfy the conditions of Lemma 1.3; and thus
inducing a multiplicative cocycle via the exponential map. We define it by
extending a linear functional on V' ® V invariant under the action of H.

From now on we assume that A = B(V)#H, where H is Hopf algebra
with bijective antipode, V' € YD and B(V) € EYD is the Nichols algebra
of V. Since B (V) is graded, we have that A is also graded with the gradation
given by Ag = H and A,, = B"(V)#H.

2.1. Hochschild cocycles on 8B(V)#H from H-invariant lineal
functionals on VQ V

Let n: V®V — k be a linear map. Then we can define a Hochschild
2-cocycle on B(V) by

n(B"(V)@B"(V)) =0 if (m,n) # (1,1).

Such a map is called an e-biderivation, since it is an e-derivation on each
variable, that is, we have n(1, —) = 0 = n(—, 1) and n(zy, —) = 0 = n(—, xy)
for all z,y € B(V) such that e(x) =0 = e(y).

Since H acts on V, we have that H acts on the set of all linear maps
n:V®V =k by gz y) =n(hq) -z, y) for all he H,z,y € V. We
say that 7 is H-invariant if n* =n for all h € H.

The following lemma tell us how to construct a Hochschild 2-cocycle on
A from an H-invariant linear functional on V' ® V. Its proof is straighforward
and is left to the reader.

Lemma 2.1. Letn:V ®V — k be an H-invariant linear map. Then the
map 7: A® A — k defined by (A, @ Ay) =0 if (m,n) # (1,1) and

i(z#h, y#h') = n(z,h-y)e(h') forallz,y € V and h,h' € H

is an H-invariant Hochschild 2-cocycle on A that satisfies 11 A,0 A+ A A, = 0.
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Remark 2.2. Assume V is finite dimensional and let (z;);cr be a basis of V
and (d;);er the dual basis of V*. Then any linear combination of the tensor
products d; ® d; induces a Hochschild 2-cocycle on B(V). In particular, by
(1) the map n =3~ ;c; aijd; ® d; is T-invariant if

ake = Xk(9)Xe(9)ao(g) (k) ,0(g) ) TorallgeT kL el

2.2. On the commuting conditions of H-invariant Hochschild
2-cocycles

In the remainder of this section, we study the question of when the exponen-
tial " of a Hochschild 2-cocycle induced by an H-invariant linear functional
non V ® V is a multiplicative 2-cocycle. We show, among other things, that
this is always the case if H is semisimple and the braiding of V' is symmetric.

Denote by ¢ the braiding of V' € gyp. It induces an action of the braid
group B, on VO If r € B, we denoteby ¢, : V1 @ --- @ V;, — Viy® -+ ®
Vi (n) the map induced by this action. In particular, we write

co31 = (Id®c)(c®id), c1324 = ([d®c®id), co413 = (Id®c®id)(c® ¢),
C1423 = (id XRe @ id) (id ®id ®C) and co314 = (id XRec K id)(c ®id® id).

Let n: V ®V — k be an H-invariant linear functional and denote again
by 7 the map defined on B(V'), then we have that

(3) ciden) = (n®id)(1®c)(c® 1) = (n ®id)eai,

that is, for all a,b,c € V we have

(4) n(b,c) ® a =n(a—nb,c) @a) = (n@id)cas1(a @b c).

Indeed, (n®id)cozi(a®b® c) = n(a—9) - b,a_1)-c) @ ag) =n*-1(b,c)®

a@y = n(b,c) ® e(a—1y)ag) = c(id@n)(a @b c) for all a,b,c € V.
Using the definition of 7 we also have for all a,b € A and ¢ € V that

(5) fi(a,b) ® c = fj(a, be(_1)) ® c(g).
The following lemma shows that both conditions on the commutativity

of the maps in Lemma 1.3, (b) and (c) below, are equivalent. Note that, as
a consequence, we need only to verify equalities on V®4,
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Lemma 2.3. Letn:V ®V — k be an H-invariant linear functional. The
following are equivalent:

(a) The following conditions hold on V®4:

(6) (n ®n)ci324 = (1 @ N)c2413,
(7) (n ®n)cra23 = (N @ n)ca314.

(b) The following condition holds on A%®3: (e®@%7)*nid®@m) =
n(id®@m) * (e @ 7).

(c) The following condition holds on A®3: (f®e¢)*7i(m®id) =
nm®id) * (T e).

Proof. Throughout the proof we use the fact that for v € V C A we have
A(v) = v(1) ®@ vy = v(—1) @ v(g) + v @ 1. We first show that (a) is equivalent
to (b). Note that it is both necessary and sufficient to verify (b) by evaluating
at B(V)m @ B(V), @ B(V), for all (m,n,p). Unless (m,n,p) =(1,2,1) or
(m,n,p) = (1,1,2) both sides trivially give 0. Now evaluation at a ® b ® cd
fora,b,c,d € V yields that 7(b, (cd)(l))f](a, (Cd)(g)) = ﬁ(b(o), (Cd)@))ﬁ(a, b(,l)
(ed)(1y)- After expanding A(cd) and using the fact that n is H-invariant we
get,

n(bv C)n(a’a d) + n(b7 C(-1) - d)n(a’a C(O))
= (b, d)n(a, b_1y - ) + n(by, coy)n(a, (b—1yc(-1)) - d).

By (b) we have that (n®n)(a,d,b,c)=(n®n)cesia(a,b,c,d), this is
equivalent to

(8) (n ®@n)(c2314 + c2413 — C1324 — C1423) = 0.

We now examine evaluation of (b) at a ® be ® d for a,b,c,d € V. Using (5)
we get

9) 1((be) ), d)ii(a, (be)2y) = 7((be)(2), d)ii(a, (be)())-

Expanding A(bc) and using equations (4) and (5) as well as the definition
of 7 we get

n(bv C(-1) - d)n(a’ C(O)) + 77(07 d)n(av b)
= n(c, d)n(a,b) +n(by, d)n(a, b1 - c),
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which simplifies to 1(b, ¢y - d)n(a, co)) = n(a,b_1) - )by, d), or equiv-
alently, (7 ® n)caa13 = (1 ® n)c1324, which is exactly (6). Hence we have that
(b) is equivalent to (8) and (6), and consequently to (a), since (8) and (6)
give (7).

