TRANSACTIONS OF THE

AMERICAN MATHEMATICAL SOCIETY

Volume 360, Number 4, April 2008, Pages 1839-1860
S 0002-9947(07)04276-6

Article electronically published on October 30, 2007

CENTRAL INVARIANTS AND HIGHER INDICATORS
FOR SEMISIMPLE QUASI-HOPF ALGEBRAS

SIU-HUNG NG AND PETER SCHAUENBURG

ABSTRACT. In this paper, we define the higher Frobenius-Schur (F'S-)indicators
for finite-dimensional modules of a semisimple quasi-Hopf algebra H via the
categorical counterpart developed in a 2005 preprint. When H is an ordi-
nary Hopf algebra, we show that our definition coincides with that introduced
by Kashina, Sommerh&user, and Zhu. We find a sequence of gauge invariant
central elements of H such that the higher FS-indicators of a module V' are
obtained by applying its character to these elements. As an application, we
show that FS-indicators are sufficient to distinguish the four gauge equivalence
classes of semisimple quasi-Hopf algebras of dimension eight corresponding to
the four fusion categories with certain fusion rules classified by Tambara and
Yamagami. Three of these categories correspond to well-known Hopf algebras,
and we explicitly construct a quasi-Hopf algebra corresponding to the fourth
one using the Kac algebra. We also derive explicit formulae for FS-indicators
for some quasi-Hopf algebras associated to group cocycles.

INTRODUCTION

The (degree 2) Frobenius-Schur indicator v5(V') of an irreducible representation
V of a finite group G has been generalized to simple modules of semisimple Hopf
algebras by Linchenko and Montgomery [LMO00], to certain C*-fusion categories by
Fuchs, Ganchev, Szlachdnyi, and Vecsernyés [FGSV99], and to simple modules of
semisimple quasi-Hopf algebras by Mason and the first author [MNO5]. A more
general version of the Frobenius-Schur Theorem holds for the simple modules of
semisimple Hopf algebras or even quasi-Hopf algebras. In particular, the Frobenius-
Schur indicator of a simple module is non-zero if, and only if, the simple module is
self-dual, and its value can only be 0, 1 or —1.

In proving that +1 are the only possible non-zero values for the Frobenius-Schur
indicator of a simple module of a semisimple quasi-Hopf algebra H over C [MNO05],
the fact that H-modg, is pivotal, proved by Etingof, Nikshych, and Ostrik [ENO],
has been used. Based on the pivotal structure, the second author [Sch04] later
introduced a categorical definition of degree 2 Frobenius-Schur indicators and gave
a different proof of the Frobenius-Schur Theorem for quasi-Hopf algebras.

The higher indicators of irreducible representations of a finite group do not have
a direct interpretation as the degree 2 indicators (cf. [Isa94]). The n-th Frobenius-
Schur indicator of a finite-dimensional module V' with character x of a semisimple
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Hopf algebra H has been defined by Kashina, Sommerh&user, and Zhu [KSZ] as
the value of x at the n-th Sweedler power of the normalized integral of H. It has
been shown in their paper that these indicators carry rich information on H, as well
as its module category. Moreover, the values of the n-th indicators are cyclotomic
integers in Q,,.

In the paper [NS], the authors introduced the notion of higher Frobenius-Schur
indicators of an object V in a C-linear pivotal category C. These indicators are
invariants of the pivotal category. If V is simple and v, (V) # 0, then the dual
object V'V of V occurs in V(1) Again, the n-th indicator of any object in C is a
cyclotomic integer in Q,,. In addition, if C is a pseudo-unitary fusion category over
C, then the higher indicators will be preserved by any C-linear monoidal equivalence
from C to any other pseudo-unitary fusion category over C.

In this paper, we continue our study of Frobenius-Schur indicators defined in [NS]
for the module category of a semisimple complex quasi-Hopf algebra H. It has been
proved in [ENO] that H-modyg, is pseudo-unitary; equivalently, H-modyg, admits a
unique pivotal structure j for which the pivotal dimension of V' € H-modgy, is the
ordinary dimension of V. We will refer to this pivotal structure as the canonical
pivotal structure on H-modsy,. It has been shown in [MNO05] that the canonical
pivotal structure j is given by the trace-element g of H, namely

gv V=V gv()(f)=flg 'a) forzeV, feVY,

and g can be expressed in terms of the integral, the associator and the antipode of
the quasi-Hopf algebra. For the canonical pivotal structure of H-modg,, we prove
(Theorem 4.1) that there exists a canonical central element u,,(H) for each positive
integer n such that the n-th Frobenius-Schur indicator v, (V') of V' is given by

(0.1) vn(V) = x(pn(H)),

where x is the character of the H-module V. The elements p,(H) are invariant
under gauge transformations and independent of the choice of antipode of H. More-
over, we find an expression for p,, (H) in terms of the integral, the associator and the
antipode of H (Proposition 4.5). These results are extensions of the corresponding
degree 2 results in sections 3 and 4 of [MNO05]. The formula (0.1) also implies that
our definition of higher indicators coincides with the one introduced in [KSZ] when
H is a Hopf algebra.

The organization of the paper is as follows: we cover some basic definitions and
facts about quasi-Hopf algebras H, including some important elements of H®H
and identities introduced by Drinfel’d [Dri90], Hausser, and Nill [HN], in Section
1. In Section 2, we prove that two finite-dimensional Hopf algebras over a field k
are gauge equivalent if, and only if, their module categories are k-linear monoidally
equivalent. In addition, if H is semisimple and k = C, then H-mods, is a spherical
fusion category with respect to a canonical pivotal structure. Moreover, the canoni-
cal pivotal structure of H-modys, is preserved by any C-linear monoidal equivalence
from H-mods, to K-mody, for some quasi-Hopf algebra K over C. In Sections
3 and 4, we define the (n,r)-th Frobenius-Schur indicators v, (V) of a finite-
dimensional H-module V. We determine the central elements i, (H) whose action
on the H-modules gives the n-th Frobenius-Schur endomorphisms introduced in
[NS]. The element pu,(H) is an invariant under gauge transformations on H and
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(V) = x(un(H)) where x is the character of V. As an example, we derive a for-
mula for the higher indicators for the semisimple quasi-Hopf algebra obtained from
a semisimple Hopf algebra with a central group-like element of order 2 in Section
5. In Section 6, we use this formula to show that Frobenius-Schur indicators suffice
to identify and distinguish the four gauge equivalence classes of non-commutative
semisimple quasi-Hopf algebras of dimension 8 whose fusion rules (or K(H)) con-
tain an abelian group isomorphic to Zs X Zs. The corresponding categories were
classified by Tambara and Yamagami. Finally, in Section 7, we obtain formulae for
the higher FS-indicators for the dual of the group algebra of a finite group G with
quasi-Hopf algebra structure determined by a group 3-cocycle, and for its double,
known as the twisted double D¥(G).

