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Centers of graded fusion categories
Shlomo Gelaki, Deepak Naidu and Dmitri Nikshych

Let € be a fusion category faithfully graded by a finite group G and let & be
the trivial component of this grading. The center #(6) of 6 is shown to be
canonically equivalent to a G-equivariantization of the relative center %,(6).
We use this result to obtain a criterion for ¢ to be group-theoretical and apply
it to Tambara—Yamagami fusion categories. We also find several new series of
modular categories by analyzing the centers of Tambara—Yamagami categories.
Finally, we prove a general result about the existence of zeroes in S-matrices of
weakly integral modular categories.
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1. Introduction

Throughout this paper we work over an algebraically closed field k of characteristic
0. All categories considered in this paper are finite, abelian, semisimple, and k-
linear. We freely use the language and basic theory of fusion categories, mod-
ule categories over them, braided categories, and Frobenius—Perron dimensions
[Bakalov and Kirillov 2001; Ostrik 2003; Etingof et al. 2005].

Let G be a finite group. A fusion category € is G-graded if there is a decom-

position @ — @ @,

geG
of € into a direct sum of full abelian subcategories such that the tensor product of
% maps €, X 6, to €,,, for all g, h € G. A G-extension of a fusion category % is
a G-graded fusion category € whose trivial component €., where e is the identity
of G, is equivalent to 9.

MSC2000: primary 16W30; secondary 18D10.
Keywords: fusion categories, braided categories, graded tensor categories.
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Gradings and extensions play an important role in the study and classification of
fusion categories. For example, nilpotent fusion categories (that is, those categories
that can be obtained from the trivial category by a sequence of group extensions)
were studied in [Gelaki and Nikshych 2008]. It was proved in [Etingof et al.
2005] that every fusion category of prime power dimension is nilpotent. Group-
theoretical properties of such categories were studied in [Drinfeld et al. 2007]. Re-
cently, fusion categories of dimension p"g™, where p, g are primes, were shown
to be Morita equivalent to nilpotent categories [Etingof et al. 2009].

The main goal of this paper is to describe the center %(6) of a G-graded fu-
sion category ‘€ in terms of its trivial component & (Theorem 3.5) and apply this
description to the study of structural properties of 6 and the construction of new
examples of modular categories.

The organization of the paper is as follows. In Section 2 we recall some basic
notions, results, and examples of fusion categories, notably the notions of the rela-
tive center of a bimodule category [Majid 1991], group action on a fusion category
and crossed product [Tambara 2001], equivariantization and de-equivariantization
theory [Arkhipov and Gaitsgory 2003; Bruguieres 2000; Gaitsgory 2005; Kirillov
2002; Miiger 2000; Drinfeld et al. 2009], and braided G-crossed fusion categories
[Turaev 2000; 2008].

In Section 3 we study the center % () of a G-graded fusion category €. We
show that if % is the trivial component of %6, then the relative center %g,(‘€) has a
canonical structure of a braided G-crossed category and there is an equivalence of
braided fusion categories %g (€)° = %() (Theorem 3.5). Thus, the structure of
% (‘6) can be understood in terms of a smaller and more transparent category g (6).
In particular, there is a canonical braided action (studied in detail in [Etingof et al.
2009]) of G on % (%). In Corollary 3.10 we use this action to prove that € is group-
theoretical if and only if (%) contains a G-stable Lagrangian subcategory. As an
illustration, we describe the center of a crossed product fusion category € =% x G.

We apply the results from Section 4 to the study of Tambara—Yamagami cate-
gories [Tambara and Yamagami 1998]. We obtain a convenient description of the
centers of such categories as equivariantizations and compute their modular data,
that is, S- and T-matrices. This computation was previously done in [Izumi 2001]
using different techniques. We establish a criterion for a Tambara—Yamagami cat-
egory to be group-theoretical (Theorem 4.6). We also extend the construction of
non-group-theoretical semisimple Hopf algebras from Tambara—Yamagami cate-
gories given in [Nikshych 2008].

In Section 5 we construct a series of new modular categories as factors of the
centers of Tambara—Yamagami categories. One associates a pair of such categories
€(g, ) with any nondegenerate quadratic form ¢ on an abelian group A of odd
order. The categories €(g, £) have dimension 4|A|. They are group-theoretical if
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and only if A contains a Lagrangian subgroup with respect to g. We compute the
S- and T-matrices of €(g, +) and write down several small examples explicitly.

Section 6 is independent from the rest of the paper and contains a general re-
sult about existence of zeroes in S-matrices of weakly integral modular categories
(Theorem 6.1). This is a categorical analogue of a classical result of Burnside in
character theory.