The equivalence of (a) and (c¢) works almost exactly the same way. For
the sake of completeness, we provide some intermediate steps. We verify (c)
by evaluating it at a ® bc ® d and ab ® ¢ ® d for a, b, c,d € V. Evaluation at
a ® be ® d yields (9) which is equivalent to (6). Evaluation at ab ® ¢ ® d and
using that A(c) = c® 1+ ¢_1) ® ¢y yields

1((ab) 1), c)n((ab)(2), d) = 7((ab)(2), ¢0))((ab) 1y, c(-1y - d).

This simplifies to

n(a,b_1y - c)n(b(o), d) +n(b, c)n(a, d) = n(bwy, c0))n(a, b_1yc(-1) - d)
+ n(a, c))n(b, c(_1y - d),

which by (4) can be written as (77 & T])(Cl324 + C2314 — C1423 — 02413) =0. We
conclude the proof by noting that this equation together with (6) are equiv-
alent to (a). O

For the following lemma, observe that using c1304 =id ®c ® id and cg413 =
(ld®c®id)(c® c), we get that (6) is equivalent to (n®n)(id ®c®id) =
(n®n)(id®c®id)(c® c).

The next two results state that the conditions in Lemma 2.3(a) are
always fulfiled when H is semisimple and the braiding is symmetric.

Lemma 2.4. If S% =idy, then (6) is equivalent to either of the following
equations on V&*:

(10) (nen)(idec®id) = (1@ n)(id@c ! ®@id),
(11) (n@n)(idec ®@id) =1 ®n.

In particular, (6) is always satisfied when c? = idy gy and H is semisimple.

Proof. Note that in the case S is an involution, and therefore for all h € H
we have €(h) = S(h))h(1) (this is used for going from line 8 to line 9 and
for going to the last line from the line above it in the computation below),
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we get that for all a,b,c,d € V we have:

(n ®n)caars(a, b, c,d) = (n @ n)(id®c ®@id)(a(-1) - b, a(), ¢(~1) - d, ¢(0))
= n(a(—2) - b, a—1yc—1) - d)nla), ¢o))
= 0"V (b, c—1y - d)nla(oy, ¢(0))
= n(b, c(—1) - d)n(a, c())
= ) (b, ey - d)n(a, (o))
1)) 0 (Sleny o) - dnla, ¢))
“b, (S(c(-2))e(—3)) - d)nla, ¢())
b, d)n(a, c))
a, ¢(0))n(S(c(-1)) - b, d)
= (n@n)(idect @id)(a,b, ¢, d). 0

Lemma 2.5. Let n =1 ®no. Then (7) is equivalent to the following
equations on V®:

(12)  (n®n)(idoc®id)(c®id®id) = (n®n)(id®c ® id)(id ® id ®c),
(13) menen = (n®n)(id®csi2).

Moreover, if S3; = idy and ¢* = idy gy, then (7) is always satisfied.
Proof. The first equation is just a translation of (7). The second equation is
obtained directly from the first. The left-hand side is obtained by invoking

(3); the right-hand side by using ¢312 = ¢ ® id(id ®c). Now if Sy and ¢ are
involutions, then by Lemma 2.4 we have that

[(n®n)(id®c®id)(c®id®id)](id ® id ®c) = (n ® n)(id ®c ® id).
On the other hand,

[(n @ n)(id ®c ® id)(id ® id ®c)] (id ® id ®c)
= (n®n)(id ®c ®id)(id ® id ®c?)
= (n®@n)(id ®c ® id). 0

The following corollary follows directly from the lemmas proved above.
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Corollary 2.6. Assume H is a semisimple Hopf algebra and c® = idy gy .
Let n: V@V — k be an H-invariant linear functional. Then o = el €
Hompy(A ® A, k) is a multiplicative 2-cocycle.

2.3. A formula for deformations of braided commutator relations

We end this section with the following lemma that will be very useful in
finding liftings. In particular, it will tell us how to deform relations like
[z, y]c = 0, which are given by braided commutators.

Lemma 2.7. Letn:V ®V — k be an H-invariant linear functional such
that o = €' is a multiplicative 2-cocycle. Let x1, x5 € V be homogeneous ele-
ments with §(x1) = hy @ x1 and 6(x1) = ha ® 2, h1, he € G(H), and denote
21 = 21#1, 20 = xo#l € A. Then o(z1, z2) = n(x1,x2). In particular, in Ay
it holds that

21 ¢ 22 = N(x1,22)(1 — h1h2) + 21 22.

Proof. First we show that 772(21, z9) = 0. Since 1, x9 are homogeneous we
have that A(z;) = z; ® 1 + h; ® z;, that is, z; is (1, h;)-primitive for i = 1, 2.
Since by Lemma 2.1 we have 7]4,g4+404, = 0, it follows that
72 (21, 22) = 7i([z1) (1), [22) (1)) i([21) ) [22) 2))
= 1(z1, 22)7(1, 1) + 71(21, ha)7i(1, z2) + 7j(h1, 22)7)(21, 1)
+7(h1, h2)7(z1, 22) = 0.