1. PRELIMINARIES AND NOTATION

In this section, we recall the definition of quasi-Hopf algebras, some properties
described in [Dri90] and [Kas95], and some interesting results obtained in [HN],
[HN99b], and [HN99a]. In the sequel, we will use the notation introduced in this
section.

A quasi-bialgebra over a field k is a quadruple (H, A, ¢, ), in which H is an
algebra over k, A: H — H ® H and ¢: H — k are algebra maps, and ¢ € H®? is
the associator. Here our convention of associator ¢ is given by the equation

H(A @ id)A(R) = (id @A) A(h).

A quasi-bialgebra (H, A, ¢, ¢) is called a quasi-Hopf algebra if there exist an anti-
algebra automorphism S of H and elements «,3 € H such that for all elements
h € H, we have

(1.2) S(hqy)ah@) = e(h)a, hq)BS(h@) = €(h)B,
(1.3) ¢WES(6)ag® =1, S(")as "2 BS(6Y) =1,

where ¢ = W@ P@¢3), 71 = ¢~V ® ¢(=2) ® ¢(=2) and A(h) = h(1) ® h(z). In
the above equations, the summation notation of the tensors has been suppressed.
For simplicity, we will continue to do so in the sequel. The triple (S, a, 5) or some-
times just the anti-automorphism S is called an antipode for H. We will simply write
H for a quasi-bialgebra (H, A€, ¢) or a quasi-Hopf algebra (H, A€, ¢, «, 3,5).

The module category H-mod of the quasi-bialgebra H is a k-linear monoidal
category, or simply a tensor category. If H is a quasi-Hopf algebra, then the tensor
category H-modyg, of all finite-dimensional H-modules is rigid, i.e. H-modg, ad-
mits both left and right duality. Given any V' € H-modg, with the left H-module
structure given by p: H — Endg(V), the left dual (VV, ev,db) of V is defined as
follows:

(1) V¥V = Homg(V, k) with the H-action given by h — p(S(h))*,
(2) ev: VVQV — k and db: k — V@V defined by

ev(fov) = f(av) and db(l) = Zﬁvi@wi,

3

where {v;} is a basis for V and {v'} the corresponding dual basis.
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Similarly, one can define ¥V = Homy(V, k) with the left H-action given by h
p(S~1(h))* and the linear maps ev’: V@'V — k and db’: k — YV &V by

ev'(v@f) = f(S7 (a)v) and db'(l):Zvi@@S‘l(ﬂ)vi.

Then (YV,ev/,db’) defines a right dual of V (cf. [Dri90] and [Kas95] for the details).
Following [Kas95], a gauge transformation on a quasi-bialgebra H = (H, A €, @)
is an invertible element F' of H @ H such that

(e®id)(F) =1 = (id ®€)(F).

Using a gauge transformation F on H, one can define an algebra map AF: H —
H ® H by

(1.4) AF(n) = FA(R)F!
for any h € H, and an invertible element ¢ of H ® H ® H by
(1.5) o = (1@ F)(id@A)(F)p(A@id)(F ) F'e1).

Then HY = (H,A¥ ¢, ¢%) is also a quasi-bialgebra. If H = (H, A, ¢, ¢, a,3,8) is
a quasi-Hopf algebra, then so is HY = (H, AF e, ¢F af', B, S), where

of = Z S(d;)oe; and BF = Z fiBS(gi)

WithF:Zi,ﬂ‘@gi and F~1 :Zidi@)ei.

Two quasi-bialgebras A and B are said to be gauge equivalent if there exists
a gauge transformation F' on B such that A and B are isomorphic as quasi-
bialgebras. Let 0: A — B be such a quasi-bialgebra isomorphism. Then the
functor ,(-): B-mod — A-mod, with ,V the left A-module with the underlying
space V and the left A-action given by

(1.6) a-v=c(a)v (a€AveV),

and , f = f for any map f in B-mod, is a k-linear equivalence. Let £: ,V Q@ W —
+(V ® W) be the linear map

vew Lvew

for any VW € B-mod. Then (,(-),&,id) is a k-linear monoidal equivalence, or
simply a tensor equivalence, from B-mod to A-mod (cf. [Kas95]).

In [HN], [HN99b] and [HN99a], Frank Hausser and Florian Nill introduced some
interesting elements in H ® H for a quasi-Hopf algebra H = (H, A €, ¢, a, 3, 5) in
the course of studying the corresponding theories of quantum double, integral and
the fundamental theorem for quasi-Hopf algebras. These elements of H ® H are
given by

(L) gr=9M @5 (ag®)®,  pr =4 @ PBS(6(),
(1.8) qr = SN a2 @ ¢(=3) pL = ¢(2)S_1(¢(1)ﬁ) © o3
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The elements ¢y, and py, also occurred in [Dri90]. One can show (cf. [HN]) that
they obey the relations (for all h € H)

(1.9) (h@1)qr = (1® S (h())) ar Alh)),
pr(h®@1) = A(ha)) pr (1 ® S(h2))),
(1.10) (1®@h)qr = (S(ha)) ® 1) qr A(h)),

pr (1@ h) = A(hg) pr (S~ (b)) ©1),
where A(h) = h(1) ® h(2). Suppressing the summation symbol and indices again,
we write gr = qg) ® qg), etc. These elements also satisfy the identities (cf. [HN]):

(1.11) Ald) pr(1®5(@F) = 10 S ) ar Alpy)) = 11,
(1.12) A pr (S @M o 1) =S @) APP) =1 1.

2. MODULE CATEGORIES OF QUASI-HOPF ALGEBRAS

In this section, we recall the canonical pivotal structure of the module categories
of finite-dimensional semisimple quasi-Hopf algebras over C and some properties
of these tensor categories. We also prove that two finite-dimensional quasi-Hopf
algebras are gauge equivalent if, and only if, their module categories are tensor
equivalent.

It is well known that if H and K are gauge equivalent quasi-bialgebras, then
H-mod and K-mod are equivalent tensor categories (cf. [Kas95]). The converse
for finite-dimensional Hopf algebras was proved in [Sch96]. The quasi-bialgebra
case was proved in [EGO02, section 6]. Here we give a more straightforward proof
for the case of finite-dimensional quasi-Hopf algebras.