2. Preliminaries

2A. Dual fusion categories and Morita equivalence. Let € be a fusion category
and let Jit be an indecomposable right 6-module category .Il. The category €%, of
“%-module endofunctors of .l is a fusion category, called the dual of € with respect
to JiL [Etingof et al. 2005; Ostrik 2003].

Following [Miiger 2003a], we say that two fusion categories ‘€ and & are Morita
equivalent if % is equivalent to €%, for some indecomposable right 6-module
category Jl. A fusion category is said to be pointed if all its simple objects are
invertible (any such category is equivalent to the category Vec; of vector spaces
graded by a finite group G with the associativity constraint given by a 3-cocycle w €
Z3(G, k*)). A fusion category is called group-theoretical if it is Morita equivalent
to a pointed fusion category. See [Ostrik 2003; Etingof et al. 2005; Nikshych 2008]
for details of the theory of group-theoretical categories.

2B. The center of a bimodule category and the relative center of a fusion cat-
egory. Let € be a fusion category with unit object 1 and associativity constraint
axyz: (X®Y)®Z = X® (Y ®Z) and let Jl be a 6-bimodule category.

Definition 2.1. The center of A is the category %¢ (/M) of 6-bimodule functors
from € to J.

Explicitly, the objects of %« (M) are pairs (M, y ), where M is an object of .l and
Yy ={yx: XQM > M® X}xee (D

is a natural family of isomorphisms making the diagram

(x_l
XeMeYy) —2" _ (xeM)®Y
YY ’X
X® (Y QM) MeX)®Y, 2
N /
X, Y.M M, XY
X®Y)®@M o M®(X®Y)

commutative, where the a’s denote the associativity constraints in .
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Indeed, a €-bimodule functor F : € — .l is completely determined by the pair
(F(1), {yx}xew), where y = {yx}xee is the collection of isomorphisms

yx X®F1) > F(X) > F()® X,

coming from the ‘6-bimodule structure on F'.
We will call the natural family of isomorphisms (1) the central structure of an
object X € Fq(AM).

Remark 2.2. (i) The definition of the center of a bimodule category is parallel
to that of the center of a bimodule over a ring.

(ii) We will often suppress the central structure while working with objects of
% (M) and refer to (M, y) simply as M.

(iii) % (M) is a semisimple abelian category. It has the obvious canonical structure
of a %(¢)-module category, where % () is the center of ¢ (see, for example,
[Kassel 1995, Section XIII.4] for the definition of %(6)).

Here is an important special case of this construction. Let € be a fusion category
and let & C 6 be a fusion subcategory. Then € is a @-bimodule category. We will
call % (6) the relative center of €.

Remark 2.3. The aforementioned construction of the relative center is a special
case of a more general construction considered in [Majid 1991, Definition 3.2 and
Theorem 3.3].

It is easy to see that g (6) is a tensor category with tensor product defined as
follows. If (X, y) and (X', y’) are objects in %g(6) then

XX, y)=X®X,7),

where Jy : VR (X QX)) S (XQX)Q®V, V €%, is defined by the diagram

—1

, %y x,x' , ba’% ,
VR XX (VRX)®X XV)®X
fvl l“x,v,x/ (3)
, a;,lx’,v , v ’
(XRX)QV XQ (X' QV) XQ(VeX).

The unit object of %4 (€) is (1, id). The dual of (X, y) is (X*, ), where y, :=
(7+v)*.
Remark 2.4. Let € and 9 be as above.

(1) %g (@) is dual to the fusion category & X €™ (where €™ is the fusion cat-

egory obtained from € by reversing the tensor product and X is Deligne’s
tensor product of fusion categories) with respect to its module category €,
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where &% and €™ act on € via the right and left multiplication respectively.
In particular, %4 (%) is a fusion category.

(ii) FPdim(%g (€)) = FPdim(%€¢) FPdim(%), where FPdim denotes the Frobenius—
Perron dimension of a category.

(iii) %¢ (%) coincides with the center #(%€) of €. This category has a canonical
braiding given by

cxy). g =rx (X)X, )= (XL ) (X, ). “4)
(iv) There is an obvious forgetful tensor functor:
Z(€) > %5 (€)1 (X, 7) > (X, 7 |a). )

2C. Centralizers in braided fusion categories. Let 6 be a braided fusion category
with braiding c¢. Two objects X and Y of 6 are said to centralize each other [Miiger
20031’)] if Cy,XCx,y = idX®Y.

For any fusion subcategory % C 6 its centralizer %' is the full fusion subcategory
of € consisting of all objects X € ‘€ centralizing every object in &@. The category
€ is said to be nondegenerate if ¢’ = Vec. In this case one has 9" = 9% [Miiger
2003b]. If € is a premodular category, that is, has a spherical structure, then it is
nondegenerate if and only if it is modular.