Thus, 0(21, 22) = &(21)e(22) + 71(21, 22) = (21, 22); in particular, 0~ (21, 22)
= e (21, 22) = —n (21, 22). Finally,

210 22 = o([a1] ), [22) ) [l @) [22) @0 ([21) ) [22) )

=o0(21,22)0 1 (1,1) 4+ (21, ha)ze0 1(1,1) + o (21, ho)hao (1, 22)
+ 0(h1,22)z10 H(1,1) + o(hy, he) 21200 1(1, 1)
+ o(h1, ha)z1hao™ (1 29)
+o(hy, z2)h10™ (zl, 1)+ o(hy, hg)hlzgo_l(zl, 1)
+ o(hi, ho)hiheo™ (zl, 29)

=o0(21,22)0 1 (1,1) 4+ o(hy, ha)z1200 1(1,1)
+ o (hy, ho)hihao (21, 22)

=n(x1,x2) + 2122 — hihon(z1, 2) = n(x1,22)(1 — hihg) + 21 22,

which finishes the proof. O
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3. On pointed Hopf algebras over dihedral groups

All pointed Hopf algebras with group of group-likes isomorphic to D,, with
= 4t > 12 were classified in [10]. To give the complete list we need first
to introduce some terminology.
For the dihedral group D,, we use the following presentation by genera-
tors and relations:

(14) Dy, = (g,h| g> =1=h", gh=h"1g).

Because of our purposes we assume that m = 4t > 12, n = 5 = 2t and
we fix w an mth primitive root of unity. Recall that the non—triv1al conjugacy
classes of I,,, and the corresponding centralizers are

Opn = {h"} and Cp,, (h") = Dyy;

Opi = {h*,;h’™™%} and Cp,, (h*) = (k) ~Z/(m), for 1 <i < n;

Oy = {gh’ : j even} and Cp,, (9) = (g) x (h") = Z/(2) x Z/(2);
Ogh = {gh? - j 0dd} and Cp,, (gh) = (gh} x (B") ~ Z(2) x Z/(2).

3.1. Yetter—Drinfeld modules and Nichols algebras over D,

The irreducible Yetter—Drinfeld modules that give rise to finite-dimensional
Nichols algebras are associated with the conjugacy classes of A" and h® with
1 <i < n, see, [10, Table 2|. Next, we describe them explicitly as well as
the families of reducible Yetter—Drinfeld modules with finite-dimensional
Nichols algebras associated with them. Following a suggestion of the referee
we slightly changed the notation used in [10].

3.1.1. Yetter—Drinfeld modules and Nichols algebras associated
Opn. Since h" is central, Op» = {h"} and Cp,, (h™) = Dy,. The irreducible
representations of D, are well known and they are of degree 1 or 2.
Explicitly, there are:

(i)n—1= mT_Q irreducible representations of degree 2 given by py : D,, —
GL(2,k) with

e (0 N\t 0\’ .
(15)  pe(g°h’) = 1 0 0 wt) ¢ e Nodd with 1 </ <n.
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(ii) Four irreducible representations of degree 1. They are given by the
following table:

o 1 h" P, 1<b<n-1 g gh
x1 1 1 1 1 1
x2 1 1 1 -1 -1
v 1 (-1 (~1)p 1o
v 1 (-1)r (1P a1

The irreducible Yetter—Drinfeld modules with finite-dimensional Nichols
algebra are the ones given by the two-dimensional representations p, with
¢ € N odd.

Fix £ € N odd with 1 < ¢ < n and consider the two-dimensional simple
representation (pg, V') of D, described in (15) above. Let {v{, v§} be a k-basis
of V. Then My = M(Opn, pe) = kDy,, ®kp,, V' is the Yetter—Drinfeld module

spanned linearly by the elements mle =1®v, azg) = 1 ® v%; its structure is
given by

g- a:gg) = :vée), h - xgg) = wexge), 5(x§€)) =h"® a:gg),

g- azge) = xge), h - Igé) = w_exg)7 (5(959) =h"® :cg).

In particular, dim My = 2. By Andruskiewitsch and Fantino [1, Theorem 3.1],
one has that B(Oyn, pr) >~ A My and consequently dim B(Oy», py) = 4.
Consider now the set £ of all sequences of finite length (¢1,...,¢,) with
¢;eNodd and 1 < /{y,...,¢. <n. Then for L = ({1,...,¢,) € L we define
Mg =@,<;<, My,. Clearly, My € g:yp is reducible and by Fantino and
Garcia [10, Proposition 2.8], we have that B(Mg) ~ A My and dim B (M)
= 418l where |L| = r denotes the length of L.
Remark 3.1. Since a- CL‘Z@) = ng) (a)Tsw (q)(s) for all a € Dy, for these
Nichols algebras assumption (1) is satisfied with ¢(®)(¢) = (12), ¢(®(h) = id

and X\ (g) = 1 = x(g), X\ (h) = ', XV () = w.

3.1.2. Yetter—Drinfeld modules and Nichols algebras associated
Opi. Let 1 <i<n. In this case, Oy = {h', h™"} and Cp,, (h') = (h) ~
Z/(m). For 0 < k < m denote by ky,,, the simple representation of Cp,, (h")
given by the character x)(h) = Wk, .
Take e and g as representatives of left coclasses in D, /(h), with h* =
eh’e and h™~% = gh'g. Then My = M(Ohiy X)) = kD, @iy Ky, 18 the
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Yetter—Drinfeld module spanned linearly by the elements ygi’k) =e®1 and

(Z k) = g ® 1. Its structure is given by

(16) g -y =y&M heyt =Wk () = hE ey,
gy =y, by = Wkl k), (st = n7 @ yih.

In particular, dim M; ) = 2.
The irreducible Yetter—Drinfeld modules with finite-dimensional
Nichols algebra are the ones given by the pairs (i,k) satisfying that
k= 1. We set J={(i,k): 1<i<mn,1<k<msuch that w?* = —1}.
By Andruskiewitsch and Fantino [1, Theorem 3.1], one has that B(O,:,
k) = N\ Mgy, for all (i,k) € J and dim B(Oy:, x 1)) = 4.

Consider now the set Z = ((i1, k1), ..., (ir, k) of all sequences of finite
length of ordered pairs such that (is,k ) € J and whkiticks =1 for all 1 <
s, t<r.

For I = ((i1,k1),..., (ir, ky)) € T, we define M = P, M, & ) By
Fantino and Garcia [10, Proposition 2.5], we have that B(My) ~ /\
dim B (M7) = 4!, where |I| = 7 denotes the length of I.

