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Abstract: We introduce the Frobenius—Schur indicator for categories with duality to give
a category-theoretical understanding of various generalizations of the Frobenius—Schur
theorem including that for semisimple quasi-Hopf algebras, weak Hopf C*-algebras and
association schemes. Our framework also clarifies a mechanism of how the “twisted” theory
arises from the ordinary case. As a demonstration, we establish twisted versions of the
Frobenius—Schur theorem for various algebraic objects. We also give several applications to
the quantum S L.
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1. Introduction

The aim of this paper is to develop a category-theoretical framework to unify various generalizations
of the Frobenius—Schur theorem. We first recall the Frobenius—Schur theorem for compact groups. Let
G be a compact group, and let V' be a finite-dimensional continuous representation of G with character
Xv- The n-th Frobenius—Schur indicator (or FS indicator, for short) of V' is defined and denoted by

va(V) = /G (g dpg) (L1)

where 1 is the normalized Haar measure on GG. The Frobenius—Schur theorem states that the value of the
second FS indicator 15 (V') has the following meaning:

Theorem (Frobenius—Schur theorem). If V' is irreducible, then we have
+1 if Visreal
(V)= 0 if V is complex (1.2)

—1 if V is quaternionic
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Moreover, the following statements are equivalent:

(1) (V) #0.

(2) V' is isomorphic to its dual representation.

(3) There exists a non-degenerate G-invariant bilinear formb : V x V. — C.
If one of the above equivalent statements holds, then such a bilinear form b is unique up to scalar
multiples and satisfies b(w,v) = vo(V) - b(v,w) for all v,w € V. In other words, b is symmetric if
vo(V)) = +1 and is skew-symmetric if vo(V') = —1.

For n > 3, the representation-theoretic meaning of the n-th FS indicator is less obvious than the
second one and there is no such theorem involving the n-th FS indicator. Hence, the second FS indicator
could be of special interest. Unless otherwise noted, we simply call v, the FS indicator and refer to v,
for n > 3 as higher FS indicators.

Generalizing those for compact groups, the FS indicator and higher ones have been defined for various
algebraic objects, including (quasi-)Hopf algebras, tensor categories and conformal field theories;
see [1-9]. Among others, the theory of Ng and Schauenburg [7-9] is especially important since it gives
a unified category-theoretical understanding of all of [1-6]. For the case of a semisimple (quasi-)Hopf
algebra, a generalization of the Frobenius—Schur theorem is also formulated and proved; see [1-3].
These results have many applications in Hopf algebras and tensor categories; see [10-17].

On the other hand, there are several generalizations in other directions. For example, the earlier result
of Linchenko and Montgomery [1] can be thought, in fact, as a generalization of the Frobenius—Schur
theorem for a finite-dimensional semisimple algebra with an anti-algebra involution. Based on their
result, Hanaki and Terada [18] proved a generalization of the Frobenius—Schur theorem for association
schemes and gave some applications to association schemes. Doi [19] reconstructed the results of [1]
with an emphasis on the use of the theory of symmetric algebras. Recently, Geck [20] proved a result
similar to Doi and gave some applications to finite Coxeter groups.

Unlike Hopf algebras, the representation categories of such algebras do not have a natural structure
of a monoidal category and therefore we cannot understand these results in the framework of Ng and
Schauenburg. Our first question is:

Question 1.1. Is there a good category-theoretical framework to understand the FS indicator and the

Frobenius—Schur theorem for such algebras?

The second question is about the twisted versions of some of the above. Given an automorphism 7 of
a finite group (or a semisimple Hopf algebra), the n-th 7-twisted FS indicator v is defined by twisting
the definition of v, by 7 and the twisted version of the Frobenius—Schur theorem is also formulated and
proved; see [21-23]. Our second question is:

Question 1.2. [fthere is an answer to Question 1.1, then what is its twisted version?

In this paper, we give answers to these questions. Following the approaches of [5-7], we see that the
duality is what we really need to define the FS indicator. This observation leads us to the notion of a
category with duality, which has been well-studied in the theory of Witt groups [24,25]. As an answer to
Question 1.1, we introduce and study the FS indicator for categories with duality. Considering a suitable

category and suitable duality, we can recover various generalizations of the Frobenius—Schur theorem
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for compact groups. We also introduce a method to “twist” the given duality on a category. This gives
an answer to Question 1.2; in fact, the twisted FS indicator can be understood as the “untwisted” FS
indicator with respect to the twisted duality.

1.1. Organization and Summary of Results

The present paper is organized as follows: In Section 2, following Mac Lane [26], we recall some
basic results on adjoint functors and then introduce a category with duality in terms of adjunctions. By
generalizing the definitions of [5-7], we define the FS indicator of an object of a category with duality
over a field &£ (Definition 2.8). We also introduce a general method to “twist” the given duality by an
adjunction. Then the twisted FS indicator is defined to be the “untwisted” FS indicator with respect to
the twisted duality.

Pivotal Hopf algebras are introduced as a class of Hopf algebras whose representation category is
a pivotal monoidal category; see, e.g., [14]. Motivated by this notion, in Section 3, a pivotal algebra
is defined to be a triple (A, S, g) consisting of an algebra A, an anti-algebra map S : A — A and an
invertible element g € A satisfying certain conditions (Definition 3.1). The representation category of a
pivotal algebra is not monoidal in general but has duality. Therefore the FS indicator of an A-module is
defined in the way of Section 2. In Section 3, we study the FS indicator for pivotal algebras and prove
some fundamental properties of them.

From our point of view, (1.1) is not the definition but a formula to compute the FS indicator. It is
natural to ask when such a formula exists. In Section 3, we also give a formula for a separable pivotal
algebra (Theorem 3.8); if a pivotal algebra A = (A, S, g) has a separability idempotent £, then

(V) = Z Xv (S(E2)9E2’> (E - Z E® E§’> (1.3)

for all finite-dimensional left A-module V', where xy is the character of V. The relation between
this formula and the results of [1,19,20] is discussed. By specializing (1.3), we obtain a formula for
group-like algebras (Example 3.9) and for finite-dimensional weak Hopf C*-algebras (Example 3.10).
We also obtain the formula of Mason and Ng [2] for finite-dimensional semisimple quasi-Hopf algebras
and its twisted version (§3.4).

In Section 4, we introduce a copivotal coalgebra as the dual notion of pivotal algebras. Each result
of Section 3 has an analogue in the case of copivotal coalgebras. A crucial difference from the case of
algebras is that there are infinite-dimensional coseparable coalgebras. For example, the Hopf algebra
R(G) of continuous representative functions on a compact group G is coseparable with coseparability
idempotent given by the Haar measure on GG. The Formula (1.1) is obtained by applying the coalgebraic
version of (1.3) to R(G).

In Section 5, we apply our results to the quantum coordinate algebra O,(SL2) and the quantized
universal enveloping algebra U,(sly). We first determine the FS indicator of all simple right
O,(SLy)-comodules. In a similar way, we also determine the twisted FS indicator with respect to an
involution of O,(S L) corresponding to the group homomorphism

SLy(k) — SLy(k), (Z Z) — (_“C _db>
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in the classical limit ¢ — 1. Similar results for U, (sl,) are also given by using the Hopf pairing between
O,(SLs) and U, (sly).

Remark 1.3. To answer Question 1.1, we need to work in a “non-monoidal” setting. Since, as we have
remarked, the Frobenius—Schur theory has some good applications even in non-monoidal settings, the
FS indicator for categories with duality could be interesting. However, to define the higher (twisted) FS
indicators, a monoidal structure seems to be necessary. At least, there is a reason why we cannot define
higher FS indicators for categories with duality; see Remarks 2.6 and 2.13.

It is interesting to construct a twisted version of [7-9]. One of the referees kindly pointed out to the
author that in May 2012, Daniel Sage gave a talk on a category-theoretic definition of the higher twisted
FS indicators for Hopf algebras at the Lie Theory Workshop held at University of Southern California.
Independently, after the submission of the first version of this paper, the author obtained a description
of the higher twisted FS indicator for Hopf algebras by using the crossed product monoidal category. In
this paper, we also mention higher twisted FS indicators for pivotal monoidal categories but leave the

details for future work; see §2.6.

Remark 1.4. Linchenko and Montgomery [1] established a relation between the FS indicator and
invariant bilinear forms on an irreducible representation. Unlike the case of compact groups, a relation
between the FS indicator and “reality” of representations is not known in the case of Hopf algebras;
in fact, as remarked in [1], the reality of a representation of a Hopf algebra is not defined since, in
general, a Hopf algebra does not have a good basis like the group elements of the group algebra. In a
forthcoming paper, we will introduce the notions of real, complex and quaternionic representations of a
Hopf *-algebra and Formulate (1.2) in a Hopf algebraic context. We will also provide an exact quantum
analog of the Frobenius—Schur theorem for compact quantum groups.

1.2. Notation

Given a category C and X, Y € C, we denote by Hom¢ (X, Y) the set of all morphisms from X to Y.
C°? means the opposite category of C. An object X € C is often written as X°P when it is regarded an
object of C°P. A similar notation is used for morphisms. A functor ' : C — D is denoted by F*°P if it is
regarded as a functor C°? — D°P.

Throughout, we work over a fixed field £ whose characteristic is not two. By an algebra, we mean a
unital associative algebra over k. Given a vector space V' (over k), we denote by V'V = Homy(V, k) the
dual space of V. For f € V¥ and v € V, we often write f(v) as (f,v). Unless otherwise noted, the
unadorned tensor symbol ® means the tensor product over k. Given ¢t € V®", we often write ¢ as

t=t'?® - t"ecVRVR ---QV

The comultiplication and the counit of a coalgebra are denoted by A and ¢, respectively. For an element

c of a coalgebra, we use Sweedler’s notation

Ac) = cay ® ), Aleay) ® ¢o) = ¢y ® ¢2) @ c3) = c1) @ Alc)), - -
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2. Categories with Duality

2.1. Adjunctions

Following Mac Lane [26], we recall basic results on adjunctions. Let C and D be categories. An
adjunction from C to D is a triple (F, G, ®) consisting of functors F' : C — Dand G : D — C and a
natural bijection ®x y : Homp(F(X),Y) — Home(X,G(Y)) (X € C,Y € D).

Given an adjunction (F, G, ®) from C to D, the unit ) : ide — GF and the counit ¢ : FG — idp of
the adjunction (F, G, ®) are defined by 1y = @y 1y (idp(x)) and ey = @aéy)’y(id(;(y)) for X € C and

Y € D, respectively. They satisfy the counit-unit equations
EF(X)© F(nx) = idF(X) and G(Sy) o UG(Y) = idg(y) (2.1)
forall X € Cand Y € D. By using 7, the natural bijection ® is expressed as

Pxy(f) =G(f)onx (f € Home(F(X),Y) (2.2)

Similarly, by using ¢, the inverse of @ is expressed as
q);(,ly(g) =eyoF(g9) (9 € Homp(X,G(Y)) (2.3)

Note that o at the right-hand side stands for the composition in D. We will deal with the case where
D = C°P, the opposite category of C.

Each adjunction is determined by its unit and counit; indeed, let /' : C — Dand G : D — C be
functors, and let 7 : idc — GF and € : FFG — idp be natural transformations satisfying (2.1). If we
define ® by (2.2), then the triple (F, G, ®) is an adjunction from C to D whose unit and counit are 7 and
e. From this reason, we abuse terminology and refer to such a quadruple (F, G, 7, <) as an adjunction
from C to D.

2.2. Categories with Duality

The following terminologies are taken from Balmer [24] and Calmés-Hornbostel [25].

Definition 2.1. A category with duality is a triple C = (C,(—)",j) consisting of a category C, a
contravariant functor (—)" : C — C and a natural transformation j : ide — (—)"" satisfying

(x)Y 0 jixv = idyv (2.4)

for all X € C. If, moreover, j is a natural isomorphism, then we say that C is a category with strong
duality, or, simply, C is strong.