Lemma 2.1. Let H be a quasi-Hopf algebra over a field k, R a k-algebra and V'
an H-R-bimodule. Then 6: HQV — H ® .V given by

0(h®v) =y hay @ S(a5 heay v,

for any h € H and v € V, is a natural H-R-bimodule isomorphism, where ,V
denotes the trivial H-module with the underlying space V' and the right R-actions
on HRV and H® .,V are induced by the right R-action on V.

Proof. Tt follows directly from (1.9) that 6 is a natural bimodule homomorphism.
Consider the H-module map 6: H ® ,V — H @ V given by

é(h X U) = h(l)pg) X h(g)pg)v .

Using (1.9) and (1.11), one can easily verify that 89 = 6 = id. Hence, the result
follows. |

Theorem 2.2. Let H be a finite-dimensional quasi-Hopf algebra, and B a quasi-
bialgebra over a field k. If H-mod and B-mod are tensor equivalent (in particular
if B is finite-dimensional, and H-mods, and B-modg, are tensor equivalent), then
B is gauge equivalent to H as quasi-bialgebras.

Proof. Let (F,&,&) be a tensor equivalence from H-mod to B-mod. By the
Morita Theorems, we may assume that 7 =T ®py — for some T' € B-H-mod such
that Ty is a progenerator, and in particular, T" is finite-dimensional. Moreover,
the algebra homomorphism ¢’: B — Endy(TxH) given by the B-module structure
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of T, is an isomorphism. To show that H = B as algebras, it suffices to prove
that T'= H as right H-modules. By Lemma 2.1, there exists an H-H-bimodule
isomorphism 0: HQH — H®,H. Thus, we have

¢ F(6)

TRT = F(H)QF(H) = F(HoH) = F(HR.H) = TOpH®H = T®.H
as left B-modules. Obviously, all the above unlabeled isomorphisms are B-H-
bimodule isomorphisms. Since 6 is an H-H-bimodule isomorphism, F(0) is a B-
H-bimodule isomorphism. The naturality of £ implies that £: F(H)QF(H) —
F(H®H) is also a B-H® H-bimodule isomorphism. Thus, we have

TRT 2 TR.H
as B-H-bimodules, and hence T' = H as right H-modules by the Krull-Schmidt
Theorem. Let o0: B — H be the composition map
B % Endy (Ty) = Endy(Hy) = H .

As in (1.6), the algebra map o induces a k-linear equivalence ,(-) : H-modg, —
B-mods, and T' = ,H as B-H-bimodules. The following B-module isomorphisms

TV =2 HogV =,V

are natural in V' and hence ,(-) is k-linearly equivalent to F. Therefore, one may
assume F(-) = ,(-). Note that (F,z¢&, 271¢)) is also a tensor equivalence for any
non-zero scalar z. One may further assume £y = id; and so we have ego = eg. Let

F'=¢uu(1®l) and F=¢5'(101).
Since &g g is a B-H®H-bimodule isomorphism, we have
Em,m (u@v) = € (101) (u@v) = F'(udv)
for all u, v € H, and
Fllo®0a)(Ap(b) =&(b- (1®1)) = b-£(1®1) = Ay (o(b)) F’

for all b € B. By naturality again, {xy = F’- for any free H-modules X and Y.
Moreover, we have

=) (F) = H(F) =1 (¢(101) = 191
and, similarly, F'F = 1®1. Therefore, F' is invertible in H®H. Finally, by the

commutativity of the diagrams

AHH) o H) "L (He (He H))

e T Tﬁ

6& A T&@id Tid@&
oH GH® H)®,H "> He(,Ho H),
we obtain
= ([d®@ey)(F) = (eq ®id)(F)
and

(@0 ®0)(¢pp) = (10 F)(id®A)(F)éy(A®id)(F ' )(F'®1).
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Therefore, F is a gauge transformation on H and o: B — HY is quasi-bialgebra
isomorphism. O

Recall that a pivotal structure for a rigid monoidal category C is an isomorphism
j: Id — (-)VY of monoidal functors. A pivotal monoidal category is a rigid monoidal
category with a pivotal structure.

Assume that H is a finite-dimensional semisimple quasi-Hopf algebra over C.
It follows from [ENO, Section 8] that H-mods, admits a unique pivotal structure
such that the left pivotal dimension ptr‘(idy) of any finite-dimensional H-module
V is identical to its usual dimension dim(V'), where

ptr!(f) := (<c D, ygyy VY pyveyv ey, <c)

for any f € Endgy (V). We will refer to the pivotal structure described above as
the canonical pivotal structure in the sequel. The canonical pivotal structure will
be automatically preserved by any tensor equivalence to any other pseudo-unitary
fusion category over C. It can be described explicitly in terms of the trace element
gr of H (cf. [MNO5]).

Remark 2.3. Let V € H-modsi, and let V = P, X; be a decomposition of V
as a direct sum of simple H-modules X;. Let ¢;: X; — V and m;: V — X, be
the embeddings and projections associated with the decomposition. For any f €
Endgy(V), we have m;fi; = f;idx, for some scalar f; € C by Schur’s Lemma.
Therefore,

p_tre(f) = Zp_trg(ﬂmi) = Zptr (mifi;) = Zfz ptr’ (idx,) = Zfi dim (X,

7 %
which is identical to the usual trace of f. In particular,

ptr’(f) = ptr'(f¥) = ptr” (f).

Therefore, H-mods, is a (non-strict) spherical fusion category over C. This ob-
servation has been proved, in a more general context, by Miiger [Miig03, Lemma
2.8].

In [ENO, Section 8] the existence of the canonical pivotal structure on H-modsy,
is deduced from the fact that H-modyg, is pseudo-unitary; conversely, it is not hard
to see that a spherical fusion category with positive pivotal dimensions is pseudo-
unitary in the sense of [ENO].

Proposition 2.4. Let H and K be gauge equivalent finite-dimensional semisim-
ple quasi-Hopf algebras over C. Then every tensor equivalence from H-mods, to
K-modg, preserves their canonical pivotal structures.

Proof. Since H-mods, and K-mods, are pseudo-unitary, the statement follows
immediately from [NS, Corollary 6.2]. d

3. FROBENIUS-SCHUR INDICATORS FOR SEMISIMPLE QUASI-HOPF ALGEBRAS

In this section, we recall the definition of Frobenius-Schur indicators of an object
in a linear pivotal category (cf. [NS] for the details). We then give a definition of
higher Frobenius-Schur indicators for any finite-dimensional representations of a
semisimple quasi-Hopf algebra H over C using the canonical pivotal structure of
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H-modg, described in Section 2. It follows from [NS] that these indicators are
invariants of the tensor category H-mods, and hence gauge invariants of H.