A braided fusion category € is called Tannakian if it is equivalent to the repre-
sentation category Rep(G) of a finite group G as a braided fusion category. Here
Rep(G) is considered with its standard symmetric braiding. The group G is defined
by € up to an isomorphism [Deligne 1990].

A fusion subcategory & of a braided fusion category is called Lagrangian if it
is Tannakian and ¥ = &'.

Theorem 2.5 [Drinfeld et al. 2007]. A fusion category € is group-theoretical if
and only if #(8) contains a Lagrangian subcategory.

2D. Group actions on fusion categories and equivariantization. Let G be a finite
group, and let G denote the monoidal category whose objects are elements of G,
whose morphisms are identities, and whose tensor product is given by multiplica-
tion in G. Recall that an action of G on a fusion category ‘€ is a monoidal functor
G — Autg(€): g+ T,. Forany g, h € G, let

Vg,h = Tg o Th ~ Tgh
be the isomorphism defining the monoidal structure on the functor G — Autg (6).

Definition 2.6. A G-equivariant object in 6 is a pair (X, {ugy}gec) consisting of
an object X of ‘6 together with a collection of isomorphisms u, : T, (X) >~ X, g€ G,
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such that the diagram

Ty (up)
Tg(Th (X)) — Tg(X)

7.0 (X) l l Ug

u
Tgh (X) < X

commutes for all g, 7 € G. One defines morphisms of equivariant objects to be
morphisms in 6 commuting with ug, g € G.

Equivariant objects in € form a fusion category, called the equivariantization
of ¢ and denoted by ¢¢ [Tambara 2001; Arkhipov and Gaitsgory 2003; Gaitsgory
2005]. One has FPdim(%®) = |G| FPdim(%®).

There is another fusion category that comes from an action of G on 6. It is
the crossed product category € x G defined as follows [Tambara 2001; Nikshych
2008]. As an abelian category, € x G := %X Vecg, where Vecs denotes the fusion
category of G-graded vector spaces. The tensor product in € x G is given by

(XRg)®@(YRh):=(XQT,(Y)Rgh, X, Yeb, gheG. (6

The unit object is 1 X e and the associativity and unit constraints come from those
of 6. Clearly, € x G is faithfully G-graded with the trivial component €.
As explained in [Nikshych 2008], €6 is a right € x G-module category via

Y ® (XK g) =T, 1 (Y ®X),

and the corresponding dual category (¢ x G)g is equivalent to @0, It follows from
[Miiger 2003a] that there is an equivalence of braided fusion categories

F (6 x G) = %(6%).

Let G be a finite group. For any conjugacy class K of G fix a representative
ag € K. Let Gk denote the centralizer of ag in G.

Proposition 2.7. Let ¢ =P gcG g be a G-graded fusion category with an action
g +> T of G on 6 such that Ty carries 6, 10 64p,-1. Let H :={g € G | €, # 0O}.
There is a bijection between the set of isomorphism classes of simple objects of
€S and pairs (K, X), where K C H is a conjugacy class of G and X is a simple
G k -equivariant object of 6,,.

Proof. A simple G-equivariant object of € must be supported on a single conjugacy
class K. Let Y =@®zex Y, be such an object. Then Y, is a simple G g -equivariant
object.

Conversely, given a G g-equivariant object X in €,, let

Y =D Tn(X),
h
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where the summation is taken over the set of representatives of cosets of Gg in G.
It is easy to see that Y acquires the structure of a simple G-equivariant object.
Clearly, the two constructions are inverses of each other. ([

Remark 2.8. The Frobenius—Perron dimension of the simple object corresponding
to a pair (K, X) in Proposition 2.7 is |K | FPdim(X).

2E. De-equivariantization of fusion categories. Let € be a fusion category. Let
‘€ =Rep(G) be a Tannakian category along with a braided tensor functor € — %#(€)
such that the composition € — %(6) — € (where the second arrow is the forgetful
functor) is fully faithful. The following construction was introduced in [Bruguieres
2000] and [Miiger 2000]. Let A := Fun(G) be the algebra of functions on G. It is
a commutative algebra in € and thus its image is a commutative algebra in % ().
This fact allows us to view the category € of A-modules in 6 as a fusion category,
called de-equivariantization of €. There is a canonical surjective tensor functor

F:¢—>%; : X—AQX. @)

It was explained in [Miiger 2000; Drinfeld et al. 2009] that the group G acts on
% by tensor autoequivalences (this action comes from the action of G on A by
right translations). Furthermore, there is a bijection between subcategories of €
containing the image of € = Rep(G) and G-stable subcategories of €s. This
bijection preserves Tannakian subcategories.

The procedures of equivariantization and de-equivariantization are inverses of
each other: that is, there are canonical equivalences (65)¢ = % and (€°)g = .