Let C be a category with duality. We call the functor (—) : C — C the duality functor of C. A pivotal
monoidal category is an example of categories with duality; see [3, Appendix]. Thus we call the natural

transformation j : idec — (—)"V the pivotal morphism of C.
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Example 2.2. Let H be a Hopf algebra with antipode S. If H is involutory, i.e., S? = idy, then the
category mod(H ) of left H-modules is a category with duality; the duality functor is given by taking the
dual H-module and the pivotal morphism is given by the canonical map

V= V7 = Homy(Homy (V. k), k), (u(v), f) = (fv) (veV, feVY) (2.5)

The full subcategory mody;(H) of mod(H) of finite-dimensional left H-modules is a category with
strong duality since ¢y is an isomorphism if (and only if) dim; V' < oo.
Let D denote the duality functor of C regarded as a covariant functor from C to C°P. Definition 2.1

says that the quadruple (D, D°?, j, j°P) : C — C°P is an adjunction. Hence we obtain a natural bijection

Txy : Home(X,Y") = Homeon (D(Y), X°P)

— Hom¢ (Y, D°?(XP)) = Home(Y, XY) (X,Y €0C) 20
which we call the transposition map. By (2.2), Tx y is expressed as
Txy(f) = f"ojy (f € Home(X,YY)) .7
By (2.3), we have T;(}Y(g) =g ojx = Tyx(g) for g € Hom¢(Y, XV). Hence we have
TyxoTxy = idHomc(X,YV) (2.8)

Note that 7 is not necessarily an isomorphism. By understanding a category with duality as a kind of
adjunction, we obtain the following characterization of categories with strong duality.

Lemma 2.3. For a category C with duality, the following are equivalent:
(1) C is a category with strong duality.
(2) The duality functor (—)" : C — C°P is an equivalence.

Proof. Let, in general, (F, G, 7, ¢) be an adjunction between some categories. Then F' is fully faithful
if and only if 7 is an isomorphism [26, IV.3]. Now we apply this result to the above quadruple
(D, D°P, 4, j°P) as follows: If C is strong, then D is fully faithful. Since X = X'V = D(XV) (X € 0),
D is essentially surjective. Hence, D is an equivalence. The converse is clear, since an equivalence of
categories is fully faithful. O

Following [25], we introduce duality preserving functors and related notions:

Definition 2.4. Let C and D be categories with duality. A duality preserving functor from C to D is
a pair (F,¢) consisting of a functor /' : C — D and a natural transformation ¢ : F(XY) — F(X)Y
(X € C) making
J‘F<X>l lﬁxv (2.9)
F(X)VWV —— F(XY)Y
3¢

F(X\/\/)

commute for all X € C. If, moreover, £ is an isomorphism, then (F', £) is said to be a strong. If £ is the
identity, then (F’ ) is said to be strict.
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Now let (F,¢), (G,() : C — D be such functors. A morphism of duality preserving functors from
(F,€) to (G, Q) is a natural transformation A : F' — G making

F(XV) = P(X)Y

S

G(XY) —— G(X)Y

(x

commute for all X € C.

If (F,§) : C — D and (G,() : D — & are duality preserving functors between categories with
duality, then the composition G o F' : C — £ becomes a duality preserving functor with

G(éx) Cr(x)
—_— SR AN

G(F(XY)) G(F(X)Y) G(F(X))” (X el)

One can check that categories with duality form a 2-category; 1-arrows are duality preserving functors
and 2-arrows are morphisms of duality preserving functors. Hence we can define an isomorphism and
an equivalence of categories with duality in the usual way.

Given a duality preserving functor (F, &) : C — D, we define

Fx.y : Home(X, YY) — Homp(F(X), F(Y)") (X,Y €C)

by Fxy(f) =& o F(f) for f : X — YV. F is compatible with the transposition map in the sense that
the diagram

Home (X, YY) 2%, Homp(F(X), F(Y)¥)
TX’YJ lTF(X>,F<Y> (2.10)
Home(Y, XV) —— Homp(F(Y), F(X)V)

Fxy

commutes for all X,Y € C. Indeed, we have
Tre),ron(Fxy (£) = v 0 F(f)Y 0 jrry = F(f)" 0 & 0 jry)
= F(f)Y oéxvo F(jx) =& o F(f¥) o F(jx) = Fxy(Txy(f))
Now suppose that C is a category with strong duality. Then:

Lemma 2.5. C° is a category with duality with the same duality functor as C and pivotal morphism

(57 1)°P. The duality functor on C is an equivalence of categories with duality between C and C°P.
Hence, from (2.10) with (F,§) = ((—)",id_yv) : C®® — C, we see that

(=)

I—IOH’].C()(V7 Y) P — HomCOP (YOp, (X\/)Op) e Homc(yv, XVV)
T‘Sf'iyl lTYV,XV (2.11)
Home (Y, X) = Homeer (X, (Y)°?) —— Home(X",Y"")

commutes for all X,Y € C, where TC)’EY is the transposition map for C°" regarded as a map
Home(XV,Y) — Home(YY, X). Explicitly, it is given by Ty (f) = ixt o fY.
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Remark 2.6. If C is a pivotal monoidal category, then there is a natural bijection
Home (XY, Y) 2 Home(1, X ®@Y) (X,Y €0),
where ® is the tensor product of C and 1 € C is the unit object. The diagram
Home (XY, X) —— Home(1, X @ X)

oy Jse

Home (XY, X) —— Home(1, X ® X)

commutes, where the horizontal arrows are the canonical bijections and Eg?) is the map used in [8] to
define the FS indicator.

2.3. Frobenius—Schur Indicator

Recall that a category C is said to be k-linear if each hom-set is a vector space over k£ and the
composition of morphisms is k-bilinear. A functor F' : C — D between k-linear categories is said
to be k-linear if the map Home (X, Y) — Homp(F(X), F(Y)), f — F(f) is k-linear for all X, Y € C.

Note that C°P is k-linear if C is. Thus the k-linearity of a contravariant functor makes sense.

Definition 2.7. By a category with duality over k, we mean a k-linear category with duality whose
duality functor is k-linear.

For simplicity, in this section, we always assume that a category C with duality over k satisfies the
following finiteness condition:

dimy Home(X,Y) < oo forall X, Y €C (2.12)

Definition 2.8. Let C be a category with duality over k. The Frobenius—Schur indicator (or FS indicator,
for short) of X € C is defined and denoted by v(X) = Tr(Tx x), where Tr means the trace of a
linear map.

The following is a list of basic properties of the FS indicator:

Proposition 2.9. Let C be a category with duality over k and let X € C.
(a) v(X) depends on the isomorphism class of X € C.
(b) v(X) = dimy, BF (X) — dimy, Bg (X), where Bz (X) = {b: X — X" | Tx.x(b) = £b}.
(c) Let X1, X5 € C. If their biproduct X| & X exists, then we have v(X; & Xs) = v(X;) + v(Xa).

Proof. (a) Letp: X — Y be an isomorphism in C. Then
Home (p, p”) : Home (Y, YY) — Home(X, XY), frp’'ofop
is an isomorphism. By the naturality of the transposition map, the diagram
Home (Y, YY) —2% Home(Y, YY)

Home (p,pv)J( J{Homc (p.p)
Home (X, XY) —— Home (X, XVY)
Tx,x
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commutes. Hence, we have v(X) = Tr(Tx x) = Tr(Tyy) = v(Y).
(b) The result follows from (2.8) and the fact that the trace of an operator is the sum of its eigenvalues.
(c)Fora=1,2,1eti, : X, — X; & Xy and p, : X; & Xy — X, be the inclusion and the projection,

respectively. For a, b, c,d = 1,2, we set
T = pea © Txyo X010, © Gap : Home(X,, X)) — Home (X, X))
where i,, = Home(p,, p) and p.q = Home(i,, iy ). By linear algebra, we have
Tr(Tx,0x,x8x,) = Te(Tip) + Te(T13) + Te(T3;) + Tr(T33) (2.13)
Now, by the naturality of the transposition map, we compute

ng - Homc(im Z;;/) © TX169X2,X169X2 © Homc(pa,pl\,/)
= Home(iq, 3y ) © Home (py, py ) © Tx, x,

. \Y v
- Hom(,’(pb o Za’pa o Zb) © TXaaXb

Hence Tg’,; is equal to Tx, x, if a = b and is zero if otherwise. Combining this result with (2.13), we
obtain V(Xl D XQ) = V(Xl) + I/(XQ). OJ

The FS indicator is an invariant of categories with duality over k. Indeed, the commutativity of (2.10)
yields the following proposition:

Proposition 2.10. Let (F,&) : C — D be a strong duality preserving functor. If F' is k-linear and fully
faithful, then we have v(F (X)) = v(X) forall X € C.

Similarly, we obtain the following proposition from (2.11):

Proposition 2.11. Suppose that C is a category with strong duality over k. Then, for all X € C, we have
V(XY) =Te(TY x) = v(XP).

Let A be a k-linear Abelian category. Recall that a nonzero object of A is said to be simple if it has no
proper subobjects. We say that a simple object V' € A is absolutely simple if End 4(V') = k. Note that
the opposite category A°P is also k-linear and Abelian. It is easy to see that an object of A is (absolutely)
simple if and only if it is (absolutely) simple as an object of A°P.

Proposition 2.12. Let C be an Abelian category with strong duality over k, and let X € C.
(a) If X is a finite biproduct of simple objects, then v(X) = v(XV).
(b) If X is absolutely simple, then v(X) € {0, £1}. v(X) # 0 if and only if X is self-dual, that is, X

is isomorphic to X" .

Proof. (a) We first claim that if V' € C is simple, then v(V) = v(VVY). Let V' € C be a simple object.
Since (—)¥ : C — C°P is an equivalence, V'V is simple as an object of C°P and hence it is simple as an
object of C. If V' is isomorphic to V'V, then our claim is obvious. Otherwise, we have

Home(V,VY) =0 and Home(VY, VYY) = Home(VY,V) =0
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by Schur’s lemma. Therefore v(V) = 0 = (V') follows.
Now write X as X =V &--- @V, for some simple objects V7, ..., V,, € C. By the above arguments
and the additivity of the FS indicator, we have

VXYY = (V) 4 (V) = p(V) + o (Vi) = 1(X)
(b) Suppose that X € C is absolutely simple. If X is isomorphic to X, then
dimy, Home (X, XV) = dimy Ende(X) = 1

and hence v(X) is either +1 or —1 by Proposition 2.9 (b). Otherwise, v(X') = 0 as we have seen in the
proof of (a). [

Remark 2.13. If C is a pivotal monoidal category over k, then the n-th FS indicator v, (X) of X € C
is defined for each integer n > 2; see [8]. The commutativity of (2.10) implies 1,(X) = v(XV)
(see also Remark 2.6). However, in view of Proposition 2.12, v(X) = v,(X) always holds in the case
where C is strong, Abelian, and semisimple. We prefer our Definition 2.8 since it is more convenient
when we discuss the relation between the FS indicator and invariant bilinear forms.

One would like to define higher FS indicators for an object of a category with duality over k£ by
extending that for an object of a pivotal monoidal category over k. This is impossible because of
the following example: For a group GG, we denote by Vechd the k-linear pivotal monoidal category of
finite-dimensional G-graded vector spaces over k. The n-th FS indicator of V' = @, ..V, € Vechd is
given by

v (V) = Z dimg(V,), where G[n] ={x € G| 2" =1} (2.14)
z€Gn]
Now we put
C=Vec;i*” and D = Vecp*"

There exists a bijection f : Zy X Zy — Zo x Zg such that f(x™!) = f(x) ! forall x € Zy X Zy. |
induces an equivalence C ~ D of categories with duality over k. If we could define the n-th FS indicator
for categories with duality over k, then there would exist at least one equivalence F' : C — D such that
Un(F (X)) = v,(X) for all X € C and n > 2. However, by (2.14), there is no such equivalence.

2.4. Separable Functors

Let H be an involutory Hopf algebra, e.g., the group algebra of a group GG. We consider the category
C = mody;(H) of Example 2.2. The FS indicator v(V') of V' € C is interpreted as follows: Let Bily (V)
denote the set of all H-invariant bilinear forms on V. The transposition map induces

Yy :Bilg(V) — Bilg(V), Xy (0)(v,w) =b(w,v) (b€ Bilg(V),v,we V)

via the canonical isomorphism Bily (V) = Hompg(V,V"). Now let Bil5; (V) denote the eigenspace of

Y.y with eigenvalue +1. Then we have

v(V) =Tr(Tyy) = Tr(Sy) = dimyg Bilj; (V) — dimy, Bilg (V)
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Hence, from our definition, the relation between v(V') and H-invariant bilinear forms on V' is clear. On
the other hand, it is not obvious that (V) is expressed by a formula like (1.1). It should be emphasized
that, from our point of view, (1.1) is not the definition of v(V") but rather a formula to compute v(V'). We
note that a similar point of view is effectively used to derive a formula of the FS indicator for semisimple
finite-dimensional quasi-Hopf algebras in [3].