Let C be a finite k-linear pivotal category, that is, a k-linear rigid monoidal
category with a pivotal structure j : Id — (—)YV such that C(V,W) is a finite-
dimensional k-linear space for all V,W € C. We denote by V®" the n-fold tensor
power of an object V € C with rightmost parentheses; thus V®° = I, the neutral
object of C, and VOt = V@V ®" There is a unique isomorphism

o), ye-lgy _, yon

composed of instances of the associativity isomorphisms ®; explicitly ®1) is the
identity, and

Hn+1) — ((V®V®(n—1))®v 2, Ve (Ver-Dey) vee™ V@(n+1)> .

Define A: C(I,V@W) — C(VV,W) and Tyw: C(VY,W) — C(WV,V) for V,W
€ C by

A(f) = (vv Yol yewew) 25 (vVev)ew 28V, W),

Tyw(f) = (WY Lo v 2 v,
and put

Eyw = (cu, vew) & ey, w) T e(wv,v) A e, W®V>> :

v,y ®(n—1) c(I,™)
_

E
By = (C(I,V®") c(1,verNgy) e, V®”)) .
Note that E‘(/l) = ide(r,v) as IVY = I. Following [NS], for any positive integers n, ,
the (n,r)-th Frobenius-Schur indicator of V is the scalar

Vnr(V) = Tr ((E‘(,”))) .

We will call v, (V) := 1, 1(V) the n-th Frobenius-Schur indicator of V. Now,
we can define the Frobenius-Schur indicators for the representations of a semisimple
quasi-Hopf algebra over C.

Definition 3.1. Let H be a semisimple quasi-Hopf algebra over C and let C be
the spherical category H-modyg, with the canonical pivotal structure described at
the end of Section 2. For any V' € C, we call v, (V) the (n,r)-th Frobenius-Schur
indicator of V' and call v, (V) the n-th Frobenius-Schur indicator of V.

Proposition 3.2. Let H, K be gauge equivalent finite-dimensional semisimple
quasi-Hopf algebras over C via the gauge transformation F on H and the quasi-
bialgebra isomorphism o: K — HY. For any tensor equivalence F from H-modg,
to K-modys,,

Vnp(V) = vnp(F(V))

for any V € H-modgs, and positive integers n,r. In particular,
Unr(V) =vn (V).
Proof. The result follows directly from Proposition 2.4 and [NS, Corollary 4.4]. O
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Remark 3.3. Proposition 3.2 implies that the (n,r)-th Frobenius-Schur indicators
are gauge invariants of H.

Remark 3.4. Let H be a semisimple Hopf algebra over C. By a well-known result of
Larson and Radford [LR88], the antipode of H is an involution, and so the canonical
pivotal structure of H-mods, is given by the natural isomorphism j : V. — V'V of
C-linear spaces. If one identifies Homg (C, V) with the invariant space V# for any
V € H-modg,, then

E‘(/n) (Z UL - ®Un) = ZUQ® c QU UL

for any > u1® - Quy, € (V®”)H. By [KSZ, Corollary 2.3], v,(V) = Tr(E‘(,n)) is
identical to the n-th indicator of V' defined by Kashina, Sommerh&duser and Zhu
[KSZ]. Therefore, the definition of higher indicators given in Definition 3.1 is indeed
a generalization of the higher indicators for Hopf algebras.

4. FROBENIUS-SCHUR ENDOMORPHISMS—CENTRAL GAUGE INVARIANTS

In [NS], we have defined the n-th Frobenius-Schur endomorphism of an object
in a semisimple pivotal monoidal category and related it to the Frobenius-Schur
indicators. In the category H-modg, for a semisimple quasi-Hopf algebra H, the
Frobenius-Schur endomorphism is given by multiplication with a central element
pun(H) € H. In this section we will obtain an explicit formula for this element
tn(H) in terms of the quasi-Hopf algebra structure and the normalized integral
of H. In the case of an ordinary Hopf algebra, this formula simplifies to the
n-th Sweedler power of the integral, so that x(u,(H)) specializes to the original
definition of v, (V') in [KSZ].

Let k be a field and C a finite k-linear semisimple pivotal category with pivotal
structure j: Id — (—)¥Y and neutral object I such that

CX,X)=C(I,I) =2k

for all simple objects X of C. By [NS], there exists a unique natural isomorphism
Tyr: VT — TRV for any [-isotypical object T and for any V' € C such that
Ty7 = idy. One can define the n-th Frobenius-Schur endomorphism of V as
the composition

(n) ”
Fsi — (v Lyguer-lgy) X2, ygyen Xer,
(4.13)
Y®(V®n)triv L} (V®n)triv®y QY V®n®y Q} ‘/>7
where

U= (V WOV (ygyemn-gy 2, Y®(V®(n—1)®v)) ’
C= ((V@V@(nfl))(g)y 2, ye(ver-Dgy) Veev V) 7

((V®m)triv ) is the I-isotypical component of V®" and (Y,ev’,db’) is a right
dual of V®". Moreover, by [NS, Theorem 7.6],

(4.14) vn (V) = pta’ (BS),
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where
ptr’(f): < &, yoyy L2, yeyv MEV, pyvgpv e—V>I>

for any f € C(V, V). In the above equation, the identification C(I,I) = k has been
used.

Now, let C = H-modyg, for some finite-dimensional semisimple quasi-Hopf al-
gebra H = (H,A,¢,¢,,3,S) over C. As described in Section 1, for any V € C,
(VV,ev',db’) defines a right dual of V. Thus the maps U and C' in the definition of
the Frobenius-Schur endomorphism can be expressed in terms of ¢ and p as follows.
Let {u;} be a basis for V(=1 and {u'} its dual basis for ¥V (V®("=1). For any
zeV,ueV® and f €V (VOr=D) we have

U(z) =uepPueps and Cleounf) =qf flg v

By [HN], H admits a unique normalized two-sided integral A, that is, the two-sided
integral of H such that ¢(A) = 1. Then the trivial isotypical component V%1 of a
finite-dimensional H-module V is given by AV, and 7(x) = Az defines a retraction
of the inclusion map ¢: V¥V — V.