In particular, the construction above applies when € is a braided fusion category
containing a Tannakian subcategory ¢ = Rep(G). In this case the braiding of
% gives rise to an additional structure on the de-equivariantization functor (7).
Namely, there is natural family of isomorphisms

XQFY)> FY)®X, Xe%g, Yee, (8)

satisfying obvious compatibility conditions. In other words, F can be factored
through a braided functor € — %(6), that is, F' is a central functor.

If € C €’ then 6 is a braided fusion category with the braiding inherited from
that of €. If € = €/, the category 6 is nondegenerate. (In the presence of a
spherical structure this category is called the modularization of € by € [Bruguieres
2000; Miiger 2000].)

Remark 2.9. The category ‘€ is not braided in general. However it does have an
additional structure — it is a braided G-crossed fusion category. See next section
(2F) for details.
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2F. Braided G-crossed categories. Let G be a finite group. Kirillov [2002] and
Miiger [2004] found a description of all braided fusion categories % containing
Rep(G). Namely, they showed that the datum of a braided fusion category &
containing Rep(G) is equivalent to the datum of a braided G-crossed category 6;
see Theorem 2.12. The notion of a braided G-crossed category is due to Turaev
[2000; 2008] and is recalled below.

Definition 2.10. A braided G-crossed fusion category is a fusion category ¢ equip-
ped with (i) a (not necessarily faithful) grading € = & 2eG 6, (ii) an action g — T,
of G on 6 such that T, (6;,) C 6,1, and (iii) a natural collection of isomorphisms

cxy : XQY =T, (Y)®X, Xeb,, gcGandY €6, )
called the G-braiding. These structures are required to satisfy certain compatibility
conditions, which we now state. Let y, , : T, Tj, = T, denote the tensor structure
of the functor g — T, and x, the tensor structure of 7.

(a) The diagram

T, (X) ® Ty (Y) DO s T 1 (Te(1) ® Ty (X)
(1e)xly (7 ghg—1.¢)y ®id7, ()
T,(X®Y) Ten(Y) ® To(X) (10)
Ty(cx.y) ey ®idr, (x)
T, (Ty(Y) ® X) _ Ty (15 () ® Ty(X)
)1y (v).x

commutes for all g, 2 € G and objects X € €, Y € €.
(b) The diagram

XRYV)QZ
XY ®2) (T,(V)®X)®Z
CX,Y®ZL largmx,z (11)
T,Y®Z)®X T,(Y)®(X®Z)
(/lg);,]z®idxt lidTg(Y) ®cx,z
(T,() @ T(Z) @ X e T,(Y) ® (Ty(2) ® X)

commutes for all g € G and objects X € 6¢, Y, Z € 6.
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(c) The diagram

XR(Y®2Z)
X®Y)®Z X@(Th(2)®Y)
CxégY,zT l”‘)_(,lrh @y (12)
Teoh(2)@(XQY) XTH(2)®Y
(vg.n)z®idxey T j"X,Th(Z)®idY
“;glrh(Z),x,y
I,Th(Z)®(X®Y) (T,Th(Z2)@X)QY

commutes for all g, h € G and objects X € €4, ¥ €6, Z € 6.

Remark 2.11. The trivial component €, of a braided G-crossed fusion category
%€ is a braided fusion category with the action of G by braided autoequivalences.
This can be seen by taking X, Y € €, in diagrams (10)—(12).

Theorem 2.12 ([Kirillov 2002; Miiger 2004]). The equivariantization and de-
equivariantization constructions establish a bijection between the set of equiva-
lence classes of G-crossed braided fusion categories and the set of equivalence
classes of braided fusion categories containing Rep(G) as a symmetric fusion sub-
category.

We shall now sketch the proof of this theorem. An alternative approach is given
in [Drinfeld et al. 2009].

Suppose € is a braided G-crossed fusion category. We define a braiding ¢ on
its equivariantization €€ as follows.

Let (X, {ug}gec) and (Y, {vg}qec) be objects in @Y. Let X = Dgec X be a
decomposition of X with respect to the grading of ‘6. Define an isomorphism

D Po,®id
Exr X0V =Px, 0y — L (DT, (NOX,— 5 PYex,=YoxX. (13)
8eG geG geG

It follows from condition (a) of Definition 2.10 that ¢x y respects the equivariant
structures, that is, it is an isomorphism in €. Its naturality is clear. The fact that ¢
is a braiding on € (that is, the hexagon axioms) follows from the commutativity
of diagrams (11) and (12). It is easy to check that ¢ restricts to the standard braiding
on Rep(G) = Vec® € €¢. Hence, €¢ contains a Tannakian subcategory Rep(G).