A key notion to derive (1.1) is a separable functor [27]; a functor U : C — V is said to be separable
if there exists a natural transformation

Ixy : Homy(U(X),U(Y)) - Home(X,Y) (X,Y €C)

such that ITx v (U(f)) = f forall f € Hom¢(X,Y). Such a natural transformation II is called a section
of U. Suppose that C and V be k-linear. We say that a section Il of U is k-linear if Il x y is k-linear for
all X, Y € C.

Now let C be a category with duality over £, and let V be a k-linear category satisfying (2.12). A
k-linear functor U : C — V induces a k-linear map

Uxy : Home(X,Y) — Homp(U(X),U(Y)) f—U(f) (X,Y €C)
If U has a k-linear section II, we define a linear map
Tx.y : Homy(U(X),U(Y"Y)) — Homy(U(Y),U(X")) (X,Y €C) (2.15)

so that the diagram

Homy,(U(X),U(YY)) Ixy, Homy,(U(Y),U(X"))

HX,Y\/l TUY,XV

Home (X, YY) — Home (Y, XV)

Tx,y

commutes. By using the well-known identity Tr(AB) = Tr(BA), we have

TI‘(—T_XJ() :Tr(UX’X\/ OTX,XOHX,XV> (2 ]6)
= TI"(HX7xv e} UX,XV (0] TX,X) = TI‘(TX,X> = V(X)

Before we explain how (1.1) is derived from (2.16), we recall the following lemma in linear algebra: Let

f:V —=Wandg: W — V be linear maps between finite-dimensional vector spaces. We define
T:- VoW -=VeW, Theow)=gw)® f(v), (veV,weW)
Lemma 2.14. Tr(7) = Tr(fg).

The dual of this lemma is also useful: Let B(V, W) be the set of bilinear maps V' x W — k and
consider the map 7V : B(V,W) — B(V,W), TV (b)(v,w) = b(g(w), f(v)). Since T" is the dual map
of T" under the identification B(V, W) = (V ® W)Y, we have Tr(T") = Tr(fqg).

Proof. Let {v;} and {w,} be a basis of V and W, and let {v"'} and {w’} be the dual basis to {v;} and
{w,}, respectively. Then we have

Te(T) = Y (v, glwy)) (W, f(0)) = Y (w!, f(g(wy))) = Tx(fg)

1, J
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Here, the first and the last equality follow from Tr(f) = > .(v%, f(v;)) and the second follows from
=Y .(v' z)v;. O

Now, for simplicity, we assume & to be an algebraically closed field of characteristic zero. Let H
be a finite-dimensional semisimple Hopf algebra over k, e.g., the group algebra of a finite group G.
Then, by the theorem of Larson and Radford [28], H is involutory. Let Vecs; (k) denote the category
of finite-dimensional vector spaces over k. The forgetful functor mody;(H) — Vecy (k) is a separable

functor with k-linear section

HV,W : Homk(V, W) — HOIIlHG/, W) (V, W e mod(H))
Myw (f)(v) = S(Aw)f(Aev) (f € Hom(V,W),v € V)

where A € H is the Haar integral (i.e., the two-sided integral such that e(A) = 1). Let Bil(1') denote
the set of all bilinear forms on V. Instead of the map (2.15), we prefer to consider the map

Sy : Bil(V) = Bil(V), Sy (b)(v,w) = b(Anyv, Agyw), (b€ Bil(V),v,w € V)

which makes the diagram

v,vV

m
Bil(V) = Homy(V,VY) —— Homg(V, V") = Bily (V)

ivl -T—V’VJ/ J/TV,V J/EV

Bil(V) = Homy(V, V") «—— Hompg(V, V") = Bily (V)

inclusion

commutes; see §3, especially Theorem 3.8, for the details. Let p : H — Endy (V') be the algebra map
corresponding to the action / ® V' — V. By Lemma 2.14, we have

y(V) = Tr(Sy) = Tr (P(Au)) o P(A(2))> = xv(AmAe)

where xy = Trop. This is the FS indicator for / introduced by Linchenko and Montgomery [1]. In the
case where H = kG, we have v(V) = |G|™' 37, xv(g°) since A = |G|' 3~ . g. Formula (1.1) for
compact groups is obtained in a similar way; see §4 for details.

2.5. Twisted Duality

To deal with some twisted versions of the Frobenius—Schur theorem, we introduce a rtwisting
adjunction of a category with duality and give a method to twist the original duality functor by using a
twisting adjunction. Our method can be thought as a generalization of the arguments in [23, §4].

Let C be a category with duality. Suppose that we are given an adjunction (F,G,7,e) : C — C and a
natural transformation {x : F(X") — G(X)". Define (x by

Cx : G(XY) m G(XV)WY i} F(XVV)Y F(J_X)v> F(X)V 2.17)
(x 1s a natural transformation making the following diagrams commute:
Fx) 29 pxwy Gx) C9 gxw
jeco | [exv s | [ex (2.18)
F(X)\/V T G(X\/)V) G(X)V\/ ? F(XV)\/
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Indeed, the commutativity of the first diagram is checked as follows:

Cx 0 Jr(x) = Joxvy © Exv 0 F(jx)"Y 0 jr(x) = Jexvy © Jaxvyv 0 Exv o F(jx) = Exv o F(jx)
The commutativity of the second one is checked in a similar way as follows:
Cxv o Gjx) = F(jxv)" o Exvv 0 Japxvvy o G(jix)
= F(jxv)" o &xw 0 G(jx) " 0 jawx) = F(jxv)" o F(jx)" o &x 0 jax) = £x © Jax)

Now we define the twisted duality functor by X* = G(X"). The problem is when C is a category with
duality with this new duality functor (—)>*.

Lemma 2.15. Define w : idc — (—)* o (=) by

X P arx) Y arxwvy G5 qiaxvyv) = x (2.19)
The triple (C, (—)*,w) is a category with duality if
(Fa(xv) 299 F(P(X)Y) 2 (GR(X)Y o XV) =ex (2.20)

holds for all X € C. If, moreover, C is strong, then the following are equivalent:
(1) F'is an equivalence.

(2) G is an equivalence.
(3) (C, (—)*,w) is strong.

Proof. Let X € C. By (2.17), wx can be expressed in two ways as follows:

wx = G(&xv o F(jx))onx = G({x o Jrx)) © Nx

For each X € C, we compute

W owxe = Gw) o warry = Gw¥) 0 G apevy © Fliae) ) o nage)
(77 0 G(Cx 0 jrx))” 0 Earxvyv © F(jG(XV))> O NG (XV)
= G(ﬂx o Epx) © Fjpex) © Jrxv © CX)) o Na(xv)
= G(nx 0 §p(x) © F(CX)) ongxvy = Gexv) o ng(xvy = idg(xv) = idxt

Here, the fourth equality follows from the naturality of &, the fifth from (2.4), the sixth from the
Assumption (2.20), and the seventh from (2.1). Now we have shown that the triple (C, (—)* wx) is
a category with duality.

It is easy to prove the rest of the statement; (1) < (2) follows from basic properties of adjunctions.
To show (2) < (3), recall Lemma 2.3. O

In view of Lemma 2.15, we call a quintuple t = (F, G, n, ¢, ) satisfying (2.20) a twisting adjunction
for C. Given such a quintuple t, we denote by C* the triple (C, (—)*, w) constructed in Lemma 2.15. Now

we introduce an involution of a category with duality:



Axioms 2012, 1 337

Definition 2.16. An involution of C is a triple t = (F, £, n) such that (F, £) is a strong duality preserving
functor on C and 7 is an isomorphism

1 (ide,id)v) — (F,€) o (F,§) (2.21)
of duality preserving functors satisfying
nrex) = Flnx) (2.22)
for all X € C. We say that t is strict if £ and 7 are identities.

Note that (2.21) is an isomorphism of such functors if and only if

77}/( o gF(X) @) F(gx) o Nxv = idXv (223)

holds for all X € C.
An involution (F,§,n) of C is a special type of twisting adjunction; indeed, by (2.22), the
quadruple (F, F,n,n ') is an adjunction. By the definition of duality preserving functors, the natural

transformation (2.17) is given by
(x = F(jx)" o &xv o jrxvy = F(jx)" 0 Exww o Fjixv) = Exvv o F(jx) o Fjxv) = &x

Since the counit is ™, (2.20) is equivalent to (2.23). Hence (F, F,n,n~!, ) is a twisting adjunction for
C. From now, we identify an involution of C with the corresponding twisting adjunction.

Suppose that C is a category with duality over k. Lett = (F, G, . ..) be a twisting adjunction for C.
t is said to be k-linear if the functor F' : C — C is k-linear. If this is the case, GG is also k-linear as the
right adjoint of F (see, e.g., [26, IV.1]) and hence C* is a category with duality over k.

Definition 2.17. Let C be a category with duality over £, and let t be a k-linear twisting adjunction for
C. The (t-)twisted FS indicator v*(X) of X € C is defined by

VH(X) = v(X)
where X* € C* is the object X regarded as an object of C*.

To study the twisted FS indicator, it is useful to introduce the twisted transposition map. Let C be a
category with duality (not necessarily over k). Given a twisting adjunction t = (F, G, 7, ¢, ) for C, the

(t-)twisted transposition map
Tg(’y : Home(F(X), YY) — Home(F(Y), XY) (X,Y €C) (2.24)

is defined for f : F(X) — YV by

EF(X)

LU, pp(x)Y) 9, (GR(X))Y 2 XV

Ty (f): F(Y)

For a while, let Tgﬂ, : Home(X,Y*) — Home(Y, X*) denote the transposition map for Ct. One can
easily check that the diagram

Home(F(X),YY) —— Home(X,G(Y")) = Home (X, Y¥)

Ty | [ (2.25)
Home(F(Y), X¥) —— Home(Y, G(X")) = Home(Y, X?)
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commutes for all X,Y & C, where the horizontal arrows are the natural bijection given by (2.2). Hence,
under the condition of Definition 2.17, we have

X)) = Tr(T ) = Tr(T x)

The properties of the twisted FS indicator can be obtained as follows: Apply previous results to C*
and then interpret the results in terms of C and t by using the commutative Diagram (2.25). Following

this scheme, a twisted version of Proposition 2.12 is established as follows:

Proposition 2.18. Let C be an Abelian category with strong duality over k, let X € C, and
lett = (F,G,...) be a k-linear twisting adjunction for C such that F is an equivalence of categories.
Then:

(@) If X is a finite biproduct of simple objects, then v*(F (X)) = v*(X").

(b) If X is absolutely simple, then v*(X) € {0, £1}. v8(X) # 0 if and only if F(X) =2 XV.

Now let H be a finite-dimensional semisimple Hopf algebra over an algebraically closed field k& of
characteristic zero. We give two examples of k-linear twisting adjunctions for mody;(H).

Example 2.19. An automorphism 7 of H induces a strict monoidal autoequivalence on mod,(H). If
7% = idy, then it gives rise to a strict involution of mody;(H ), which we denote by the same symbol 7.
The study of the 7-twisted FS indicator leads us to the results of Sage and Vega [23]; see §3.

Example 2.20. Let L € mody;(H) be a left H-module such that h1)¢ ® h(a) = h2)¢ @ h(1) holds for all
h € H and ¢ € L. This condition implies that, for each X € mody;(H ), the map

flip: L X —->X®L (Qer—zl (€l xecX)
is an isomorphism of left H-modules. Fix a basis {/;} of L and define

X > LeL'eX, nx() =) el e
EXZL\/@L@X—)X, 6X(£;/®£]®x):51]$

for x € X, where {¢)'} is the dual basis of {/;}. The quadruple (F = LY ® (—),G = L ® (—),n,¢) is
an adjunction on mody;(H ). Moreover, if we define £x by

Vo XY 2L (Xe L)Y L (Lex)Y

then the quintuple t(L) := (F,G,n,¢,&) is a twisting adjunction for mody;(H). Since, in general, F
and GG are not monoidal, t(L) is of different type of twisting adjunctions from Example 2.19.