Let us define

A =e AW =idy, AP =A ¢ =1y, ¢ =181y,
and recursively
(4.15)  ACTY = (idg @A)AM, g1 = (10¢,) (¢ @AT D ()2¢®)

for any positive integer n > 2. Then ®): V®—Dgy — V& i5 given by the
action of ¢,, on V&, For any h € H, we will suppress the summation notation and
simply write

h)y® -+ @hn)
for A (h). In this notation, for any V € C, the action of an element h of H on
V®n is given by
he(21®- - ®@zy) = h(y)71® - - @h(n) Ty,
for 11® - - ®u,, € VO™

Now we can derive a formula for the n-th Frobenius-Schur endomorphism F
in C. By (4.13), we obtain

S(”)

n 1 1 2 1 i
FSU ()= > ai AydDpi mi, (a1 Ay 0DpS oy i, 27
il,"',ir,L71

4 .
<qR (Q)A(3)¢1(1 )p(L 3).%“,1' >

2 1 1 ’ i
N R )

o8,
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where {z;} is a basis for V and {z'} is its dual basis for V*. Since >, x;(v,z%) = v

for all v € V, one can simplify iS(n) (z) as follows:
F_SE,")(x) ( (1)A( b 1)p(Ll)1)> , ( (2) A(2)¢(3 )
(4.16) (qu,)(n—z)A(nfl)@f 1)P(L )(n 1)) : (qu,)(n—nA(n o) (2)>
=m (g AV (g) - AD(A) - 6 - (AT D N )@p)) @,
where m is the multiplication on H. Let us define
(417)  pn(H) := m (@l @A (g) - AP (A) - 6 - (A" G )2p))

for any integer n > 1. The following theorem shows that p,(H) is a central gauge
invariant of H.

Theorem 4.1. Let H = (H,A¢,0,a,3,S5) be a finite-dimensional semisimple
quasi-Hopf algebra over C and n a positive integer. The element u,(H) is in the
center of H, and it is invariant under gauge transformations on H. Moreover, for
any V € H-modg,,

vn(V) = x(pn(H))

where x is the character of V. In addition, if both a and 3 are invertible elements
of H, then the element u,(H) is given by

pn(H) = m(A™ (8)g,) (Ba) ™" = (Ba) " 'm(AM (A)¢n)

where A is the normalized two-sided integral of H.

Proof. Since Lsg’) is an H-module map, the equality (4.16) implies that u,(H)
must lie in the center of H. It follows from Remark 2.3 and (4.14) that

va(V) = ptrf(ESY) = Te(ESYY) = X (1 (H))

where ’IY(F_S&;L )) denotes the usual trace of the linear operator F_Sg}l )

Let K be another semisimple quasi-Hopf algebra over C such that K is gauge
equivalent to H via the gauge transformation F' on H and the quasi-bialgebra iso-
morphism o: K — HY. Then (,(-), F-,id) is a tensor equivalence from H-mods,
to K-modg,. By [NS, Lemma 7.3], the functor ,(-) preserves Frobenius-Schur
endomorphisms. Therefore,

o (i (K))a = pin (K) - 2 = B () = B8, (2) = 5 (BSY) (2) = pun (H)

for all € , H. Therefore, o(j1,,(K)) = p,(H). In particular, ju,(HY) = p,(H).
By [MNO05, Lemma 3.1], we have the equations

(4.18) Ba A @a Azy = A(A) = Aypl @A @)y a
for any X,Y € {R, L}. Following from (4.18) and the equation
(4.19) (AT DRId)AA) = AW (A,

we have

(Basy @A D () - A (A) - ¢, - (AP D I pPa) = A (M), .
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Since py, (H) is in the center of H,

Bagun (H) = jn(H)Ba = fpun(H)a = m (A (8),) .

In addition, if 8 and « are invertible elements of H, the last statement follows. [

Remark 4.2. Since two semisimple quasi-Hopf algebras H, H' with identical quasi-
bialgebra structures but different antipodes are gauge equivalent via the gauge
transformation 1®1 and the quasi-bialgebra isomorphism idg, Theorem 4.1 implies
that p,(H) = pn(H'’). Therefore, p,(H) is independent of the choice of antipode
of H.

Remark 4.3. Let H be a semisimple Hopf algebra over C. Then by Theorem 4.1 we
have v, (V) = x(m(A™(A))) = x(Al") for a finite-dimensional H-module V with
character y. This recovers the formula used to introduce the n-th Frobenius-Schur
indicator of V in [KSZ].

Equation (4.17) contains the elements pr, and gr which we recalled in (1.7) and
(1.8). In fact it turns out that any combination of the p’s and ¢’s will give the same

result. We need the following observation for the proof.

Lemma 4.4. Let n be a positive integer and let t be an element of H®("tV) . For
any G € H®",

m((1®G)t) =m (t(G® 1))
where m 1s the multiplication on H.

Proof. The statement can be easily verified by direct computation. O

Proposition 4.5. Let H = (H,A,¢,$,a,3,5) be a finite-dimensional semisimple
quasi-Hopf algebra over C and n a positive integer. Then

pa(H) = m (@ @A (¢) - AT () - 6, - (A ) 2p) )
for any X, Y € {R,L}.
Proof. Let

Txy =m (@0 0A0 D @) - AW Q) - 6, - (A" D (p)ep?))
for any X,Y € {R, L}. By definition, Tr 1 = un(H). Recall from [MNO5] that

A(A)py (h@1) = A(A)py (105(h)),

(4.20) (10h)gx A(A) = (S(h)®1)gx A(A)
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for all h € H. Then we have
Too = m (@A) (g)AM (A)én(A" Veid)(p))
4.19 . e ne1) — -
Y2 i (4 @A) (gn)gn (AT D id) (A(A)pr) )

( )
(6 ® oA Doid)(A(M)pr (g ®1))) by Lemma 4.4
( (

"2 (0 © VoA D) (AWpL1@5()))
= 'm (AP W), (A" D 2id) (1)) S(a?)
LY gm ((ia @A D)((Baf) 9a )AN))én (A V@) (1)) S(af)

= 4 Bua(H)S(q?)

= )ﬁS( ) »(H) by Theorem 4.1

= ,Un(H)-
Thus, we have Ty j, = p,(H) for X € {L, R}. Now, for Y = L or R, we have
Tyy = m (ax) A" (Ao (A" V@ id)(py) )
4 @A) () A (M) (10p) (AT (p{) 1))
(1@p))ax) A (A) g, (10p5 ))) by Lemma 4.4
id @A) (1ep{)ax A(A))én(12p7) )
m (@A D) (SE)@1)ax A)én(12p))
= SGY)m (@A) (axAM)e, )
(14 @A) () A (M) ) pP
@A) (gx)on (A" D) (AM) (pf @p0)) ) py

= SEY )un(Hapy
= pn(H).