Conversely, let € be a braided fusion category with braiding ¢ containing a Tan-
nakian subcategory Rep(G). The restriction of the de-equivariantization functor
F from (7) on Rep(G) is isomorphic to the fiber functor Rep(G) — Vec. Hence
for any object X in 6 and any object V in Rep(G) we have an automorphism of
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F(V)® X defined as the composition
FWV XS XQRF(V)> F(V)®X, (14)

where the first isomorphism comes from the fact that F (V) € Vec and the second
one is (8).

When X is simple we have an isomorphism Autg (F (V) ® X) = Autyec (F(V)),
hence we obtain a tensor automorphism ix of F|rep(G). Since Autg (F|rep(G)) =G
we have an assignment X — ix € G. The hexagon axiom of braiding implies that
this assignment is multiplicative, that is, that iz = ixiy for any simple object Z
contained in X ® Y. Thus, it defines a G-grading on 6:

¢ =P 6. where 0(€,) = {X € 0(®) | ix = g}. (15)
geCG

It is straightforward to check that IT,(X) = ghg_1 whenever ix = h.

Finally, to construct a G-crossed braiding on ¢, observe that € and €™ are
embedded into the crossed product category € x G = (CGG)EZ as subcategories €@ief
and 6ign, consisting, respectively, of functors of left and right multiplications by
objects of 6. Clearly, there is a natural family of isomorphisms

XQY S Y®X,  with X € Ger and ¥ € Grighys (16)

satisfying obvious compatibility conditions. Note that €. is identified with the
diagonal subcategory of € x G spanned by objects X X g, X € 6., g € G, and
%Grigh 1s identified with the trivial component subcategory ¢ Xl e. Using (6) we
conclude that isomorphisms (16) give rise to a G-crossed braiding on 6.

One can check that the two constructions above (from braided fusion categories
containing Rep(G) to braided G-crossed categories and vice versa) are inverses of
each other; see [Kirillov 2002; Miiger 2004; Drinfeld et al. 2009] for details.

Remark 2.13. Let 6 = ©,c6%, be a braided G-crossed fusion category. It was
shown in [Drinfeld et al. 2009] that the braided category 6¢ is nondegenerate if
and only if €, is nondegenerate and the G-grading of 6 is faithful.

3. The center of a graded fusion category

Let G be a finite group and let & be a fusion category. Throughout this section €
will denote a fusion category with a faithful G-grading, whose trivial component
is 9; that is, € is a G-extension of %:

¢=Pe;, G.=9. (17)
geCG
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In what follows we consider only faithful gradings: that is, those such that ‘€, # 0
for all g € G. An object of € contained in 6 will be called homogeneous of
degree g.

Our goal is to describe the center %(€) as an equivariantization of the relative
center % () defined in Section 2B.

3A. The relative center %5, (6) as a braided G-crossed category. Let us define a
canonical braided G-crossed category structure on g (6).
First of all, there is an obvious faithful G-grading on #g(%6):

% (6) = P %a(€,). (18)
geG
Indeed, it is clear that for every simple object X of %4 (46) the forgetful image of
X in % must be homogeneous.
We now define the action of G on %5,(‘6). Take g, h € G. Let Fungxgre (€,, €5,)
denote the category of @-bimodule functors from €, to €. Clearly, it is a %£(%)-
bimodule category.

Proposition 3.1. Let g, h € G. The functors

Lo n:%5(6)) = Fungmg (€4, 61e) : Z = Z®?, (19)
Rg,hﬁ{@((@h) = Fungbmrev((@g, Cggh) Z=1Q7. (20)

are equivalences of %(%)-bimodule categories.

Proof. We prove that (19) is an equivalence. Let Fung (€, 6,) be the category of
right %-module functors from €, to 6. It suffices to prove that

Mg j, : 65 — Fung (€4, €1e) : X > X®? 21D

is an equivalence. Indeed, %-bimodule functor structures on M, ,(X) for X € 6,
are in bijection with central structures on X.

For every g € G choose a simple object X, € €,. Then A, := X, ® X, is an
algebra in @. It follows from [Ostrik 2003, Theorem 1] that the functor Y — Y ® X ;
is a left ‘¢-module category equivalence between 6 and the category of right A,-
modules in €. Since ¥ ® X7 belongs to & if and only if Y is in €, we see that the
functor above restricts to a left %-module category equivalence between 6, and
the category of right Ag-modules in %. There are also similar equivalences of right
module categories.

It follows that for all g, 2 € G there is an equivalence

Y= X, ®Y ®Xj, (22)

between 6 and the category of (Ag — Ajg)-bimodules in 6. The right-hand side of
(22) belongs to 9 if and only if Y is in €;. Hence, (22) restricts to an equivalence
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between 6, and the category of (A, — Aj,)-bimodules in %. The latter category is
identified with the category of right %-module functors between the categories of
right Ag-modules and Ajg-modules in 9, that is, with Fung (€, 6;,). It is easy to
see that upon this identification the restriction of equivalence (22) to ¢;, coincides
with (21).