Following the above notation, we write X* for G(XV). To interpret the t(L)-twisted FS indicator
v(V; L) := v*E)(V), we recall that there is an isomorphism

Homp(X,Y*) = Homp(X,L®Y") 2 Homy(X @Y, L)
natural in X, Y € mod;,(H ). The transposition map for mod,(H )t induces

Yt Homp(V @V, L) — Homy (V@ V, L), XE(b)(v,w) = bw,v)
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via the above isomorphism. Hence we have v(V; L) = dimy, B}, (V; L) — dimy, By (V; L), where
B%(V; L) is the eigenspace of %1 with eigenvalue +1.
Let B(V; L) denote the set of all bilinear maps V' x V' — L. To express v(V; L) by using the

characters of V' and L, we use the map
YL B(V;L)— B(V;L), TL(b)(v,w) = S(Aw) - b(Agyw, Av)

which makes the following diagrams commute:

Myvev,

B(V; L) = Homy(V ®V, L) Homp(V ® V, L) = Homy(V, V¥)

= L #

B(V; L)~ Homy(V ®V,L) «——— Homg(V ®V, L) = Homg(V,V?)

inclusion

Now, let, in general, f : A — B,g: B — Aand h : M — M be linear maps between finite-dimensional

vector spaces. Then, in a similar way as Lemma 2.14, one can show that the trace of
T :Homi(A® B, M) — Homy(A® B, M), T(u)(a®b)=nhugd)® f(a))
is given by Tr(7') = Tr(h) Tr(fg). By using this formula, we have
v(ViL) = Te(SF) = xo(S(Aw)xv (ApAe)

If dimy L = 1, then L ® (—) is an equivalence and hence Proposition 2.18 can be applied to the above
example. By the above arguments, we now obtain in the following another type of twisted version of the
Frobenius—Schur theorem for semisimple Hopf algebras.

Theorem 2.21. Let o : H — k be an algebra map such that o(h(1y)h@y = a(h))hay holds for all
h € H (or, equivalently, let o be a central grouplike element of the dual Hopf algebra H" ), and let L be
the left H-module corresponding to . Then, for all simple module V' € modg,(H ), we have

v(Vi L) = a(S(Aw)xv(ApAw) € {0, £1}

Moreover, for a simple module V' € modg,(H ), the following statements are equivalent:
(L) v(V;L) #0.
QVELRVY.
(3) There exists a non-degenerate bilinear formb : V @V — k satisfying

b(hayv, hyw) = a(h)b(v,w) forallh € H andv,w € V

If one of the above equivalent statements holds, then such a bilinear form b is unique up to scalar
multiples and satisfies b(w,v) = v(V; L)b(v,w) for allv,w € V.

For the case where H = kG is the group algebra of a finite group G, the above theorem has been
obtained by Mizukawa [29, Theorem 3.5].



Axioms 2012, 1 340

2.6. Group Action on a Pivotal Monoidal Categories

We have concentrated on studying generalizations of the second FS indicator. Here we briefly explain
how to define the higher twisted FS indicators for k-linear pivotal monoidal categories by generalizing
those for semisimple Hopf algebras due to Sage and Vega [23]. As we have remarked in Section 1, the
details are left for future work.

For a set S, we denote by S the category whose objects are the elements of .S and whose morphisms
are the identity morphisms. If G is a group, then G is a strict monoidal category with tensor product
givenby r ® y = zy (v, y € G).

Let C be a k-linear pivotal monoidal category with pivotal structure j. We denote by Aut,; (C)
the category of k-linear monoidal autoequivalences of C that preserve the pivotal structure in the
sense of [8]. This is a strict monoidal category with respect to the composition of monoidal functors. By

an action of G on C, we mean a strong monoidal functor
G — Aut,; (C), g— F, (9€Q)

Note that, by definition, there are natural isomorphisms idc = Fj and F, o F,, = F,, of monoidal
functors. We say that an action G — Aut ; (C) is strict if it is strict as a monoidal functor and, moreover,
F, : C — C is strict as a monoidal functor for all g € G.

Now suppose that an action of GG on C is given. The crossed product C x G is a monoidal category
defined as follows: As a k-linear category, C X G = P gec € X g, where C x g = Cis a copy of C. Given
an object X € C, we denote by (X, g) the object X regarded as an object of C x g C C x G. The tensor
product of C x (G is given by

(X,9)® (Y,g') = (X @ Fy(Y),99)
see [30] and [31] for details. We now claim:

Lemma 2.22. C x G is rigid. The dual object of (X, g) € C x g is given by

(Xa g)V = (Fg_l (X\/)’ gil)
Moreover, C x (G is a pivotal monoidal category with pivotal structure given by

Fy(€g-1,xv)

(X,g) = X 20 XW 2 F,F, . (X") E,(F, 1 (X¥)¥) = (X, 9)""

g

where £,-1. : Fy1 (V) — F,—1(V)Y is the duality transform [8, §1] of Fy—1 : C — C.

In the most important case for us where the action of G is strict, this lemma is easy to prove. The

proof for general cases is tedious and omitted for brevity.

Definition 2.23. Let C be a k-linear pivotal monoidal category satisfying (2.12) and suppose that an
action of G on C is given. For a positive integer n and an element g € G, we define the g-twisted n-th
FS indicator v3(V') of V € C by v4(V) = 1,,((V, g)), where v, in the right-hand side stands for the n-th
FS indicator of Ng and Schauenburg [8] for the k-linear pivotal monoidal category C x G.
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For a pair of positive integers (n, ), the (n,r)-th FS indicator v, , is also defined in [8]. It is clear
how to define the g-twisted (n,r)-th FS indicator v§, of V € C.

We explain that our definition agrees with that of Sage and Vega [23]. For simplicity, we treat all
monoidal categories as if they were strict. Note that, as an object of C, we have

(V)" =V F,(V)@ FAV)®--- @ F' (V) (= V)

Now let H be a finite-dimensional semisimple Hopf algebra over an algebraically closed field &k of
characteristic zero. Then the group G = Autyepe(H )P naturally acts on C = mody(H). If g : H — H
is an automorphism such that g” = idy, then the map

E((;,)g) : Homewa(Lexa, (V; 9)°") — Homewa(1exa, (V,9)%")

used to define the n-th FS indicator in [8] coincides with the map

a:(lf/@l)He(%)H, Zv}1®vz-22---®vzlr—> Zvi@---@v&@v}l

under the canonical identification (@)H = Homcwe(1lexa, (V, g)®™). Since the twisted FS indicator
of [23] is equal to the trace of the map « [23, Theorem 3.5], our definition agrees with that [23] in the
case where both are defined.

Recall that a pivotal monoidal category is a category with duality. If G = (a | a®* = 1) acts on a
k-linear pivotal monoidal category C, then the functor F, : C — C is naturally an involution of C in the
sense of Definition 2.16. Let t denote this involution. By using the crossed product C x G, the category
C* constructed in Lemma 2.15 can be described as follows:

Proposition 2.24. C* — C x G, X — (X, a) is a k-linear fully faithful duality preserving functor.

This is clear from Lemma 2.22 and the definition of Ct.

3. Pivotal Algebras

3.1. Pivotal Algebras

In this section, we introduce and study a class of algebras such that its representation category is a
category with strong duality. We first recall that mody;(H) is a pivotal monoidal category if H is a pivotal
Hopf algebra [14]. Note that the monoidal structure of mody,;(H ) is defined by using the comultiplication
of H. Since we do not need a monoidal structure, it seems to be a good way to consider “pivotal Hopf
algebras with no comultiplication”. This is the notion of pivotal algebras, which is formally defined
as follows:

Definition 3.1. A pivotal algebra is a triple (A, S, g) consisting of an algebra A, an anti-algebra map
S : A — A, and an invertible element g € A satisfying S(g) = ¢~ ! and S?(a) = gag~' for all a € A.

Let A = (A, S, g) be a pivotal algebra. We denote by mod(A) the category of left A-modules and by
mody, (A) its full subcategory of finite-dimensional modules. Given V' € mod(A), we can make its dual
space V'V into a left A-module by

(af,v) = (f,S(a)v) (a€ A feVVveV) (3.1)
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The assignment V' +— V'V extends to a contravariant endofunctor on mod(A). Now, for each
V € mod(A), we define jy : V — VYV by

(v(v), fy =(f.gv) (weV, feVY) (3.2)

The following computation shows that ji, : V' — V'V is A-linear:

(a-jv(v), f) = (S(a)f,gv) = {f,S*(a)gv) = (f, gav) = (jv(av), f)

It is obvious that jy is natural in V' € mod(A). Now we verify (2.4) as follows:

() g (£),v) = G (), dv (0) = (g, gv) = (£, S(g)gv) = (f,0)
Note that jy is an isomorphism if and only if dim; V' < co. We conclude:

Proposition 3.2. Let A be a pivotal algebra. Then mod(A) = (mod(A), (—)Y, j) is an Abelian category
with duality over k. The full subcategory modg,(A) is an Abelian category with strong duality over k.

Let A and B be algebras. Given an algebra map f : A — B, we can make each left B-module into
a left A-module by defining a - v = f(a)v (a € A,v € V). We denote by f#(V) the left A-module
obtained in this way from V. The assignment V s f%(V') extends to a functor

f*: mod(B) — mod(A) (3.3)
By restriction, we also obtain a functor
fsa : modgy(B) — mod;y(A) (3.4)

It is easy to see that these functors are k-linear, exact and faithful. If, moreover, f is surjective, then they
are full.

Suppose that A = (A, S, ¢g) and B = (B, S’, ¢’) are pivotal algebras. A morphism of pivotal algebras
from A to B is an algebramap f : A — B satisfying f(g) = ¢’ and S'(f(a)) = f(S(a)) forall a € A.
If f is such a morphism, then the Functors (3.3) and (3.4) are strict duality preserving functors.

An involution of A is a morphism 7 : A — A of pivotal algebras such that 72 = id4. Such a 7 gives
rise to a strict involution of mod(A), which is usually denoted by the same symbol 7. The proof of the
following proposition is straightforward and omitted.

Proposition 3.3. Ler A = (A, S,g) be a pivotal algebra, and let T be an involution of A. Put
ST=So71(=710S). Then:

(a) The triple A™ = (A, S7, g) is a pivotal algebra.

(b) idmod(a) is a strict duality preserving functor mod(A”) — mod(A)".

This implies that the 7-twisted FS indicator of V' € mody;(A) is equal to the untwisted FS indicator
of V regarded as a left A”-module. Thus, in principle, the theory of the 7-twisted FS indicator reduces

to that of the untwisted FS indicator of A”, which is again a pivotal algebra.
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3.2. FS Indicator for Pivotal Algebras

Let A = (A, S, g) be a pivotal algebra, and let V' € modg,(A). Since mody;(A) is a category with
duality over k satisfying (2.12), we can define (1) in the way of Section 2.

The FS indicator (V') is interpreted as follows: Let Bil(V') be the set of all bilinear forms on V.
Recall that there is a canonical isomorphism

By : Homy(V,VY) = Bil(V), By (f)(v, w) = (f(0), w) (3.5)
Let Bil4 (V') be the subset of Bil(V') consisting of those b € Bil(V') such that

blav,w) = b(v, S(a)w) (a € A,v,w e V) (3.6)
The set Bily(V) is in fact the image of Homu(V,VY) < Homg(V,V") under the canonical

isomorphism (3.5). Now we define >y : Bil4 (V) — Bils(V) so that

By

Homu(V, VY) —22 Bily(V)

val lEV

Hom(V,VY) —— Bily(V)

By

commutes. If b = By (f) for some f € Hom4(V, V"), then we have
Sy (0)(v,w) = By (f"jv)(v,w) = (f*jv(v),w) = (f(w), gv) = b(w, gv) (3.7)
for all v, w € V. In view of (3.7), we set
Bil5 (V) = {b € Bila(V) | b(w, gv) = +b(v, w) for all v,w € V'}
Then, as a counterpart of Proposition 2.9 (b), we have a formula
v(V) = dimy, Bil} (V) — dimy, Bil (V) (3.8)

Rephrasing the results of Section 2 by using these notations, we immediately obtain the

following theorem:

Theorem 3.4. If V € mody;(A) is absolutely simple, then we have v(V') € {0,%1}. Moreover, the
Jfollowing are equivalent:

(Hv(V) #£0.