Remark 3.2. Since a - yj(Zk) = ng k)( )yf{f,z)(a) (j) for all @ € Dy, for these

Nichols al‘gebras assumption (1) is satisfied with q(i’k) (9) = (12), cWF) (h) =
id and X" (9) = 1 = x5 (9), X\ (h) = ok, X5 (h) = w7k,

3.1.3. Yetter—Drinfeld modules and Nichols algebras associated
with mixed classes. Finally, we describe a family of reducible Yetter—
Drinfeld modules given by direct sums of the modules described above.

Let K be the set of all pairs (I, L) with I = ((i1, k1), . (zr,kr)) A
and L = ({1,...,¢s) € L such that k; is odd for all 1 < j <randw“ t=—1
forall1<j<rand1<t<s.

As before, for (I,L) € K we define My = (@1<j<5 M(ij’kj)) &

(®l<t<s ) By Fantino and Garcia [10, Proposition 2.12], we have that

B(Mr,r) ~ A\ My and dimB(M; 1) = AHI+IL]
We end this subsection recalling the following classification result.

Theorem 3.3 ([10, Theorem A]). Let B(M) be a finite-dimensional
Nichols algebra in g;zyp. Then B(M) ~ \ M, with M isomorphic either
to My, orto My, orto My, withl € Z, L € L and (I,L) € K, respectively.



Deformation by cocycles 7

3.2. Classification of finite-dimensional pointed Hopf algebras
over D,

In this subsection, we present all finite-dimensional pointed Hopf algebras
over D, up to isomorphism. First, we introduce two families of quadratic
algebras depending on families of parameters. It turns out that these
quadratic algebras give all non-trivial liftings of bosonizations of finite-
dimensional Nichols algebras in g;:yp.

Let I €7 and L € L be as Section 3.1. By abuse of notation, if I =
((i1,k1),..., (ir, kp)) and L = (¢1,...,Ls), we write (ij,kj) € I and ¢, € L
foralll1<j<rand1<t<s.

Consider the families of elements A\ = (Ap 4.i.k) (p.q),(i,k)el>

Y= ('Yp,q,i,k)(p,q)(i,k)ela 0= (‘gp,q,f)(nq)el,feL and p = (/‘p,q,é)(p,q)GMEL in k
satisfying

(17) Apm—kyik = Nikpm—k A Vpkik = Vikpk-

Definition 3.4. For I € Z, denote by Ar(A, ) the algebra generated by

the elements g, h, agp’Q),aép’q) with (p, q) € I satisfying the relations:

¢ =1=h" ghg=h"""1,

gagp,q) _ agp,q)% hagp,q) _ wqagp’q)h, hagp,q) _ w*qagp’Q)h,
agpvq)agiak) + agivk)agpzq) — 5q,m—k)\p,q,i,k(1 _ hp+i)’
agp’Q)ag’k) + ag’k)agpm = Oy 1 Vp.gik (1 — P70,

It is a Hopf algebra with its structure determined by g, h being group
likes and

A(agp”)) _ agp,q) @1+ & a(lp,q)7 A(aép”)) _ agpvq) @1+h?® aép,q)

for all (p,q) € I. It turns out that the diagram of A;(\,~y) is exactly B (M),
thus we call the pair (X\,~) a lifting datum for B(My). Set v =0 if |I| = 1.

Example 3.5. If I = (i,n) with 7 odd we obtain the Hopf algebra A; ,y(A)
generated by the elements g, h, a1, as satisfying

g?=1=h" ghg=h"",
ga1 = azg, hay = —arh, hay = —ash,
a? =A1-h%), a3=X1-h"%), ajas+aza; =0.
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Now, we introduce the second family of quadratic algebras.

Definition 3.6. For (I, L
a)

ek
erated by g, h, agp’q), (P b

) denote by By (), 7,6, i) the algebra gen-
(0) 30
bl 5

;e satisfying the relations:

hagp,q) _ wqa§P7Q)h’ gb(f) _ bg)g: hb“}) _ wzb( )h
[agp’Q)]Q —0= [agpvq)]Q, b(ﬂ)b( )y b(f’)b( ) _ 0, b(Z)b( )4 b( )bgf) -0,
agp’Q)agi’k) + agi’k)agnq) = 5q,mfk‘/\p,q7i,k<1 - hpﬂ),
agp,q) (k) (iak) gm) = Sy i Vpgin(l — hP=i),
g )b( ) + b( ) (p Q) _ SqmtOpqe(1 — B"HP),
o\
aq

)b( "t bg )ag Y = Oq,ehip,qe(1 — h"P).

92 —1= hm, ghg — hm—l gagpQ) — ag )97

It is a Hopf algebra with its structure determined by g, h being group
likes and

A(al (p, Q)) (p D91+ hP e a(p q)’ A(agp,q)) _ agp,q) ©1+hP® agp,q)’
A(b% — bﬁ“ ©1+h" @b, AGY) =0 @1+ @ o)

for all (p,q) € I,£ € L. It turns out that the diagram of By r(X,7,0,p) is
B(Mj 1), thus we call the 4-tuple (A,v,0, 1) a lifting datum for B(M ).

Example 3.7. Let I = {(i,k)} and L = {m — k} with 1 <k <m an odd
number. The Hopf algebra By 1,(6, 11) is the algebra generated by g, h, a1, as,
b1, by satisfying the relations

¢ =1="n", ghg=h""",
ga1 = asg, hay =wFarh, gbi =bog, hb =w b1k,

a3 =0=a3, b =0=03, aias+asa; =0,
biby + bob1 =0, aiby + bia; = 0(1 — thri), aiby + bya; = u(l — thri).

The following theorem gives the classification of all finite-dimensional
pointed Hopf algebras over D,,, with m = 4t > 12.

Theorem 3.8 ([10, Theorem B|). Let H be a finite-dimensional pointed
Hopf algebra with G(H) = D,,, m = 4t > 12. Then H is isomorphic to one
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of the following:

(a) B(Mp)#kD,, with I = ((i,k)) € Z, k #n, or

(b) B(ML)#kD,, with L € L, or

(¢) Ar(\,y) with I €Z,|I|>1 orI=((i,n)) andy =0, or
(d) Brr(A~,0,pn) with (I,L) € K, |I| >0 and |L| > 0.