The proof of the equivalence (20) is completely similar. (|

We define tensor functors

Ton =Ly o1 Ron :%a(6r) > Fa(Ggpe),  g.heG,  (23)
and set
T, := @ To : %5 (€) — %4 (6). (24)
heG

The definition of T, along with Proposition 3.1 give rise to the following natural
isomorphism of %-bimodule functors from 6, to 6:

c_y:?QY S T,(Y)®?. (25)
It translates to a natural family of isomorphisms
CX,yZX(X)Y:) Tg(Y)®X, Xe‘@g, Y € %4(%), g €G, (26)

satisfying natural compatibility conditions corresponding to the %-bimodule struc-
ture on (25). Since the grading (18) is faithful, we have T, (%4 (€;)) CZg(€445-1).

Take X1 € 65, X2 € 6, and set X = X| ® X in (26). We obtain a natural
isomorphism

T To, (V) @ X1 ® X2 > Ty, (V) @ X1 ® X 27)

Since every object Z € 6,, 4, is contained in X ® X, for some X € €,,, X, € €,
using naturality of (27) we obtain a natural isomorphism

ToTe,(Y)®Z = Tge,(Y)® Z, VA PR (28)

of %-bimodule functors Ty, T, (Y)®? and T, ,,(Y)®?. By Proposition 3.1 this
gives an isomorphism T Ty, (Y) = Tg,0,(Y), Y € &g (), that is, an isomorphism
of functors Ty, Ty, = Tg,q,. Thus, the assignment g +— T, is an action of G on
% () by tensor autoequivalences.

Suppose that X is an object in #(‘€z). Then both sides of (26) have structure of
objects in % () obtained by composing central structures of X and Y.

Lemma 3.2. Isomorphisms (26) define a G-braiding on % (6).
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Proof. That isomorphisms (26) are indeed morphisms in %g () follows from com-
mutativity of the diagram

idy ®dy VV® Y

XQRYQV XQVRY VRX®Y
cx,y®idvl y % lidvm,y (29)
T,Y)®XQ®V T,V)@VRX ———=VRT,(XY)®X,

idrg(v) ®yv T()V®1dx

where (X, y) € %#4(€;), (Y, ) € #3(€), and V € 9. Indeed, the parallelogram
in the middle commutes by naturality of ¢, and the two triangular faces commute
since the natural isomorphism (25) is an isomorphism of %-bimodule functors.

It is straightforward to check that isomorphisms cy y satisfy the compatibility
conditions of Definition 2.10. ]

The constructions and arguments above prove the following theorem.

Theorem 3.3. Let G be a finite group and let € be a fusion category with a faithful
G-grading whose trivial component is 9. The relative center %g,(€) has a canon-
ical structure of a braided G-crossed category.

Remark 3.4. In particular, to every G-extension of a fusion category & we as-
signed an action of G by braided autoequivalences of %(%). This assignment is
studied in detail in [Etingof et al. 2009].

3B. The center #(%€) as an equivariantization. As before, let G be a finite group
and let € be a fusion category with a faithful G-grading (17). Let g () be the
braided G-crossed category constructed in Section 3A.

Theorem 3.5. There is an equivalence of braided fusion categories
%Fa (€)C = %(%). (30)

Proof. We see from (26) that a G-equivariant object in %5;,(6) has a structure
of a central object in € defined as in (13). It follows from definitions that the
corresponding tensor functor %g,(€)¢ — % () is braided.

Conversely, given an object Y in %(%), consider its forgetful image Y in %g, (%€).
Combining the central structure of ¥ with isomorphism (26) we obtain a family of
isomorphisms

YOX S T,(Y)®X, X €%,, g€G,

which gives rise to the isomorphism of %-bimodule functors Y7 T, R?:
%, — 6. By Proposition 3.1 we obtain a natural isomorphism Y > T, (Y) and,
hence, a G-equivariant structure on Y. Thus, we have a tensor functor Z(€¢) —
%0 (€)C. Tt is clear that the two functors are quasiinverses of each other. U
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We describe the Tannakian subcategory € = Rep(G) C #(%€) corresponding to
equivalence (30). For any representation 7 : G — GL(V) of the grading group
G, consider an object I, in %#(6) where I, = V ® 1 as an object of € with the
permutation isomorphism

cL,x =n(@)Qdx: ; X =XQI,, when X € 6,. 3D

Then € is the subcategory of %(%€) consisting of objects I;, where 7 runs through
all finite-dimensional representations of G.

Remark 3.6. Here is another description of the subcategory €: it consists of all
objects in %(%6) sent to Vec by the forgetful functor #(6€) — %4 (€).