(2) V is isomorphic to V" as a left A-module.

(3) There exists a non-degenerate bilinear form b on V' satisfying (3.6).
If one of the above statements holds, then such a bilinear form b is unique up to scalar multiples and
satisfies b(w, gv) = v(V) - b(v,w) for all v,w € V.

We denote by R4 the left regular representation of A. If A is finite-dimensional, then the FS indicator
of R is defined. In the case where A = kG is the group algebra of a finite group G, there is a well-known
formula v(Ryg) = #{r € G | 2> = 1}. This formula is generalized to finite-dimensional pivotal
algebras as follows:
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Theorem 3.5. Let A = (A, S, g) be a finite-dimensional pivotal algebra.
(@) v(Ra) = Tr(Q), where Q : A — A, Q(a) = S(a)g.
(b) If A is Frobenius, then R4 = R, as left A-modules. Hence, v(R4) = v(RY).

The part (b) is motivated by Remark 2.13; as we have mentioned, our definition of the FS indicator
is different from that of [8]. Therefore, if, for example, A is a finite-dimensional pivotal Hopf algebra,
then there are two definitions of the FS indicator of the regular representation of A. Nevertheless they
are equal since a finite-dimensional Hopf algebra is Frobenius.

Proof. (a) Recall that there is an isomorphism ® : Hom4 (R4, RY) — R given by ®(f) = f(1). For
f € Homa(R4,RY) and a € A, we have

(@Taalf),a) = ((f"3v)(1),a) = (jv(1), f(a)) = (f(a).g)

Recalling that f : R4 — R is A-linear, we compute

(f(a),g) = (fla-1),9) = (a- f(1),g) = (B(f), S(a)g), = (Q"®(f),a)

Hence we have T4 4 = @' 0 QY o ® and therefore
v(A) =Tr(Taa) = Tr(QY) = Tr(Q)

(b) Suppose that A is Frobenius. By definition, there exists ¢ € A" such that the bilinear map
Ax A—k, (a,b) — ¢(ab) (a,b € A) is non-degenerate. By using ¢, we define a linear map f : Ry —
RY by (f(a),b) = ¢(S(a)b) (a,b € A). It is obvious that f is bijective. For a, b, c € A, we compute

(f(ab), c) = ¢(S(ab)ec) = (S (b)S(a)c) = (f(b), S(a)e) = (a- f(b),¢)
Thus f is A-linear and therefore R4 = RY as left A-modules. ]

The following Theorem 3.6 is motivated by the trace-like invariant of Hopf algebras studied in [32]
and [33]. Given V' € mod(A), we denote by py : A — Endy (V') the algebra map induced by the action
of A. Let Iy := Ker(py) denote the annihilator of V. By the definition of the dual module V'V, we
have Iy,v = S(Iy). Hence, if V is self-dual, then Im(py) — Im(pv), pv(a) — pr(S(a)) (a € A)is
well-defined. We also note that if V' € mody;(A) is absolutely simple, then:

The algebra map py : A — Endy (V) is surjective (3.9)

Theorem 3.6. Let V' € mody,(A) be an absolutely simple module. If V' is self-dual, then, by the above

arguments, the map
Sy : Endi(V) — Endg(V), pv(a) — py(S(a)) (a€ A)
is well-defined. By using Sy, we also define

QV : Endk(V) — Endk(V), Qv<f) = Sv(f> ¢} pv(g) (f - Endk(V))

Then we have:

(a) Te(Sv) = v(V) - xv(9), (b) Tr(Qv) = v(V) - dimg (V')
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Proof. (a) This can be proved in the same way as [14, Proposition 4.5]. Here we give another proof: Fix
an isomorphism p : V' — V"V of left A-modules and define g : V' — V'V by ¢ = p"1, where ¢ = 1y is the
canonical isomorphism (2.5). Our first claim is

Sv(f)=a'fYq (f € Endy(V))

Indeed, (3.9), there exists a in A such that f = py (a) for some a € A. Hence, we compute
fYa=(ppv(a))’e = (pv(Sa)'p)’s = p'pv(Sa)"'v = qpv(Sa) = ¢Sv(f)
Next, we determine the map V' ® V¥V — V ® V'V induced by Sy via
VeVY —=End,(V), v@A— (z— ANz)v) AeVVivxeV)
If f € Endg (V) is the element corresponding to v ® A € V ® V'V, then we have

(fYa(x),y) = (p"u(x), f(y)) = (p(v), ) ANy) (z,y €V)

and therefore Sy (f)(z) = (p(v),x)g ' ()\). This means that Sy (f) corresponds to the element ¢~ (\) ®
p(v) € V ® VV via the above isomorphism.
By the above observation, we have that the trace of Sy is equal to that of

VoV —=VeVY, v@l—q¢g'N)epl) weV,xeVY)

Applying Lemma 2.14, we have Tr(Sy) = Tr(¢ 'p). Now we recall the definition of the transposition
map and compute ¢ = p¥iv = pYjvpv(9) ™t = Tvy(p)pv(9) ™ = v(V)-ppv(g)~'. Hence, we conclude
Tr(Sv) = Tr(g~'p) = v(V) Tr(pv(9)) = v(V)xv(9)-

(b) The triple £ = (Endy(V), Sv, pv(g)) is a pivotal algebra and py : A — F is a morphism of
pivotal algebras. Let [, denote the vector space V' regarded as a left £-module. By Proposition 2.10, the
functor p?, : mod(E) — mod(A) preserves the FS indicator. Since V = p?, (V;), we have v(V) = v/(V).

Now let d = dimy (V). Then we have Ry = V* as left £-modules and therefore v(E) = v(V;)d =
v(V')d by Proposition 2.9. On the other hand, v(E) = Tr(Qy) by Proposition 3.5. Thus Tr(Qy) =
v(V)d follows.

[

The following is a generalization of [2, Theorem 8.8 (iii)].

Corollary 3.7. Suppose that k is algebraically closed and that A = (A, S, g) is a finite-dimensional

semisimple pivotal algebra. Let {V;},—1 ., be a complete set of representatives of the isomorphism

-----

classes of simple left A-modules. Then

n

Tr(S) = Z v(Vi)xi(g)

i=1

where x; = Xy, is the character of V.
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Proof. Put I = {1,...,n}. Fori € I, let p; : A — End,(V;) denote the action of A on V;. By the
Artin—Wedderburn theorem, we have an isomorphism

A — End,(V1) & --- @ Endi(V,), a— (pi(a),...,pu(a))
of algebras. S : A — A induces an anti-algebra map
S : End,(V1) @ - -- ® Endy(V,,)) — Endp (V1) @ - - - @ Endi(V},)

via the isomorphism. For each i € I, we have S(Endy(V;)) C Endy(V;+), where i* € I is the element
such that VY = V... Hence we obtain

Tr(S) = Te(S) = Z Tr<§|Endk(Vi)): Z v(Vi)xi(g)
i€l i*=i i€l ir=i

by Theorem 3.6. The sum in the right-hand side is equal to Y, v(V;)x;(g) since v(V;) = 0 unless
1 = ¢*. The proof is done. [

3.3. Separable Pivotal Algebras

Recall that an algebra A is said to be separable if it has a separability idempotent, i.e., an element
E e A Asuchthat E'E? = land aE' ® E? = E'® E?a for all @ € A. If such an element exists, then
the forgetful functor mod(A) — Vecy, is separable with section Ty, : Homy (V, W) — Homyu (V, W)
(V,W € mod(A)) given by

Myw(f)(v) = E'f(E*) (f € Homy(V, W)

Hence, if a pivotal algebra A = (A, S, g) is separable (as an algebra), then we can apply the arguments
of §2.4. This is a rationale for the following theorem:

Theorem 3.8. Let A = (A, S, g) be a separable pivotal algebra with separability idempotent E € AR A.
Then, for all V- € mody;(A), we have

v(V) = xv(S(E")gE?)

Proof. Define ¥y : Bil(V') — Bil(V') so that the following diagrams commute:

—1

Bil(V) -2 Homg(V,VY) —% Homa(V,VY) -2 Bila(V)

ol o e

Bil(V) N Homy (V, V) p— Homa(V,VVY) «——— Bilus(V)
v inclusion B‘;l

By the arguments in §2.4, v(V) is equal to Tr(Ty ). However, to make the computation easier, we
prefer to compute Tr(3y), which is also equal to v/(V).

Let I}, : Bil(V) — Bils (V) be the composition of the arrows of the first row of the above diagram.
If b = By (f) for some f € Homy(V, V"), we have

I, (b) (v, w) = <HV,W( f)(v),w> - < F(E), S(El)w> - b(E%, S(El)w)
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Hence, by (3.7), we have
Sy () (v,w) = Sy (T, (0)) (v, w) = b( E*w, S(E)gv)

Applying Lemma 2.14, we obtain v(V) = xy(S(EY)gE?). O

We discuss the relation between Theorem 3.8 and the results of [1,19,20]. Let A = (A, S,g) be a
pivotal algebra such that the algebra A is symmetric with trace form ¢ : A — k. By definition, the map

AxA—k, (a,b)— ¢(ab) (a,be A) (3.10)

is a non-degenerate bilinear symmetric form. Fix a basis {b;};c; of A and let {b; },c; be the dual basis
of {b;} with respect to (3.10). As remarked in [19], we have

Zabi@)biv = Zbi®biva
iel il
foralla € A. Hence vy = ) ., bb/ € Ais a central element, called the volume of (A, ¢).
Now we suppose that the base field £ is of characteristic zero and A is split semisimple over k. Then,
as Doi showed in [19], the volume v, is invertible and hence £ = )., b; ® bz\/vzl c AR Ais a
separability idempotent of A. By Theorem 3.8, the FS indicator of V' € Rep(A) is given by

=) v (S(bi)ghvy")

el

If V is simple, then, by Schur’s lemma, v4 acts on V' as xy (v4) dimg(V)~! - idy. Hence, we have

v(V) —dlm’“ ZXV b)gby) (3.11)

el

The Schur element of a simple module V' € Rep(A) is given by ¢y = xv(v4) dimy, (V) ™2 (see Remark
1.6 of [19]). By using the Schur element, I/(V) is expressed as

(V) = ZXV bi)gby) (3.12)

cy dlmk
Letting g = 1, we recover the results of [1,19]. Geck [20] assumed that ¢ = 1 and A has a basis {b; };c;
such that b = S(b;). If this is the case, then we have

vV) = cv dlmk ZXV (b?)
Example 3.9 (Group-like algebras). As a generalization of the group algebra of a finite group and the
adjacency algebra of an association scheme, Doi [19,34] introduced a group-like algebra; it is defined
to be a quadruple (A, ¢, B, *) consisting of a finite-dimensional algebra A, an algebramape : A — k,
a basis B = {b;};c; of A indexed by a set I, and an involutive map * : I — I, i — i* satisfying the
following conditions:

(GO) There is a special element 0 € [ such that by = 1 is the unit of A.

(Gl) e(b;) = e(by) #0foralli € I.



Axioms 2012, 1 348

(G2) pf; = pl.. forall i, j, k € I, where pf; is given by b; - bj = >, pkiby (4, j, k € D).

(G3) py; = 045-€(b;) for all i € I.
Now let A = (A, ¢, B, %) be a group-like algebra. Define a linear map S : A — A by S(b;) = b;+ for
i € I. One can check that the triple A = (A, S, 1) is a pivotal algebra. By an involution of A, we mean
an involutive map 7 : I — [ satisfying

(k)

(") =7()" and  py )= Py

for all 7, j, k € I. Such a map gives rise to an involution of the pivotal algebra (A, S, 1).

In what follows, we compute the T-twisted FS indicator v (V) of a simple module V' € Rep(A)
under the assumption that the base field is C and £(b;) > 0 for all ¢ € I. Then, by the results of
Doi [19], A is semisimple. Note that A is a symmetric algebra with trace form given by ¢(b;) = ;0 and
the dual basis of {b;} with respect to (3.10) is given by bY = (b;) ~'b;. Applying (3.11) and (3.12) to
A" = (A, S oT,1), we obtain the following formula:

f(v):dim@(v)zeé)”(b““b"): : (V)Ze(i)XV(bT(“bi)

xv(va) P i cy dimg

In particular, applying this formula to the adjacency algebra of an association scheme, we recover the
formula of Hanaki and Terada [18].