Conversely, any pointed Hopf algebra of the list above is a lifting of a
bosonization of a finite-dimensional braided Hopf algebra in g;@yu

3.3. Cocycle deformations and finite-dimensional pointed Hopf
algebras over D,

In this subsection, we prove that all pointed Hopf algebras Ar(\,~) and
Br (A, 7,60,1) can be obtained by deforming the multiplication of a
bosonization of a Nichols algebra using a multiplicative 2-cocycle.

3.3.1. Cocycle deformations and the algebras Ay(A,v). Let I €Z
and consider the Nichols algebra B(My). For all (p,q) € I on My, consider
the linear maps dgp’q),dép’q) given by the rule df«p’q)(ygl’k)) = 0y,50p,i0q,1 for
all r,s =1,2, (p,q),(i,k) € I. By Section 2.1 the following map defines a

Hochschild 2-cocycle on B (Mj)

’]7 = Z a;77‘;7i7kd£p:Q) ® dglak)
(p,q),(i,k)€l,
1<r,s<2

Lemma 3.9. 7 is Dy, -invariant if and only if the following conditions hold:

(18) ik =ik (p,q), (i.k) € I,r,s = 1,2,
1,1 2,2 .

(19) gk —Ypq,ik V(Z% Q)> (17 k’) el,

(20)  opik =0am—kCpm ik Y(p,q), (i,k) € I,r = 1,2,

(21) Qe i =Oq k0L ik V(p,q),(i,k) € I, 1 <r#s<2.

Proof. To prove that 7 is I,,-invariant it is enough to show that n9 = n = n.
Since [dgp’q)]g = dgp’q) and [d;p’Q)]g = dgp’Q) for all (p,q) € I, and 7 is a linear
combination of tensor products of e-derivations, we have that n? = 5 if and

only if (18) and (19) hold. Analogously, since [dgp’q)]h = (D" 1ag®PD g

i
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all (p,q) € I and i = 1,2 we have that n” = n if and only if

n= Z O‘;ZZ kw( D7) T k) g gk
(p7Q)’(i7k)€I,
1<r,5<2
which holds if and only if ap ik = ;;7 kw( D" g+ (=1) "k for 4l .0,

(i,k) € I and r,s = 1,2. Thus, 1fr—swemusthavethatapqzk Oorgq=
—k mod m which gives (20) and if r # s then apqz p=0o0r¢g=k modm
which gives (21). O

Lemma 3.10. Assume n satisfies conditions (18)—(21). Then o =€ is a
multiplicative 2-cocycle for B(M)#kD,,

Proof. By assumption, we know that 7 is D,,-invariant. Since by
Theorem 3.3, the braiding in g:yp is symmetric, then by Lemmas 2.3—
2.5, we get that 7 fulfils the conditions in Lemma 1.3, and consequently
o = € is a multiplicative 2-cocycle for B(My)#kD,,. a

Theorem 3.11. Let H = B(M;)#kD,, and o = € be the multiplicatz’ve 2-
cocycle given by Lemma 3.10. Then Hy ~ Ar(A\,y) with Ay gik = pqz e
a;;pq and Ypqik = pq,z,k + o kqu for all (p,q), (i, k) € I. In particular,

Ar(\,7y) is a cocycle deformatwﬁ of H for all lifting datum.

Proof. To show that H, is isomorphic to Ar(A,~) it suffices to prove that
the generators of H, satisfy the relations given in Definition 3.4, for this
would imply that there exists a Hopf algebra surjection H, — A; and since
both algebras have the same dimension they must be isomorphic.

For (p,q) € I and 1 <r <2, denote alP? = y,(ﬂp’q)#l € B(M)#kD,,
Then by Lemma 2.7 we have for all (p,q), (i,k) € I and r, s = 1,2 that
aPd) . qF) = n(yﬁp,q) yBR)Y (1 — RO DT () (0R)

r

=al? (1 pPDT DT () g (BF)
pqz T s

Using Lemma 3.9, we obtain that

PO g8 G ) _ (a) (6B 6B ()

+6q7m k( pqzk+alkpq)(1_hp+i)

—5q,m k( pqlk"i_azkpq)( _hp+i)7
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agp,q) " (Z k) +a (Z k) U agm) _ agp ) (l k) +a (’L k) (p )
+5q, ( pqzk+ 'Lkpq)(l _h‘p_l)
= 6(17 ( pqzk: t+o zkpq)(l B hp_l)'
Thus, defining A, 451 = ; ikt 04z kpq and vy ik = 04; gik T a:’;pq with

1 <r # s < 2we get that condltlon (17) is satisfied. Since the other relations
follows from the Yetter—Drinfeld structure of Mj, the theorem is proved. [J

Remark 3.12. Note that given a lifting datum (\,~), using Lemma 3.9
and Theorem 3.11 one is able to construct a multiplicative 2-cocycle that
gives the desired deformation of B(Mj)#kD,,.

3.3.2. Cocycle deformations and the algebras By 1 (\,7,0, ). Let
(I,L) € K and consider the Nichols algebra B(My ). For all (p,q) € 1,0 €
L, consider the linear maps dgp ’q), dgp D and dg), dgz) on My 1 given by the
rules

for all r;s = 1,2, (p,q), (i, k) € I, £ € L. By Section 2.1, the following map
defines a Hochschild 2-cocycle on B(My,r,):

1= e o d
(p,q),(i,k)€ET,
1<r,s<2

+ > B dPD @df 4+ ¢ d) @ dP)

p,q.L°T
(p,q)€l Ll
1<r,s<2
r,s (Z
+ D, &
INZIN
1<r,s<2

Lemma 3.13. 7 is D,,-invariant if and only if the following conditions
hold: (18)—(21) from Lemma 3.9,

(22)  Bone = Boas V(p,q) eIl e L,r,s=1,2,

(23)  Bya, =620, Y(p.q) € I,le L,
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(24)  Byue = Oqm—eB s V(p,q) € I,{ € L,r=1,2,
(25) B;:Z,f = 5q,€ﬁ;i’g V(p,q) e [, e L,1 <r+#s<2,
(26) Eo =& Vel € Lyr,s=1,2,
(27) &p =0 Ve, e Lr=1,2,
(28) fzz = 56,6'52’;/ V00U e L1 <r#s<2,

and the coefficients C;’Z ¢ satisfy the same conditions as the coefficients ﬁ;’z 0
forall (p,q) €I, £ €L, r,s=1,2.