This proves the statement. (Il

— SeD)m

m

((
(418) ¢ «

5. HOPF ALGEBRAS WITH CENTRAL GROUP-LIKE ELEMENTS

Let H be a finite-dimensional Hopf algebra over C and G(H) the group of all
group-like elements of H. Let G be a subgroup of G(H) which lies in the center of
H, w a normalized 3-cocycle on G with coefficients in C* and j : G — G a group
isomorphism. Then j can be extended to a Hopf algebra isomorphism from C[G]
to C[G] = C[G]*. Let

T |G\ 2

yeG
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By the orthogonality of characters of finite groups,

. 1 . -1 1 - —1
J(ex)(z) = € > i) @) i) (z) = € Y iatz) =6

yeG yeG

Therefore, {j(e;)|x € G} is the dual basis of G for C[G|*. In particular, {e;}scc
is the complete set of orthogonal primitive idempotents of C[G], and we have the
equalities

(5.21) S(ey) = ep—1, €(ey) =014, Aler) = Z Cay—108y
yeG

for all x € G. One can construct a new quasi-Hopf algebra using these data of H.
The following lemma is a joint observation with Geoffrey Mason.

Lemma 5.1. Let H be a Hopf algebra over C and G a subgroup of G(H). If G lies
in the center of H, then for any normalized 3-cocycle w on G with coefficients in C*
and for any group isomorphism j : G — G', the tuple H(q ., ;) = (H,A €, 0,0, 3,5)
is a quasi-Hopf algebra, where ¢, a and B are defined by

(5.22) o= Z w(x,y,z)*lem®ey®ez, a=1, g= Z w(z,z7 1 z)e,,

z,y,2€G zeG

and A, € and S are the comultiplication, counit and antipode of H. If W' is cohomol-
ogous to w, then H(g ., jy and Hg . j) are gauge equivalent quasi-Hopf algebras.

Proof. Note that

¢_1 = Z w(xayaz)ez@)ey@ez and 6_1 = Zw($7x_17$)_lex~
z,y,2€G zeG

Using the fact that C[G] lies in the center of H and (5.21), it is straightforward
to verify that H . ;) is a quasi-Hopf algebra. Let w’ = wdb for some normalized
2-cochain b of G with coefficients in C* where

b b

Sb(z,, 2) = (y, 2)b(z,yz)

b(zy, 2)b(x, y)

for z,y,z € G. We define
F= Z b(z,y) e, e, .
z,yeG

Since b is a normalized cochain, F'is a gauge transformation on H g, ;). Moreover,

of = Z w(x,y,2) tob (2, y, 2) ex®e, e, = Z W'(z,y,2) " ep®e, e, .
z,y,2€G z,y,2€G

Since F lies in the center of H®H, AF = A and so HGuw . j) = H(FG’W’].) as quasi-
bialgebras. O

Remark 5.2. H and H,, ;) are identical as bialgebras, and so their module cat-
egories are linearly equivalent. If H is also semisimple, then H and H g, ;) have
the same fusion rules for their irreducible representations. However, in general,
H-mods, and H(g,., j-mods, are not equivalent tensor categories if w is not a
coboundary. We will see examples for this below.
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Let us further assume that H is a semisimple Hopf algebra over C with a central
group-like element u of order 2 and G is the subgroup generated by u. Note that
there is exactly one group isomorphism j from G to G and H*(G,C*) is an abelian
group of order 2.

Consider the function w : G x G x G — C* defined by

-1 fr=y=z=u,
w(x,y,z)—{ 1 otherwise.

One can easily verify that w is a non-trivial 3-cocycle of G and so w represents the
unique non-trivial cohomology class of H3(G,C*). We will simply write H,, for the
quasi-Hopf algebra H g ., j)-
Let x be the non-trivial character of G. Then j(u) = x and so
1 1
(5.23) 61:5(1+u), euzé(lfu) and f=e —e, =u.

We will proceed to obtain a formula of p,,(H,). Let us denote the n-th Sweedler
power of an element = of H by z[™. It is easy to see that

[n] _ x if n is odd,
v e(z)1 if nis even
for any = € C[G]. In particular,
e[n] o (& if nis Odd,
2 ) 6,11 ifniseven
for any z € G. Thus, for any positive integer n, we have
m (60EAME)26D) = 3 wiz,y.2) teaclle. = u",
z,y,2€G
where m is the multiplication of H. Since C[G] is commutative, by (4.15), we have
(5.24) m(¢,) = ur=HE=2)/2

for all 7 > 1. Indeed the formula is clearly correct for r = 1,2, and for r > 2 we
have inductively

m(gr11) = m((106,) (¢ @A (6*)@s®))

= m(@)m((b(l)@A(rfl)(¢(2))®¢(3))
_ u(7‘—1)(7‘—2)/2u7'—1 _ ur(r—l)/2 )

Proposition 5.3. Let H be a finite-dimensional semisimple Hopf algebra over C
with a central group-like element u of order 2. Suppose that'V is a finite-dimensional
simple H-module with character x, and that V is the H,-module associated with V.
Then the n-th Frobenius-Schur indicator of V is given by

va(V) = va(V)x(u®9"72) /x(1)
for any positive integer n, where v, (V') is the n-th Frobenius-Schur indicator of V
considered as an H-module.

Proof. Since u is in the center of H, ¢, is also in the center of H®". Thus, by
Theorem 4.1 and (5.24), we have

pn(Hy) = m(A™ (A)d,) (Ba) ™" = m(A™ (A))m(d,)u"
Al (=2 (n=1)/2, -1 _ plnl (n=3)n/2
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where A is the normalized integral of H. The second and the third equalities follow
from (5.23) and (5.24). By Theorem 4.1,

va(V) = X(A[n]u(nffi)n/Z))
= X(AM)x (u=Dm2) x(1)

= v (V)x(@"37/2) /x (1) .
The second equality follows from the fact that u acts on V' as a scalar. |

Ezample 5.4. As the simplest example, consider H = C[G], where G is the group
of order 2 generated by u. Let V be the non-trivial 1-dimensional H-module. Since
u acts on V as the scalar —1, we have v, (V) = @ for all positive integers n.

By Proposition 5.3, we have

7\ 1+ (_1)n n(n—3)/2 _ nm
Vn(V) = #(—1) = COS (7) .