Corollary 3.7. Let € be a faithfully G-graded fusion category with the trivial
component 9. Let € = Rep(G) C % () be the Tannakian subcategory constructed
above. Then the de-equivariantization category (€')¢ is braided tensor equivalent
to ¥ (D).

Proof. The statement follows from Theorem 3.5 since (€')¢ is the trivial compo-
nent of the grading of #(€)g = %4 (6). O

Remark 3.8. The assignment above
{G-extensions of @} > {braided G-crossed extensions of %(%)} (32)

can be thought of as an analogue of the center construction for G-extensions.

Next, we describe simple objects of % (). For any conjugacy class K in G fix
a representative ax € K. Let Gk denote the centralizer of ax in G. Note that the
action (24) of G on % (6) restricts to the action of Gg on g (€., ).

Proposition 3.9. There is a bijection between the set of isomorphism classes of
simple objects of %(€) and pairs (K, X), where K is a conjugacy class of G and
X is a simple G g -equivariant object of %,(‘€,,,).

Proof. By Theorem 3.5 we have %(%€) ~ %4,(), so the stated parameterization is
immediate from the description of simple objects of the equivariantization category
given in Proposition 2.7. U

3C. A criterion for a graded fusion category to be group-theoretical. We have
seen in Corollary 3.7 that % (‘¢) contains a Tannakian subcategory € =Rep(G) such
that the de-equivariantization (€')¢ is braided equivalent to %(%), where 9 is the
trivial component of 6. Furthermore, by Remark 2.11, there is a canonical action
of G on %(9), by braided autoequivalences. By [Drinfeld et al. 2009], Tannakian
subcategories of Z%(¢) containing € bijectively correspond to G-stable Tannakian
subcategories of (€¢')g >~ #(%). Combining this observation with Theorem 2.5(ii)
we obtain the following criterion.
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Corollary 3.10. A graded fusion category € = @geG
theoretical if and only if (@) contains a G-stable Lagrangian subcategory.

€y, 6. = D, is group-

Corollary 3.10 will be useful in Section 4D, where we characterize group-
theoretical Tambara—Yamagami categories.

We can specialize Corollary 3.10 to equivariantization categories. Let G be a
finite group acting on a fusion category €. The equivariantization €“ is Morita
equivalent to the crossed product category € x G (see Section 2D). Therefore,
%(€%) = %(% x G). Clearly, the trivial component of %(€ x G)g is %(%) and the
canonical action of G on ¥(%) is induced from the action of G on 6 in an obvious
way.

Corollary 3.11. The equivariantization € is group-theoretical if and only if there
exists a G-stable Lagrangian subcategory of %(6).

Remark 3.12. Let G act on € as before. One can check (independently from
the results of this section) that the G-set of Lagrangian subcategories of #(%6)
is isomorphic to the G-set consisting of indecomposable ¢-module categories
such that the dual category 6%, is pointed. This isomorphism is given by the map
constructed in [Naidu and Nikshych 2008, Theorem 4.17]. Thus, the criterion in
Corollary 3.11 is the same as [Nikshych 2008, Corollary 3.6].

3D. Example: the relative center of a crossed product category. Let G be a finite
group and let g — T,, g € G, be an action of G on a fusion category %. Let
% :=% x G be the crossed product category defined in Section 2D. It has a natural
grading
%:@%g, where 6, = {Y X g | Y € B}
geG

We describe the braided G-crossed fusion category structure on the relative cen-

ter
%o (6) = P Fa(6y).
geG

By definition, the objects of ¥ (€,) are pairs (Y X g, y), where Y € % and

Y ={x: XY >Y®Ty(X)}xew (33)

is a natural family of isomorphisms satisfying natural compatibility conditions.
Thus, #g,(¢) can be viewed as a “deformation” of %(%) by means of Ty.

The action of G on 9 induces an action /& — Th on % (6) defined as follows.
Applying T, h € G, to y7,_, (x) in (33), we obtain an isomorphism

7x 1 X QTh(Y) = Th(Y) ® T gp-1 (X). (34)

Set Ty(Y K g, y) := (T;,(Y) X hgh~"', 7). Thus, T maps %q(6,) t0 %2 (Gg5-1).
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Finally, the G-braiding between objects (XXh) € % (€;,) and (Y Xg) € %q (€,)
comes from the isomorphism

(XR®(YHg) = (X@TH(Y)Hhg D> (T4(Y)® Ty (X)) Rhg
= ([,(V)Rhgh ") ® (X X h)
=T,(YRg)®(XXh).

By Theorem 3.5, the category %(% x G) = %(%°) is equivalent to the equivari-
antization of the braided G-crossed category above.