To obtain the twisted Frobenius—Schur theorem for this class of algebras, combine the above formula
with Theorem 3.4; we then have v" (V') € {0, £1}. Moreover, 7 (V') # 0 if and only if there exists a
non-degenerate bilinear form [ on V' such that 3(b, v, w) = ((v,b;=w) foralli € I and v,w € V.
Such a bilinear form [ is symmetric if 7 (V') = 41 and skew-symmetric if 7 (V') = —1.

Example 3.10 (Weak Hopf C*-algebras). We assume that the base field is C. A weak Hopf algebra is
an algebra H which is a coalgebra at the same time such that there exists a special map S : H — H
called the antipode; see [35] and [36] for the precise definition. We note that the antipode of a weak
Hopf algebra is known to be an anti-algebra map.

Let H be a finite-dimensional weak Hopf C'*-algebra; see [35, §4] for the precise definition. There
exists an element ¢ € H, called the canonical grouplike element [35, §4), satisfying S(g) = ¢ 1,
S?(x) = grg~! for all z € H, and some other good properties. In particular, the triple (H, S, g) is a
pivotal algebra and therefore the FS indicator (V') is defined for each V' € mody,(H ).

We can express v(V') by using the Haar integral [35, §3]; if A € H is the Haar integral in H, then
E = S(A@)) ® A is a separability idempotent of H (cf. the proof of Theorem 3.13 of [35]). Applying
Theorem 3.8, we have

v(V) = xv(S*(Aa))gAe) = xv(gAa)Aw) (3.13)

Combining the above formula with Theorem 3.4, we obtain the Frobenius—Schur theorem for semisimple
weak Hopf algebras. We finally give some remarks concerning this example:

(1) Takahiro Hayashi (in private communication with the author) has proved (3.13) and analogous
formulas of the higher FS indicators for weak Hopf algebras in the case where 5% = idy.

(2) The formula of Linchenko and Montgomery [1] is the case where H is an ordinary Hopf algebra.
If this is the case, then the C*-condition for H is not needed since we have S? = idy by the theorem
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of Larson and Radford [28]. It is not known whether every semisimple weak Hopf algebra A has a
grouplike element g such that S?(h) = ghg~! for all h € H. An affirmative answer to this question
proves Conjecture 2.8 of [37], which states that every fusion category admits a pivotal structure.

(3) We do not know whether our Formula (3.13) is equivalent to [5, (4.3)] or [36, (3.70)]. In [2,5,36],
formulas are proved by finding a central element e such that v(V') = xy (e) for all V. On the other hand,
the element S(E')gE? of our Theorem 3.8 is not central in general. In §3.4, we give a formula of the FS
indicator for quasi-Hopf algebras and its twisted version. For the above reason, it is not straightforward
to derive the formula of Mason and Ng [2] from our formula.

(4) By an involution of /, we mean an involutive algebra map 7 : H — H which is also a coalgebra
map. Such a map 7 is in fact an involution of the pivotal algebra (H, S, ¢g) and the 7-twisted FS indicator
of V€ Rep(H) is given by v" (V') = xv(g7(A1))A(2)). We omit the details since these results can be

proved in a similar way as the case of quasi-Hopf algebras; see §3.4.

Example 3.11 (Twisting by L ® (—)). By using separable pivotal algebras, Theorem 2.21 can be proved
as follows: Let H, a and L be as in that theorem and define 7, : H — H by T, (h) = a(hq))S(he))
(h € H). It s easy to see that the triple H' = (H,T,, 1) is a pivotal algebra and the identity functor is a
strict duality preserving functor between mod,; (H)*%) and mod;;(H'). Hence, by Proposition 2.10 and
Theorem 3.8, we have

v(Vi L) = xv(ToS(Aw)Ag) = a(S(Aw))xv(Ae)As)

for all V' € mod,(H). The meaning of v(V; L) is obtained by applying Theorem 3.4 to H'.

3.4. Quasi-Hopf Algebras

We derive a formula of Mason and Ng [2] and its twisted version from our results.

Recall that a quasi-Hopf algebra [38] is adata H = (H, A, e, ®, S, a, ) consisting of an algebra H,
algebramaps A : H — H ® H and € : H — k, an anti-algebra automorphism S : H — H, elements
o, € H and an invertible element ® € H®3 with inverse ® satisfying numerous conditions. Let
H; = (H;, A e, D4, S;, o, 3;) be quasi-Hopf algebras (i = 1,2). A morphism of quasi-Hopf algebras
from H; to Hs is an algebra map f : H; — H, satisfying

Dof =(f@ A1, ef=c, =(fafef)(P)
Sof = fS1, = flan), [a= f(B2)

Hence, by an involution of a quasi-Hopf algebra /, we shall mean a morphism 7 : H — H of quasi-Hopf
algebras such that 72 = idy.

If H is a quasi-Hopf algebra, then mody;(H) is a rigid monoidal category. Given V' € mody,;(H ), we
denote by ey : VV®V — kandcy : K — V ® V'V the evaluation and the coevaluation, respectively.
Here we need to recall that the dual module of V' is defined by the same way as (3.1) and the maps ey
and cy are given by

ev(A@v)=Nav) AeVVveV), cy(l)= Zﬁvi ® v’
i=1



Axioms 2012, 1 350

We need additional assumptions on H so that H is a pivotal algebra. In what follows, we suppose
that k is an algebraically closed field of characteristic zero and H is a finite-dimensional semisimple
quasi-Hopf algebra. Then mody,;(H) is a fusion category [37] such that each its object has an integral
Frobenius—Perron dimension. Therefore, by the results of [37], mody(H) has a canonical pivotal

VvV

structure, i.e., an isomorphism j : idmodfd(H) — (—)YV of k-linear monoidal functors such that, for

all V' € mody;(H), the composition
jv®idv\/
—

VW e VV evv

EF -5 VeV

maps 1 € k to dimy (V) € k. Now let g € H be the image of 1 € H under

H . gv . g

where ¢y is the Isomorphism (2.5). We call g the canonical pivotal element of H. By definition, g is
invertible and satisfies S(g)g = 1 and S?(h) = gag~! for all a € H; see [2] and [3] for details. Hence
(H, S, g) is a pivotal algebra. Now we remark:

Lemma 3.12. Let f : H — H, be an isomorphism between finite-dimensional semisimple quasi-Hopf

algebras. Then we have f(g1) = go, where g; € H; is the canonical pivotal element of H,.

Proof. f induces a functor f* : mody,(H;) — mod;y(Hs). By the definition of morphisms of quasi-Hopf
algebras, the functor f* is a k-linear strict monoidal equivalence. The result follows from the fact that

such a functor preserves the canonical pivotal structure [8, Corollary 6.2]. [

From this lemma, we see that an involution 7 of the quasi-Hopf algebra H is an involution of the
pivotal algebra (H, S, g). As we have observed in §3.2, 7 gives rise to an involution of mod;;(H) and
hence the 7-twisted FS indicator 7 (V) is defined for V' € mody(H). By Theorem 3.4 applied to
A= (H,S orT,g), we have the following property of v/":

Theorem 3.13. Let V' € mody;(H) be a simple module. Then v™ (V) € {0,£1} and the following

statements are equivalent:

(1) v (V) #0.
(2) T4(V) is isomorphic to the dual module V¥ as a H-module.

(3) There exists a non-degenerate bilinear form b on 'V satisfying
b(r(h)v,w) = b(v,S(h)w) forallv,w eV
If one of the above statements holds, then such a bilinear form b is unique up to scalar multiples and

satisfies b(w, gv) = v (V') - b(v,w) for allv,w € V.

Next we express the number ©7 (V) by using the character of V. To that end, it is sufficient to find a
separability idempotent of H. Let A € H be the Haar integral of H (see [39] and [40]). We set

pr = ®*571(9'8) ® P?, qr = S(®")ad* @ ¢
r=0'® ®?BS(P), qr = ' ® S (ad®)®?
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and fix p € {pr,pr} and q € {qr, qr}. Following [2, Lemma 3.1], we have
Aaypla® Aap® = Aayp' @ A)p*S(a) (3.14)
S(a)qlA(l) & q2A(2) = qlA(l) & aq2A(2) (3.15)

for all a € A. From these identities, we see that both S(A1)p') @ al)p? and ¢'A)S @ S(¢*A2)) are
separability idempotents. Applying Theorem 3.8 to (H, ST, g), we have

v (V) =xv <STS(A(1)p1)gaA(2)p2> =Xv (ST(qlA(l)ﬁ)gS(q2A(2))>
for all V' € mody,(H ). Hence, by using the former expression, we compute
xv(SA(T(A@p"))g - ah@p®) = xv(g - T(Awp') - al@)p?)

(3.14)
xv(g-T(Ap'7(@)) - Aep?) =" xv(g - T(Awp")A@p® - ST(a)))
= xv(ST(@)g - T(Ayp ) A@)p®)

Note that the formula of Mason and Ng in [2] does not involve g. To exclude g from the above formula

(V)

of v7(V'), we require:
Lemma 3.14. Fix p € {p.,pr} and q € {qr, qr}. Then we have
97'S(8) = S(Awp ) A@p?, S(a)g = S(®Aw)d' Ay (3.16)

Proof. The first identity is proved in [3] (where our g appears as g~ ') and the second can be proved in a
similar way. For the sake of completeness, we give a detailed proof of the second identity.
Let V be a simple H-module and set ¢ = ¢y (1). The map

e : VeV =k ewef) =(Ayf ¢'Aay) (veV, feVY)
is an H-linear map such that e;(¢) = dimg(V'). On the other hand, by the definition of the canonical

pivotal structure, we see that

e

e Vavy IV pwgpy v
has the same property. Since Homy(V ® VY k) = Hompy(V, V) = k, we have e; = e,. This implies
that (f, S(a)gv) = (f,S(¢*A))t' Aqyv) holds for all f € VY and v € V. In conclusion, S(a)g =
S (qQA(g))qlA(l) holds on each simple module V. Since H is semisimple, the identity holds in H. 0

By Lemmas 3.12 and 3.14, we have S7(a)g = 7(S(a)g) = S(7(¢*Aly))) - 7(¢'Afy)), where A" = A
is a copy of A. Hence we compute:

v (V) =xv(S(r(q 21\'2))) -7(g" ) - T(Ayp" ) Ayp?)
= xv(7(q' Al 1) - Ap*S(1(q°Ay))))
= xv(T(q"A{ '7(q°Ay)) - Ayp?)
= xv(7(q'A{ ) 2Ny A)p?)

Since A : H — H®H is an algebra map, we have A(I)A(1)®A(2)A(2) = A(ANA) =e(A)AA) = A(A).
Hence, we finally obtain v7 (V) = xv (7(¢'Aqyp")¢*A2)p?). Letting 7 = idy, we recover the results of
Mason and Ng [2]. Assuming H to be a Hopf algebra, we recover the results of Sage and Vega [23].
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4. Coalgebras

4.1. Copivotal Coalgebras

In this section, we introduce the dual notion of pivotal algebras and study the Frobenius—Schur theory
for them. For the reader’s convenience, we briefly recall some basic results on coalgebras.

Given a coalgebra C, we denote by com(C') the category of right C'-comodules and by com,(C) its
full subcategory of finite-dimensional objects. We express the coaction of V' € com(C') as

pv:V—=VC, v—=v9®vqy @eV)

The convolution product of A, u € C" is defined by (A % 1, ¢) = (A, cq))(p, ¢z)) forall c € C. CV is
an algebra, called the dual algebra, with multiplication x and unit €. The algebra C'V acts from the left
oneach V € com(C)by = : CV @V — V, X = v = vq)(A, vq)) (A € CV,v € V). This defines a
k-linear fully faithful functors com(C') — mod(C") and

comyy(C') — mody, (CY) 4.1)

which are not equivalences in general. If C'is finite-dimensional, then these functors are isomorphisms
of categories. See, e.g., [41] for details.