Remark 3.14. Note that in this case, equation (20) implies that aygpq =
0 for all (p,q), (i,k) € I, since m = 4t, ¢ is odd for all (p,q) € I,(I,L) € K
and m — ¢ = ¢ mod m if and only if m = 2q.

Proof. To prove that 7 is D,,-invariant it is enough to show that n9 = n* = n.
Thus the first four conditions follows directly from Lemma 3.9. The proof of
the remaining conditions goes along the same lines. Only note that condition
(27) is different because it never holds that ¢/ =m — ¢ mod m since 1 <
L,/ < n and m = 2n. O

The proof of the following lemma is completely analogous to the proof
of Lemma 3.10.

Lemma 3.15. Assume n satisfies conditions (18)—(28). Then o =€ is a
multiplicative 2-cocycle for B(My 1) # kD, .

Theorem 3.16. Let H = B(My 1 )#kD,, and o = el be the multiplicative
2-cocycle given by Lemma 3.15. Then H, ~ Brr(\,7,0, ) with A\p g% =

r,r + T TS + r,s 0 _ B s <1,1 d
apani7k ?Zék7p7q} 1 2’7p,q,l,k - apzqvivk ai7k’p7q7 p’q7£ - p7q7£ p7q7£’ an
Hp.g.e = ﬂp:qj + Cp:q’g, for all (p,q) € 1,4 € L. In particular, Br,r,(\,7,0, 1)
s a cocycle deformation of H for all lifting datum.

Proof. As in the proof of Theorem 3.11, it suffices to show that the genera-
tors of H, satisfy the relations given in Definition 3.6. For (p,q) € I,/ € L
and 1 <r <2, denote aﬁp’Q) = yﬁp’q)#l and b,@ = mg)#l € B(Mj 1)#KDy,.

Since 7 coincides with the multiplicative cocycle given by Lemma 3.10
when it takes values in {agp’Q) : (p,q) € I,r =1,2}, by the proof of The-
orem 3.11 we have that the equations involving the generators a7(~p D are

satisfied. In particular, since ¢ is odd for all (p,q) we have that ¢ Zm — ¢
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mod m for all (p,q) € I and by Lemma 2.7

P D = PO+ Gy 1 = ) =0

Moreover, again by Lemma 2.7 we get that

O B = nfaf®,a)(1 — BH) + BOHE) = HOHY)
forall ¢,¢ € L,r,s =1, 2.

Hence, using the relations of the Nichols algebra B(M7,1,) we have that
b o b 0 b = b 4 b =0 for all £, € L,r, s =1,2.
Besides, by (24) we get

agp#]) o bgg) — n(ygpvq)7$g€))(1 _ hphn) 4 agpﬂ)bgz)
= Gqm—tB0 (1= hP*) + aP D,

bgé) " agp,q) _ n(ng)’y§p,q))(1 — hmRP) + bgf)agp,q)
_ 6q,m—@€;:;g(1 _ hp—i—n) + b(lﬁ)a(lpylﬂ

for all (p,q) € I,¢ € L. Hence, using again the relations of the Nichols algebra
B(Mj 1) we have

, l l , , s n
P o 0 0 aPD = 6 (Bl CL (1 - T,

If we set Opq¢ :ﬂ;’;Z—FC;’;K with (p,q) € I, € L, then the condition
involving the generators a;’ ’q), ng) is satisfied. Finally, by (25) we have that

agp#l) . bgﬁ) =1( §p7q)7wg€))(1 — RPR") + a&p"”bg)
B (1~ ) + P
bgé) . agp:Q) — n(xgz)’ y§PaQ))(1 _ hnhp) 4 bgz)agqu)

= 0y (1= h7+) + b0
for all (p,q) € I,¢ € L. Thus
, {4 {4 , , , n
P o 0 408 6 al? = 640082, + L2 (1 — WP,

Defining 140 = ﬂ;’§€+§;’gz with (p,q) € I, € L, it follows that the

condition involving the generators agp ’q),bge) is satisfied. Since the other
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relations follows from the Yetter-Drinfeld structure of My, the theorem
is proved. O

Remark 3.17. Note that given a lifting datum (\,7,60,u), using
Lemma 3.13 and Theorem 3.16 one is able to construct a multiplicative
2-cocycle that gives the desired deformation.

4. On pointed Hopf algebras over symmetric groups

Finite-dimensional pointed Hopf algebras whose coradical is the group alge-
bra of the groups Sz and S, were classified in [6, 11], respectively. In this
section, we prove that some of them are cocycle deformations by giving, as
in Section 3.2, explicitly the cocycles.

4.1. Racks, Yetter—Drinfeld modules and Nichols algebras
over S,

To present finite-dimensional Nichols algebras over S,, we need first to intro-
duce the notion of racks, see, [5, Definition 1.1] for more details.

A rack is a pair (X,>), where X is a non-empty set and >: X x X —
X is a function, such that ¢; =i (-) : X — X is a bijection for all i € X
satisfying that i> (j> k) = (ivj) > (in k) for all 4,7,k € X. A group G is a
rack with >y = zyz~! for all z,y € G. If G = S,,, then we denote by (9?
the conjugacy class of all j-cycles in S,,.

Let (X,>) be a rack. A rack 2-cocycle ¢ : X x X — k™, (i,j) — ¢;; is a
function such that g; jor ¢j & = Gisjisk @Gk, for all 4,7,k € X. It determines
a braiding ¢? on the vector space kX with basis {z;},cx by c?(z; ® z;) =
¢ijTinj; @ x; for all 4, j € X. We denote by B(X, ¢) the Nichols algebra of this
braided vector space (kX c?).