6. EXAMPLES AND APPLICATIONS

In [TY98], Tambara and Yamagami have classified the fusion categories over C

with five simple objects {a, b, ¢,d, m} and fusion rules:

(1) am = ma =bm =mb=cm =mc =dm = md =m,

(2) mm=a+b+c+d, and

(3) {a,b,c,d} forms an abelian group isomorphic to Zg X Zs .
They found that there are four inequivalent such fusion categories. Three of these
are tensor equivalent to the module categories of the following Hopf algebras: C[Qs],
C[Ds] and the 8-dimensional Kac algebra K, where Qg and Dg are, respectively, the
quaternion group and the dihedral group of order 8. Susan Montgomery raised the
question whether one can explicitly construct a quasi-Hopf algebra whose module
category is tensor equivalent to the fourth fusion category with the above fusion
rules. Such a quasi-Hopf algebra is known to exist because the simple objects in the
category have positive integer dimensions, and in principle it can be reconstructed
from the description of the category in [TY98]. However, this general approach
is bound to be tedious and yield a rather unwieldy result. The question remains
whether the gauge equivalence class of quasi-Hopf algebras corresponding to the
fourth category contains a nice representative which admits a more conceptual or
concise description. In this section, we will answer this question by showing that
these four fusion categories are tensor equivalent to

C[Ds]-mods,, C[Qs]-mods,, K-mods,, and K,-modsp,,

where u is the unique order 2 central group-like element of K. In particular, we
show that C[Ds] is gauge equivalent to the quasi-Hopf algebra C[Qs]., and C[Ds],,
is gauge equivalent to C[Qs]

Let H = C[Qg], C[Ds] or K. Then H has a unique central group-like element
u of order 2 and it has only one 2-dimensional irreducible representation V. We
proceed to compute the Frobenius-Schur indicators of V' in H-modjy, and those of
V in H,-modsp.

The 8-dimensional Kac algebra K is a semisimple Hopf algebra over C generated
by x,y, z as a C-algebra with the relations:

1

2

=1, y2:1, z 5

l+z+y—=zy), zy=yzx, x2=2y, Yz=2T.



FROBENIUS-SCHUR INDICATORS FOR QUASI-HOPF ALGEBRAS 1855

The coalgebra structure is given by
Alx) =z, Aly) =yoy, ex)=¢€y) =1,
A(z) = %(1@1 +2@1 + 10y — yo)(202), (z)=1.
The antipode of K is determined by
S(x)==z, Sy =y, S(z)=z.

Note that u = xy is the unique central group-like element of order 2 of K (cf.
[Mas95] and [TY98] for more details on this Kac algebra). Let V' be the degree 2
irreducible representation of K and  the character of V. We have x(u) = —2. The
higher Frobenius-Schur indicators of V' considered as a K-module are given by

x(A") =1,0,0,0,1,0,2

where n = 2,...,8 and A is the normalized integral of K given by
1
A= g((1+az+y+a:y)+(1+a:+y+a:y)z).

By Proposition 5.3, the n-th Frobenius-Schur indicators (n = 2,...,8) of V consid-
ered as a K,-module are

~1,0,0,0,-1,0,2.
Since Qs and Dg have centers of order 2, each of C[Qs] and C[Dg] has a unique
central group-like element u of order 2. Let H = C[Qg] or C[Dg], V the degree 2
irreducible representation of H and x the character of V. Then x(u) = —2.

For Dg, the Frobenius-Schur indicators v, (V) of V(n = 2,...,8) are well known
to be
1,0,2,0,1,0,2.

The Frobenius-Schur indicators v, (V) of V (n =2,...,8) for Qg are

~1,0,2,0,-1,0,2.

By Proposition 5.3, we can complete the following table of the Frobenius-Schur
indicators for the 2-dimensional irreducible representation V' of these quasi-Hopf
algebras.

va(V) | ws(V) | va(V) | vs(V) | v6(V) | (V) | vg(V)
K 1 0 0 0 1 0 2
K, -1 0 0 0 -1 0 2
CDs] | 1 0 2 0 1 0 2
ClDsl. | —1 0 2 0 -1 0 2
ClQs] | -1 | 0 2 0 | -1 | 0 2
Cl@su| 1 0 2 0 1 0 2

As a conclusion from this table and the results of [TY98], we have the following
theorem.

Theorem 6.1. The fusion categories
K-modyy,, K,-mods,, C[Dg]-modsn, C[Qs]-modsi,

form a complete set of inequivalent fusion categories with the fusion rules given
at the beginning of this section. Moreover, the quasi-Hopf algebra C[Dsg],, is gauge
equivalent to C[Qs], and C[Qsly is gauge equivalent to C[Ds]
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Proof. Tt follows from the above table and Proposition 3.2 that the fusion categories
K-mods,, K,-mods,, C[Dg]-mods,, C[Qs]-mods,

are inequivalent tensor categories. Since there are in total four inequivalent fu-
sion categories with the same fusion rules given at the beginning of this section
(cf. [TY98]), the categories K-modsy,, K,-mods,, C[Ds]-mods,, C[Ds],~-mods,
account for all these fusion categories. Since the Frobenius-Schur indicators of the
degree 2 irreducible representation of C[Qs], are the same as that of C[Dg] and
the fusion rules of C[Qg],-mods, and C[Dg]-mods, are the same, the categories
C[Dg]-mods, and C[Qs],-mods, are tensor equivalent. By Theorem 2.2, C[Ds]
and C[Qsg],, are gauge equivalent quasi-Hopf algebras. Similarly, one can show that
the quasi-Hopf algebras C[Qs] and C[Dg], are also gauge equivalent. |

7. HIGHER INDICATORS FOR QUASI-HOPF ALGEBRAS
ASSOCIATED TO GROUP COCYCLES

In this section we will derive explicit Frobenius-Schur (FS)-indicator formulae
for two kinds of quasi-Hopf algebras associated to a 3-cocycle on a finite group G.
In particular, Bantay’s formula for the second FS-indicator for a twisted quantum
double of a finite group derived in [MNO5] is a special case of these formulae (see
also [Ban00] and [Ban97]).

Let G be a finite group and w a normalized 3-cocycle on G with coefficients
in C*. One can construct a quasi-Hopf algebra H(G,w) = (C[G]*, A€, ¢, a, 3, S)
where multiplication, identity, comultiplication, counit and antipode are the same
as the structure maps of the Hopf algebra C[G]*, and ¢, «, and /3 are given by

=Y wlaboe(@zeb)®e(c), a=1, and B=1 waa ' a)  ea),
a,b,ceG acG

where {e(z) | * € G} is the dual basis of G for C[G]*. The quantum double of

H(G,w) is called the twisted quantum double D*~ (G).