(j =1,...,n). The matrix (c;;) is called the matrix corepresentation of V with respect to the basis {v; }
By the definition of comodules, we have

n

A(Cl‘j) = Z Cis & Csja 5(Cij) = 6ij (42)

s=1
foralli,j =1,...,n. Hence Cy = span,{c;; | i,j = 1,...,n} is a subcoalgebra of C. We call Cy the
coefficient subcoalgebra of C. Cy has a special element ¢y, = ). ¢;;, called the character of V. If we

regard V' as a left C'V-module via (4.1) and denote its character by Yy, then we have
XV()‘) = </\7 Cll) +-eet <)‘7 Cnn) - )‘(t\/) 4.3)

forall A € CV.
Now let V' be a finite-dimensional vector space with basis {v; }i—1__, and let {v'} denote the dual
basis. Then End®(V) = VV @ V has a basis e;; = v* ® v; (i,j = 1,...,n) and turns into a coalgebra

with A(e;;) = Y0 eis ® ey, €(e5) = 0;5. End®(V) coacts on V' from the right by

,,,,,

V-V ®End(V), v~ sz’@@zj (j=1,...,n)
j=1
Suppose that C' coacts on V. Let (c;;) be the matrix corepresentation of V' with respect to {v; }. By (4.2),
the linear map ¢ : End®(V) — C, ¢(e;;) = ¢ is a coalgebra map. Conversely, if a coalgebra map

¢ : End®(V) — C'is given, V is a right C'-comodule by

p: V-V, ijZvingzﬁ(eij) (j=1,...,n)
i=1
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These constructions give a bijection between the set of linear maps p : V' — V ® C making V into a
right C-comodule and the set of coalgebra maps ¢ : End(V) — C.

Suppose that V' € comy,(C') is absolutely simple. As the dual of (3.9), we have that the corresponding
coalgebra map ¢ : End“(V') — C is injective. Let (c;;) be the matrix corepresentation of V' with respect
to some basis of V. The injectivity of ¢ implies that the set {c;;} is linearly independent.

Now we introduce copivotal coalgebras as the dual notion of pivotal algebras:

Definition 4.1. A copivotal coalgebra is a triple (C, S, ) consisting of a coalgebra C', an anti-coalgebra
map S : C' — C and a linear map 7 : C' — k satisfying

52(0) = (7,cq))ce)(V,c)) and F=~vy0S8
for all c € C, where 7 : C' — k is the inverse of -y with respect to *.

Let C = (C,S,~) is a copivotal coalgebra. If V' € comy(C), then we can make V' into a right
C-comodule as follows: First fix a basis {v;} of V" and let (¢;;) be the matrix corepresentation of V' with
respect to the basis {v; }. Then we define the coaction of C' on V¥ by

pro VY =S VYRC, prv(@) =) v'®@S(e;) (i=1,....n) (4.4)

=1

where {v'} is the dual basis of {v;}. This coaction does not depend on the choice of the basis and has
the following characterization, which is rather useful than the above explicit formula:

(foy,v) fay = (f,v0)S(vay) (feVi,veV)

For each V' € comy,;(C), we define 5 : V- — VYV by

(v ), fy =(fr =) (={fve)nvw) (fEV,vEV)
In a similar way as Proposition 3.2, we prove:
Proposition 4.2. mod,;(C') is a category with strong duality over k.

The triple CV = (CV,SY,~) is a pivotal algebra, which we call the dual pivotal algebra of C. Let
V € mody(C). Forall A € CV, f € V¥V and v € V, we have

(A= f,0) = (fo), v)(\ fy) = (frve) (N, Svw)) = (f, SY(A) = v)

This implies that the Functor (4.1) is in fact a strict duality preserving functor. In what follows, we often

regard comy,;(C) as a full subcategory of mod;(C").
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4.2. FS Indicator for Copivotal Coalgebras

Let C = (C, S,) be a copivotal coalgebra, and let V' € com, (V). We denote by Bil(1/) the set of
all bilinear forms on V" and by Bil (V') its subset consisting of those b € Bil(V') satisfying

b(’U(O), w)v(l) = b(v, w(o))S(w(l)) for all V,W € Vv (4.5)

Bil¢ (V) is the image of Homq(V, V) € Homy(V, VY) under the canonical Isomorphism (3.5). Define
Yy : Bilg(V) — Bilg(V) in the same way as before. Then, for all b € Bilo(V), v, w € V, we have

EV(b)(U7w> = b(w,'y - U)
Now let Bil5(V') be the eigenspace of ¥y, with eigenvalue 41:
Bil5(V) = {b € Bile(V) | b(w,y — v) = £b(v, w) for all v, w € V'}

Then we have v(V) = dimy, Bil{,(V) — dimy, Bil; (V) as a counterpart of Proposition 2.9 (b). Now we
immediately obtain the following coalgebraic version of Theorem 3.4:

Theorem 4.3. If V' € comy,(C) is absolutely simple, then we have v(V') € {0,%£1}. Moreover, the
following are equivalent:

(H (V) #N0.

(2) V is isomorphic to V'V as a right C-comodule.

(3) There exists a non-degenerate bilinear form b on 'V satisfying (4.5).

If one of the above statements holds, then such a bilinear form b is unique up to scalar multiples and
satisfies b(w,y — v) = v(V) - b(v,w) forallv,w € V.

We prove several statements concerning the FS indicator of V' € comy;(C'). The proof will be done by
reducing to the case of pivotal algebras in the following way: First fix a subcoalgebra D C C satisfying

dimy(D) < oo, CyCD and S(D)CD (4.6)

Note that such a subcoalgebra D always exists. Indeed, by (4.4), we have Cxv = S(Cx) for all
X € comy(C). If V is a subcomodule of X, then Cy is a subcoalgebra of C'y. Therefore, since
X =V @& V'V is self-dual and has V' as a subcomodule, D = Cy 4y v satisfies (4.6).

It is obvious that the triple D = (D, S|p,~|p) is a copivotal coalgebra and hence D" is a pivotal
algebra. As we remarked in the above, the functor

Fp : mody (DY) «4—%1)) comy (D) Inclusion, comy(C)

is a k-linear fully faithful strict duality preserving functor. Hence, by Proposition 2.10, F, preserves
the FS indicator. By regarding V' as a left D¥-module, we mean taking Vy € mods (DY) such that
Fp(Vp) =V and then identifying Vj with V.

Now we prove an analogue of Theorem 3.5. Let Ry denote the coalgebra C' regarded as a right
C-comodule by the comultiplication.
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Theorem 4.4. Let C' = (C, S, ) be a finite-dimensional copivotal coalgebra.
(@) v(RY) = Tr(Q), where Q : C' — C, ¢ — S(cy) (7, @)
(b) If C' is co-Frobenius, then Rc = RY, as right C-comodules. Hence, v(R¢) = v(RY).

Proof. (a) Write A = C" and regard the right C-comodule RY as a left A-module via (4.1). To avoid
confusion, we denote by — the action of A on R4 and by — that on R.. Since the coaction of 1 € R,
is characterized as (1 (0), ¢)f1(1) = (1, ca))S(c2)), the action —: A x RY, — R/ is given by

(f = ey = (f, Slcp))mcy) (f€ApeRsceC)

Consider the map S¥ : Ry — R/. For A € A, f € R4 and ¢ € C, we have

(SYA = f),0) = (Ax £,5(c)) = (A, S(e))(f, Scw))
= (A, S(e))(SY(f), cqy) = (A — SY(f), c)

and therefore S¥ : R4 — R} is an isomorphism of A-modules. Applying Theorem 3.5to A = CV,
we see that (RY%) = v(R4) is equal to the trace of the map @' : A — A, A — SY(A\) vy (A € CY).
Since (Q'(A), c) = (X, S(cay))(7: c2)) = (A, Q(c)), Q' is the dual map of Q). Hence, we have v(RY.) =
THQ) = TH(Q).

(b) If C' is co-Frobenius, then A is Frobenius. Thus, by Theorem 3.5, there is an isomorphism ¢ :
R4 — R} of A-modules. In the proof of (1), we see that SV : R4 — R, is an isomorphism of A-modules.
Regarding them as isomorphisms in the category com¢,;(C'), we obtain an isomorphism

y S\/\/ S\/
Re —— RYY RY —— Ry

R¢
of right C'-comodules. O

The following is a coalgebraic version of Theorem 3.6.

Theorem 4.5. Let V' € comy,(C) be an absolutely simple comodule and suppose that V' is self-duall.
Then, by (4.4), the map
Sy Sov—>OV, Sv(c>=S(C) (CEC)

is well-defined. We also define

Qv :Cy —Cy, Qu(c)=S(H—¢c) (=3S(cu)lc)) (cel)

Then we have:
(1) Te(Sv) =v(V) -v(tv)  (2)Te(Qv) = v(V) - dimy(V)

Proof. (1) We regard V as a left (Cy)¥-module and denote its character by yy. Applying Theorem 3.6
to the dual pivotal algebra (Cy/)" and by using (4.3), we have Tr(Sy) = v(V) - xv (7) = v(V) - y(tv).
(2) We regard Cy as a right C'y-comodule. Since Cy = End®(V) is co-Frobenius, by Theorem 4.4,
we have v(Cy) = Tr(Qy). Let d = dimy(V). Since Cy = V% as a right C-comodule, we have
v(Cy) = v(V)d. Hence, Tr(Qy) = v(V)d. N

Applying Corollary 3.7 to the dual pivotal algebra of C, we have:
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Corollary 4.6. Suppose that k is algebraically closed and that C = (C, S, ) is a finite-dimensional

cosemisimple copivotal coalgebra. e iti=1...n be a complete set of representatives o e
ple copivotal lgeb Let {V;} b plete set of rep tat f th

.....

where t; = ty, is the character of V.

4.3. Coseparable Copivotal Coalgebras

A coalgebra C' is said to be coseparable if it has a coseparability idempotent, i.e., a bilinear form
A O x C — Fksatisfying cayA(c),d) = Ac,dy)dz) and A(cqy,c2)) = €(c) for all ¢,d € C.
If such a form exists, then the forgetful functor com(C') — Vec(k) is separable with section IIy y :
Homy (V, W) — Home(V, W) given by

feidy idyy ®A

Myw(f):V 25 vec 29 weo 2% wWece o D2 w

for f € Homy(V, W). The following theorem can be proved by the arguments of §2.4. Nevertheless, to
avoid notational difficulties, we do not use II and prove the theorem by reducing to Theorem 3.8.

Theorem 4.7. If C' = (C, S,~) is a coseparable copivotal coalgebra with coseparability idempotent )\,
then, for all V' € comy(C'), we have

v(V) = AS(y = tvy) tv) ( = )\(S(tvu))atV(s))V(tV(z))>

Proof. Fix a subcoalgebra D of C' satisfying (4.6). D is coseparable with A\p = A pxp. Since D is
finite-dimensional, there exist finite number of linear maps A\, \/ : D — k such that

Z X X/

for all z,y € D. Itis easy to see that E = ) .\, ® X/ is a separability idempotent for the dual pivotal
algebra DV. Now we regard V" as a left D¥-module and denote its character by xy. Applying Theorem
3.8 to D, we obtain

V)= xv(Sx(A) xv* XY)
Now the desired formula is obtained by using (4.3). [

A copivotal Hopf algebra is a Hopf algebra H = (H,A,¢,S) equipped with an algebra map = :
H — k satisfying S*(z) = (v, z())2@) (7, S(z@)) for all z € H. Since v is an algebra map, y o S
is the inverse of v with respect to the convolution product. Therefore a copivotal Hopf algebra is a
copivotal coalgebra.

A Haar functional of a Hopf algebra H is a linear map A\ : H — k satisfying (\,1) = 1 and
(A zy)ze) = (@)l = 201)(A, 2(2)) for all z € H. If X is a Haar functional of H, then the map

N:HxH—k Mz,y) =Sy (z,yeH)
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is a coseparability idempotent of the coalgebra /. Note that we have

52( D) 2@) = (1 2@)Te) (7, S(@E) (1 2@w) = (1, 20)20)
for all z € H. The following corollary is a direct consequence of Theorem 4.7:

Corollary 4.8. Regard a copivotal Hopf algebra H = (H, A, e, S;) as a copivotal coalgebra. If there
exists a Haar functional \ : H — k on H, then we have

v(V) = (v, tv) (M tv@tves)
forallV e comy(H).