Let X = OF with n > 3 or X = O} and consider the cocycles:

—1: X x X —=k*, (4,i) —sg(j) = -1,
n n . . 1 if i = (a,b) and j(a) < j(b),

X: 05 x 05 —k*, (j,i) = xi(j) = o . .() .()
—1 ifi = (a,b) and j(a) > j(b)

for i,j € X. By Milinski and Schneider [18, Ex. 6.4], Grana [14],
Andruskiewitsch and Grana [4, Theorem 6.12], Garcia and Garcia Iglesias
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[11, Proposition 2.5], the Nichols algebras are given by

(a) B(Oy, —1); generated by the elements {z(ym)}1<r<m<n satisfying for
all<a<b<c<n,1<e<f<n{ab}Nn{e f} =0 that

0= w?am = T(ab)T(ef) T L(ef)T(ab) = L(ab)Z(be) T L(be)%(ac) T Z(ac)(ab)-

(b) B(0OF, x); generated by the elements {z(yn) }1<r<m<n satisfying for all
1<a<b<c<n1<e<f<n,{a,b}Nn{e, f} =0 that

2
0= Z{ab) = T(an)Z(ef) ~ T(ef)T(ab) = T(ab)%(be) ~ Z(be)L(ac) ~ T(ac)¥(ab),

0= Z(bc)T(ab) ~ T(ac)T(be) ~ T(ab)Z(ac)-

(c) B(OF, —1); generated by the elements x;,i € OF satisfying for ij = ki
and j # i # k € Of that

0= :L‘ZQ = T;Ti-1 + X1 T = TiTj + Tl + Tjxg.

Remark 4.1. These Nichols algebras can be seen as Nichols algebras over
Sn by a principal YD-realization (see, [4, Definition 3.2], [18, Section 5])
of (0%, 1), (O%,x) over S, or (X,q) = (Of, —1) over Sy; that is, one may
describe kX as a Yetter—Drinfeld module over S,,. In particular, if we denote
the elements of S,, by h, and the elements of X by x, with o € O}, k = 2,4,
then the action and coaction are determined by

(29) 6(x;) =h;®@xr, hg-zr = xr(hg) Tosr, TforallTeX, 6€S,,

where (xr)rex, with x- : S, — k™, is a 1-cocycle, i.e., xr(op) = X (1) X puor
(0), for all T € X,0,u € S, satisfying x.(y) = qye for all z,y € X.

4.2. Classification of finite-dimensional pointed Hopf algebras
over S3 and S4

In this subsection, we present all finite-dimensional pointed Hopf algebras
over Sg and S4 up to isomorphism. As before, first we introduce families of
quadratic algebras. It turns out that these quadratic algebras give all non-
trivial liftings of bosonizations of finite-dimensional Nichols algebras. We
follow [5, Definition 3.7] and [11, Definitions 3.9, 3.10]. Let A,T", A € k and
t = (A,T). For 0,7 €S, denote 0> 7 = 70! the conjugation in S,.
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Definition 4.2. H(Q,'[t]) is the algebra generated by {a;, b, : i € OF,r €
Sn} satisfying the following relations for r,s,j € S,, and i € (’)”.
he = 1, hrhs = hm, hjai = —ajm'hj, a(lz) 0
a@12)a(34) + a@ayaaz) = A1 - 34));
a(12)a23) + a(23)a(13) + aazyanz) = (1 — 23))-
Definition 4.3. H(QX[)\]) is the algebra generated by {a;, h, : i € OF,r €
Sy} satisfying the following relations for 7, s,j € S, and i € Oy:
he =1, hyhs = hys, hjai = XZ(]) ajbihjy a%m) =0,
a(12)a(34) — a(34)a(12) = 0,

QA(12)4(23) — 4(23)Q(13) — A(13)A(12) = A1 - h(12)h(23))-

Definition 4.4. H(DIt]) is the algebra generated by {a;, h,:i € Of,r €
S4} satisfying the following relations for r,s,7 € S, and i € OF:

he =1, hyhs = hys,  hja; = —ajsihj, a%1234) = A1 = hazyha),
(1234)(1432) + Q(1432)A(1234) = 0,
(

(1234)0(1243) T O(1243)0(1423) T @(1423)@(1234) = L' (1 — h(12)h(13))-

Remark 4.5. For each quadratic lifting datum Q = 9, 1[t], OX[)\], D[t], the
algebra H(Q) has a structure of a pointed Hopf algebra setting

(30) A(ht):ht®ht and A(CLZ) =a;R1+h;®a;, teS,1eX.

Moreover, they satisfy that gr H(Q) = B(X, ¢)#kS,, with n as appropriate,
see, [11].

The following theorem summarizes the classification of finite-dimensional
pointed Hopf algebras over S3 and Sy, see, [6, 11].

Theorem 4.6. Let H be a non-trivial finite-dimensional pointed Hopf alge-
bra with G(H) =S,,.
(i) If n =3, then either H ~ B(O03, —1)#kS3 or H ~ H(Q3[(0,1)]).

(ii) If n=4, then either H ~B(X,q)#kSy with (X,q) = (05,-1),
(0f,—1) or (03,x), or H~H(Q;'[t]), or H~H(Q[1]), or H ~
H(D[t]) with t € P}.
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4.3. Cocycle deformations and pointed Hopf algebras over S,

In the following, we construct multiplicative 2-cocycles and show that some
families of the pointed Hopf algebras H(Q, '[t]) and H(D[t]) are cocycle
deformations of bosonizations of Nichols algebras in S:yD. As a conse-
quence, we provide the family of cocycles needed to construct all finite-
dimensional pointed Hopf algebras over S3 up to isomorphism.

Let X = O% or Of and denote the generators of B(X, —1) by z, with
7 € X. For all 0,7 € X, define the linear maps d, on kX by d-(z,) = 0 ..
By Section 2.1, the following map is a Hochschild 2-cocycle on B(X, —1) :

n= Z o de @dy,.
n,TeX

The proof of the following lemma follows by a direct computation.