The quasi-Hopf algebras H(G,w). The basis {e(g) | ¢ € G} for H(G,w) is a
complete set of primitive idempotents of H(G,w), and its dual basis {x. | € G}
is the complete set of irreducible characters of H(G,w).

Proposition 7.1. Let G be a finite group and w a normalized 3-cocycle on G
with coefficients in C*. For any simple H(G,w)-module V,, with character x, and
positive integer n,

n—1
(7.25) Un(Vy) = 0zn 1 H w(z, 2", x).
r=1

In particular, if n is not a multiple of the order o(x) of x, then v,(V,) vanishes.
Vo(z) (V) is a Toot of unity whose order is the same as that of the cohomology class
res ;) [w] € H3({x),C*), and Vso(z)(Va) = Vo(z)(Ve)® for s € N.

Proof. Clearly, e(1) is the normalized integral of H(G,w). For any z € G and
integer n > 1,

e@)™ =m (A (@) = Y e(w),

yn=x
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where A) = id and AT*+D = (1Id®" ' ®A)A™ for n > 1, and m denotes the
multiplication of H(G,w). By the commutativity of H(G,w) and Theorem 4.1, we
have

va(Va) = Xo ()87 m(6) )
where
=1y, ¢2=181, $rp1 = (10¢,)(Id @A V@id)(¢).

for any integer r > 2. Note that

m ((id ®A(T)®id)(¢)) = Z w(a, b, c)e(a)e(b)Me(c) = Z w(y, vy, ye(y) .

a,b,ceG yeG

Hence, by induction,

m(pn) = ]:[ w(y,y" v)e(y) .

yeG r=1
Thus, we have
n—2 n—1
Vn(Vr) = Xz ( Z e(y)w(ya yila y) H W(y, yr’ y)) = 5m",1 H w(xa l,'r’ l‘) .
yn=1 r=1 r=1

Following the description in [MS89], the class of the 3-cocycle w, of the cyclic
subgroup (x) of order N defined by

2T~ . —
we(zf, 2™, ™) = exp <%€(m +n—m+ n)>

generates the group H?((x), C*), where n denotes the remainder upon the division
of n by N. Then we have

2mi — exp (E) =( ifr=-1modN
—_ 1-— 1)) = N ’
N2 (r+ T )) {1 otherwise.

ouloa”a) =exp
Obviously, there is a 3-coboundary f of G such that
wf =w! on (x) for some integer .
Since v, (V) is a gauge invariant,

Ns—1
VNS(VI) - H wi(x,mr,x) = (Ct)s'
r=1
Of course, the order of ¢! is the same as the order of res () [w]. O

The twisted quantum double D“(G) of a finite group. The twisted quantum
double D¥(G) of G with respect to w is the semisimple quasi-Hopf algebra with
underlying vector space C[G]*®C[G] in which multiplication, comultiplication A,
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associator ¢, counit €, antipode S, a and 3 are given by

(7.26) (e(g)@z)(e(h)®y) = O4(z,y)dg= ne(g) @y,
(7.27) Ale(g)®z) = Z Yz (h, k)e(h)@r®e(k)®
hk=g
(7.28) o= Y wlg.hk) e(g)@lve(h)@1Re(k)@1,
g,h,keG
ele(9)®r) =041, a=1, B=> wlg.g ' .9)e(g)®L,
(7.29) geG

S(e(g)@z) = Oy-1(z,27 ) (9,97 ez g )@,

where d, 1 is the Kronecker delta, g% = x " lgx, and

0,( _w(g,zy)w(z,y, (xy) tgzy)
g xay) - w(x .’L'il )
,xlgx,y)
w(z,y, 9)w(g, 9 xg, 9" yg)
Ye(z,y) = Jo(

w(z, 9,97 tyg)

for any z,y,g € G (cf. [DPR90]).
By induction, one can show that

n—2
(7.30) o, = Z <H w(@i, @ig1 " Qp1, an)_1> e(a1)®1® - - - ®e(a,)®1

ay, - ,an€G \1=1

for any integer n > 2. The normalized integral of D“(G) is given by

Therefore,

and, by induction, we have
n—1
1
(731) A(") (A) = @ Z (H fym(ai, Qjt1 " CLn)> €(CL1)®$ e ®e(an)®x
@, i=1

for any integer n > 1. Thus, we have

Proposition 7.2. Let G be a finite group and w a normalized 3-cocycle of G with
coefficients in C*. Then, for any integer n > 2, the n-th Frobenius-Schur indicator
of any representation V. of D¥(G) with character x is given by

1 (e e a0, )
V)= — z i . a )
- X (Il et
(732) zfn:’(am—l)n =

a(a, a 10, (z" 1, x)
w(a,a™" a)

-x (e(a)@z"™) .
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Proof. Since both a and § of D“(G) are invertible, by Theorem 4.1, we have

(7.33) pn(D¥(G)) = B~ m(A™ (A)gy) .
By (7.30) and (7.31), we obtain that

A(n)(A)¢n _ ﬁ Z ( 'Zz az+17az+21 ) )) . ’Vm(alaail)

T
az’aerl A _1,0n

z,a1,,an€G
l=ay---an

e(a1)@z® - - Qe(a, )R .

Thus we have
Litl

1 S0 0 a0, (2,
G lm (A(n)(A)an) =@ Z <Hl7 o wl_,c.tam)l’cfjl)x)>

Az(a,a™ N0 (2" x) - B (e(a)@a™)

Ly Hv( 0 )0a (', @)
= |G| w(axi,azi+1 ...aznfl,amﬂ)

The statement follows easily from (7.33) and Theorem 4.1. O

Remark 7.3. The formula for the higher indicators may look different if one uses
another form of ju, (H). For example, u,(D*(G)) = 7 'm(¢, (A" Did)A(A))
since ¢, (A" V@id)A(A) = A (A)p,. Using this form of the cental invariant
tn(D¥(G)), one will obtain

1 Yol 0" - a™ Ya (o )
n V)= 1 i ) -1
1Z ( ) |G| Z <H CL‘Tl .a wz L. axn ’awn )

(7.34) (az=t)r=a=n \i=1
n—1 n—1
Yela™®" " a® )l (z" L, x)
| SaaTa) lelase)
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