We shall explain how can we obtain (1.1) from Corollary 4.8.
Example 4.9. We work over C. Let G be a compact group. A function f : G — C is said to be
representative if there exist finite number of functions f;, g; : G — C such that f(zy) = ). fi(z)g:i(y)
for all z,y € G. We denote by R(G) the algebra of continuous representative functions on G. R(G) is
in fact a Hopf algebra; the comultiplication, the counit and the antipode are given by

fo (@) f(y) = flzy), e(f) = f(1)7 S(f)(x) = f(=7")
for f € R(G), z,y € G. Define A : R(G) — Cby A(f) = [, f( ), where (1 is the normalized
Haar measure on GG. We see that A is a Haar functional of R( ) (in fact, th1s is the origin of this term).
The group G acts continuously from the left on each V' € comy(R(G)) by z - v = vy () - v()
(x € G,v € V). Conversely, if ' is a finite-dimensional continuous representation of GG, then R(G)
coacts from the right on V. If we fix a basis {v;};,—1 ., of V, the coaction of R(G) is described as

follows: Define f;; : G — C by

.....

vi=>» fil@; (r€Gi=1,..n) (4.7)
i=1
Then each f;; is an element of R(G). The coaction of R(G) on V is defined by
V - V®R(G Z-HZUJ@fU (i=1,...,n)

These correspondences give an isomorphism of categorles with duality over C between comg,(R(G))
and the category of continuous representations of G.

Now let V' be a continuous representation of G with character xy. Regarding V' as a right
R(G)-comodule via the above category isomorphism, we obtain v/(V') = A(ty 1)ty (2)) by Corollary 4.8.

To compute this value, we fix a basis {v; };=1,., of V and define f;; by (4.7). Thenty = fi1+- -+ fon-

.....

Hence, by (4.2), we compute

(V) = AMtvt / <Z fij(@) fiil ) mey (4.8)

i,7=1

Since the action of = € G is represented by p(z) = (f;(2))ij=1...n» We have

1111

W) =T (o) = 3 f@)fite

i,j=1
Substituting this to (4.8), we obtain (1.1).
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5. Quantum S L,

5.1. The Hopf Algebra O (S Ls)

In this section, we give some applications of our results to the quantum coordinate algebra O, (S L)
and the quantized universal enveloping algebra U, (sly). For details on these Hopf algebras, we refer the
reader to [42] and [43].

Throughout, the base field & is assumed to be an algebraically closed field of characteristic zero. ¢ € k

denotes a fixed non-zero parameter that is not a root of unity. We use the following standard notations:

_¢"—q"

o M=l (1), o)t =1

(1],

forn € Ng=4{0,1,2,...}.
The quantum coordinate algebra O,(SL,) is a Hopf algebra defined as follows: As an algebra, it is
generated by a, b, ¢ and d with relations

ab = gba, ac=qca, bd=qdb, cd=qdc, bc=cb
ad — gbc =1 = da — ¢ tbe

The comultiplication A and the counit € are defined by

Ala)=a®a+b®c, Ab)=a®b+b®d, ¢cla)=1
Ale)=c®a+doc, Ald)=c@b+dad, e(c)=0, ()=

and the antipode S is given by

S(a)=d, S(b)=—q'b, S(c)=—qc, S(d)=a

One can check that O,(SL2) is a copivotal Hopf algebra with . In what follows, we determine the FS
indicator of simple O,(SLs)-comodules.
For each ¢ € iNg, weput [, = {—(,—(+1,...,{—1,(} and

X, = span {a"b" | i € [} € O,(SLy)

X is a right coideal and hence it is a right O,(SLs)-comodule. It is known that each X, is simple
and {X, | ¢ € %No} i1s a complete set of representatives of the isomorphism classes of simple right
O,(SLs)-comodules. This implies, in particular, that X is self-dual.

In this section, we first prove the following result:
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Theorem 5.1. v(X,) = (—1)%.

By Theorem 4.3, this result reads as follows: For each ¢ € %NO, there exists a non-degenerate bilinear
form 3 on X, satisfying 3(z(0), y)za) = B(@, y©))S(ya)) and b(y,y — z) = (=1)* - b(x, y) for all
x,y € Xy.

To prove Theorem 5.1, we need a matrix corepresentation of X,. For each 7 € I, we fix a square root
i € k of [+ i],—=! and take

20 i 20 i
2\ = , a” " (i € I,), where , =
C+i | C+a |, M P
q q
as a basis of X,. Define c;; © by A( ) > :1: ). The matrix (¢; (¢ )) has been explicitly determined

and well-studied in relatlon to unitary representatlons of a real form of O,(SL,); see, e.g., [43, §4].

Following loc. cit., we have

Nz?e ™ I 'Peﬂ'(C'q_Q(i_j) |72 ( )
0 NG aT IV pe (G U, g7 (4§ < 0,4 <)
Nig pe-i(G a7, g (Zﬂ)\q‘ ) - dd )
| Nijo - 2o (G q7207, 20D |g2) I dH )

VOl gleel pag e =gt g it

and p,, is the little q-Jacobi polynomial [43, §2]. We omit the definition of p,,; in what follows, we need
only the fact that p,,,((; q1, ¢2|g3) (¢; € k) is a polynomial of (. Note that, since S(¢) = ¢, we have

S(Pm (¢ a1, @2la3)) = Pm(S(Q); @1, 221a3) = Pm(C; 1, 421 03) (5.1)

Since f — (v — f) (f € O,(SLs)) is an algebra map, we also have

Y = PG a1, @2lq3) = (v = G a1, @2l03) = P (C @1, 2] G3) (5.2)

Proof of Theorem 5.1. Let Cy be the coefficient subcoalgebra of X,. Define

Qu:Cr—Cr Quf)=Sty—f) (f€C
Q) is well-defined since X, is self-dual. By Theorem 4.5, we have

I/( ): TI‘(Q@) :Tr(QZ)
Y dimg(X,) 2041

By (5.1), (5.2) and the above description of cz(f), we have

QZ(C(@) S('y N C(K)) — (Constant) X S(Cgf)) = (COHStant) X C(_Kg"_

(¥ 7
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for all ¢, 5 € I,. Recall that {cgf)} is a basis of C} since X/ is simple. The above computation means that
(), is represented by a generalized permutation matrix with respect to this basis.
Note that (4, j) = (—j, —i) if and only if j = —i. If i > 0, then
Qe(ct”) = g7 S(N:_,,e A pei(CG e, 1|q—2>)
=g NS pei(Ga g - (o) = (D),
Since ¢ — i € Z, we have (—1)% = (—1)?. In a similar way, we also have Qg(cﬁflz) = (—1)*fori < 0.
Hence we obtain Tr(Q,) = (—1)%* - (20 + 1). O

O,(SLy) has a Hopf algebra automorphism 7 given by

7 is an involution such that v o 7 = ~ and hence the 7-twisted FS indicator v"(X) is defined for
each X € comg(O,(SLy)). Replacing S in the proof of Theorem 5.1 with S o 7, we have the
following theorem:

Theorem 5.2. v7(X,) = +1.

By Theorem 4.3, this result reads as follows: For each ¢ € %NO, there exists a non-degenerate bilinear

form 3 on X, satisfying 3(z(0),y)7(xq)) = B(x,y©))S(ya)) and B(w,y — v) = B(v,w) for all
v,w € Xyp.

Remark 5.3. The character ¢, of X, is given by
4 i —diy - i, i
te=> = 3 @G La g+ Y penilC1,g¥ g7 d?
i€l i€14,i>0 i€14,i>0

One can prove Theorems 5.1 and 5.2 by Theorem 4.7 and its corollary (see [43, §4] for a description
of the Haar functional on O,(SL2)). However, the computation will become more difficult than the
above proof.

5.2. The Hopf Algebra U,(sl5)

The quantized enveloping algebra U, (sly) is a Hopf algebra defined as follows: As an algebra, it is
generated by E, F', K and K~ ! with relations KK ! =1 = K 'K,

K- K1

KEK'=¢E, KFK'=¢?F and FEF—-FE= —
q—q

The comultiplication A, the counit € and the antipode S are given by

AK)=K®K, AE)=EK+1®E, AF)=Fl+K'®@F
S(K)=K* S(E)=—-EK ™', S(F)=—-KF, e(K)=1, e(E) =¢(F) =0

We have S?(u) = KuK ! for all u € U,(sly). Hence the Hopf algebra U,(sly) is pivotal with pivotal

grouplike element K.
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For each ¢ ¢ %NO, we define a left U, (sly)-module V; as follows: As a vector space, it has a basis
{vi}ier,. The action of U, (sly) on V} is defined by

K- (T q2i’Ui, E - (e [f —1+ 1]qvi717 F- V; = [é"‘l‘i‘ 1]qvi+1 (Z S [g)

where vy 1 = v_(g41) = 0.
There is a unique Hopf pairing (—, —) : U,(sly) x O,(SL2) — k such that

(K,a)=q', (K,d)=q, (E,c)=1 (Fb =1
(K,b) = (K,c) =(E,a) = (E,b) = (E,d) = (F,a) = (F,c) = (F,d) =0

see [43, 4] and [42, V.7]. This pairing induces an algebra map ¢ : U,(sly) — O,(SL2)". Since
©(K) = 7, ¢ is in fact a morphism of pivotal algebras. Hence we obtain a k-linear duality

preserving functor
b
b : comyy (Oq(SLQ)) W modfd <Oq(SL2)v) L modfd <Uq(5[2)>

One has ®(X,) = V. In particular, & maps simple objects to simple objects. Since O,(SLs) is
cosemisimple, the functor @ is fully faithful and therefore ® preserves the FS indicator. Hence, by

Theorem 5.1, we have:
Theorem 5.4. v(V,) = (—1)*.

By Theorem 3.8, this result reads as follows: For each ¢ € %No, there exists a non-degenerate bilinear
form 3 on V} satisfying 3(uv, w) = (v, S(u)w) and B(w, Kv) = (—1)* - B(v,w) for all u € U,(sly)
and v, w € V.

U,(sly) has a Hopf algebra automorphism 7 defined by 7(E) = —E, 7(F) = —F, 7(K) = K. It
is obvious that 7 is an involution of the pivotal algebra U,(sl). Since (7(u), f) = (u,7(f)) for all
u € Uy(sly) and f € O,(SLs), ® also preserves the 7-twisted FS indicator. Therefore we have:

Theorem 5.5. v (V;) = +1.

This result reads as follows: For each ¢ € %No, there exists a non-degenerate bilinear form (3 on Vj
satisfying (7 (u)v, w) = b(v, S(uv)w) and f(w, Kv) = b(v, w) for all u € U,(slz) and v,w € Vj.

6. Conclusions

As we have briefly reviewed in Section 1, the celebrated theorem of Frobenius and Schur has several
generalizations. To give a category-theoretical understanding of these generalizations, in Section 2 we
have introduced the FS indicator for categories with duality over a field k; if C is a category with duality
over k, then a linear map Txy : Home(X,Y"Y) — Home(Y, XV), f — fY o j is defined for each
X,Y € C. We call Ty y the transposition map. The FS indicator v(X) of X € C is defined to be the
trace of Tx x : Home (X, XV) — Home (X, XV). We have also introduced a general method to twist the
given duality by an adjunction, which is a category-theoretical counterpart of several twisted versions of

the Frobenius—Schur theorem.
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In Section 3, we have introduced the notion of a pivotal algebra. The representation category of
a pivotal algebra has duality and therefore the FS indicator is defined for each of its representation.
We have given a representation-theoretic interpretation of the FS indicator and a formula of the FS
indicator for separable pivotal algebras. These results yield the Frobenius—Schur-type theorems for Hopf
algebras, quasi-Hopf algebras, weak Hopf C*-algebras and Doi’s group-like algebras. The notion of
pivotal algebras is useful to deal with the twisted FS indicator; as a demonstration, we have constructed
the twisted Frobenius—Schur theory for quasi-Hopf algebras.

In Section 4, we have introduced the notion of a copivotal coalgebra as the dual notion of a pivotal
algebra and gave results for copivotal coalgebras analogous to pivotal algebras. In particular, we have
given a representation-theoretic interpretation of the FS indicator and a formula of the FS indicator for
coseparable copivotal coalgebras.

In Section 5, we have applied our results to the quantum coordinate ring O,(SL») and the quantum
enveloping algebra Uy (sly). For each ¢ € $Ny, O,(SL,) has a unique simple right comodule X, of
dimension 2¢. We have proved v(X,) = (—1)%* and analogous results for the twisted case and U, (sl)
case. As we have remarked, the Haar functional on O, (.S L») is not used in our proof. We expect that the
FS indicator for general O,(G) will be determined by using the Haar functional.
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