Lemma 4.7. 17 is Sy-invariant if and only if o7 ) = cgpr gy for all T,p € X
and 0 € S,,.

Remark 4.8. Consider the set 7 = X x X. Then S,,, and in particular X,
acts by conjugation on 7 by 0 - (,u) = (0>7,0>p). If we set a:7 — k
with a(7, u) = ar,, then the coefficients of 7 are given by the function a
and by Lemma 4.7, n is S-invariant if and only if « is a class function, i.e.,
it is constant on each conjugacy class. Since (7, u) is conjugate to (7', u') if
and only if 7u is conjugate to 7'y’ in S, if n is S,-invariant, we may write
in the case X = O3:

(31) n =B Z dr @ dr + B(123) Z dr @ dy + B(12)(34) Z dr @ dy,
TeOy T,ue0y T,ue0y
TucOy Tnely,

with Biq, B(123), B12)(34) € k, and in the case X = Of:

(32) 7 =" Z dr ® dr-1 +Y(123) Z dr @ dy +Y(12)(34) Z dr ®d,,
T€O0} T,u€0; T€O}
TREO]

with ¥id, Y(123), V(12)(34) € k-

Assume 7 satisfies (31) or (32). The next lemma states that the expo-
nentiation of the lifting of n is a multiplicative 2-cocycle if all coefficients G
or vy are equal. Since the braiding on B(X, —1) is not symmetric, one needs
to verify equations (6) and (7) on V = kX.
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Lemma 4.9. Assumen = Z/J,,’TEX arudy ® dy, is Sp-invariant. Then it sat-
isfies equations (6) and (7) if and only if ory = oy for all T, 7' p, /€ X.
In such a case, o = €' is a multiplicative 2-cocycle for B(X, —1)#kS,.

Proof. By Lemma 2.3, we need only to verify equations (6) and (7) on
V =kX. Since xr(h,) =sg(p) = —1 for all 7,u € OF and x-(h,) =1 for
all 7, € (’)11 these equations on x,, xs, x¢, T, with r, s,t,u € X equal:

(6) 77(%’ $51>t)77(1’s, xu) = U(st, xrb(tbu))”(m'ra 1‘,5),
(7) 77(557»7 msb(tbu))n(x& xt) = 77(33»5, xTDt)n(xTa xu)

It is clear that if n = A Z%Tex dr ® d, for some A € k, then both equations
are satisfied. Conversely, assume 7 satisfies (6) and (7). Since t>— is a
bijection for all ¢ € X, by (7) we have that o, g (mu)Qst = sty for all
r,s,t,u € X. If agy # 0 for some s,t € X, then o,y = gy for all 7, s,u €
X. Since 1 must satisfy (31) or (32), it follows that n =\, v d; ®d,
for some A € k. The rest of the claim follows now by Lemma 2.3. O

Theorem 4.10. Let H = B(X, —1)#kS,, and o = €" be the multiplicative

2-cocycle given by Lemma 4.9 with n = %Z%Teog dr ®@d, and A € k.

(i) If X =08 then H,~H(Q3'[(0,\)]) for n=3 and H,~
H(Q; M [(2\, 3)N)]) for n > 4.
(ii) If X = OF then H, ~ H(D|[(\,3\)]).

In particular, H(Q3z*[(0,\)]) is a cocycle deformation of H for all \ € k.

Proof. As in the proof of Theorems 3.11 and 3.16, it suffices to show that
the generators of H, satisfy the relations given in Definitions 4.2 and 4.4,
respectively. For 7 € X, let a; = x,#1 € H. Then by Lemma 2.7 we have
for all 7, u € OF that

ar o ay = N(xr,2,)(1 = hrhy) +ara, = X1 = hrey) + aray.

Hence, if X = Oy we get that a(9) o a(12) = a%m) + %(1 —hazaz) = %(1 —
he) = 0 and

a(12) "o A(23) + a(23) ‘o A(13) + a(13) "o A(12)

A
= 4(12)8(23)  0(23)213) + a(13)a(12) + 5 (1~ h12)(23)
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A A
+ g(l — h3)13)) + 5(1 —haz)a2)

=M1 = h(123)) = M1 = h(12)(23))-

Taking I' = )\, this implies that H, ~ H(Q3'[(0,\)]) if n = 3, since both
algebras have the same dimension. For n > 4 we need to verify the extra
relation involving the product of two disjoint transpositions:

a(12) o A(34) T A(34) "o A(12)

A A
= a(12)a(34) T A(34)0(12) T g(l — ha2)(34)) + 5(1 — haay2)

2\
= ?(1 — h(12)(34))-

Thus taking ¢t = (A,T) = (%,)\), we have that H, ~ H(Q,[(2),3)\)]).
Assume X = O%, then

Q(1234) ‘o A(1234) = a%1234) + %(1 - h(1234)(1234)) = %(1 - h(13)(24)),
a(1234) "o 3(1432) T @(1432) "o G(1234) = G(1234)0(1432) + 0(1432)(1234)

+ g(l — h(1234)(1432)) + %(1 — h(1432)(1234)) = ?(1 —he) =0,
((1234) "o @(1243) T Q(1243) "o G(1423) T A(1423) "o A(1234)

= (1234)@(1243) T A(1243)Q(1423) T A(1423)0(1234) T 5(1 - h(1234)(1243))
A A
+ g(l — h(1243)(1423)) + 5(1 — ha23)(1234)) = M1 — h(12)13))-

Therefore, taking t = (A, T') = (%, A), we have that H, ~ H(D[(A,3))])). O

Remark 4.11. Cocycle deformations and the algebras H(Qx[\]). As shown
n [12], the pointed Hopf algebras H(QxX[\]) are cocycle deformations of
B(03, x)#kS,,. Regrettably, our construction using S,-invariant linear func-
tionals on kO3 ® kO4 only provides the trivial deformation.
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