4. The centers of Tambara-Yamagami categories

Our goal in this section is to apply techniques developed in Section 3 to Tambara—
Yamagami categories introduced in [Tambara and Yamagami 1998] (see Section
4A below for the definition). Namely, using the techniques in Section 3 we estab-
lish a criterion for a Tambara—Yamagami category to be group-theoretical. We then
use this criterion together with Corollary 3.11 to produce a series of non-group-
theoretical semisimple Hopf algebras. In this section we assume that our ground
field £ is the field of complex numbers C. We begin by recalling the definition of
a Tambara—Yamagami category.

4A. Definition of Tambara-Yamagami categories. Let Z, = (5| > = 1) be the
cyclic group of order 2.

Tambara and Yamagami [1998] completely classified all Z,-graded fusion cat-
egories in which all but one simple objects are invertible and the noninvertible
simple object has nontrivial graded degree.

They showed that any such category TY(A, y, t) is determined, up to an equiv-
alence, by a finite abelian group A, a nondegenerate symmetric bilinear form
x 1 Ax A — kX, and a square root 7 € k of |A|~!. The category TY(A, y, 7) is
described as follows. It is a skeletal category (that is, such that any two isomorphic
objects are equal) with simple objects {a | @ € A} and m, and tensor product

a®b=a+b, a@m=m, m a=m, m®m=@a,

foralla, b € A, and the unit object 0 € A. The associativity constraints are given by
Oa,b,c = ida+b+69 Oa,b,m = idy, Oamb= X (a: b) id;p, Om,a,b = idy,

Ca,m,m = @ idb, Om,a,m = @ X(aa b) idb’
beA beA

Om,m,a = @ idp, Om,m,m = @ T){(aa b)il idy, .
beA a,beA
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The unit constraints are the identity maps. The category TY(A, y, t) is rigid with
a* = —a and m*™ = m (with obvious evaluation and coevaluation maps).

Let n:=|A|. The dimensions of simple objects of TY(A, y, ) are FPdim(a) =
1, a € A, and FPdim(m) = /n. We have FPdim(TY(A, yx, t)) = 2n.

The Z,-grading on TY(A, y, 1) is
TYA, y, 1) =TY(A, y, 1)1 B TY(A, x, 1)s,

where TY(A, y, )1 is the full fusion subcategory generated by the invertible ob-
jects a € A and TY(A, y, t)s is the full abelian subcategory generated by the
object m.

Let € :=JY(A, y,t)and D :=TY(A, y, 7).

4B. Braided 7,-crossed category % (%€). First, let us describe the simple objects
of %, (6) =%(61) ® %5 (6s). Let A :=Hom(A, k). Clearly, #(6) = %(Vecy),
so its simple objects are parameterized by (a,$) € A X A. The object X (4,4
corresponding to such a pair is equal to a as an object of € and its central structure
is given by

D (x)idasy 1 X ®@ X(u gy = X(a,9) ®X. (35)
Using Definition 2.1 we see that simple objects of %g (‘¢s) are parameterized by
functions p : A — k™ satisfying

pla+b)=y(a,b) 'pap), a,becA (36)

(clearly, such functions form a torsor over A). The corresponding object Z, is
equal to m as an object of € and has the relative central structure

p(x)id, :x®Z, > Z,®@x, x€A. (37)

Let A— A:a+> a be the homomorphism defined by @(x) = y (x, a). Similarly,
let A— A: ¢ abe the homomorphism defined by ¢ (x) = y (x, $) (recall that
x is nondegenerate). Clearly, these two maps are inverses of each other.

The fusion rules of ¥ (€) are computed using formula (3) :

X(a.) @ Xb.y) = X(atb.p+y)>
X(a.p) ®Zp = Zpp(-a)s
Zp ® X(a.p) = Zpp(-a)>
Zy®Z,= EB X (aap'/p)-

acA

We have sza7¢) = X(—q,-¢) and Z = Z, where p(x) = p(—x), x € A.
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Using the construction given in Section 3A we see that the action of Z; on
% () is given by

T1 =idy, ¢); Ts(X@,p) =X(3,-ap Ds(Zy))=2Z,. (38)

The monoidal functor structure on Z; — Autg(#g (%)) is given by the natural
isomorphism y := 55 : Ts o T5 = T defined by

VX = ¢(a) idX(a,¢)a Yz, = (T Z p(x)_l) idZ/, .

x€eA

The crossed braiding morphisms on %g (‘6) are given by

CXapy Xy = V(@ 1datp : X(a.) @ Xb,y) = X(b,y) ® X(a.gp)>
X2y = P@) 1 1 X (@) ® Zp = Z) ® X(a,9)
€Zp X =1dm 2 Zp @ Xa,p) = X3, —a) ® Zp,
€z,.z, = Daca p~a) e Zy ®Zy > Z, @ Zy.

4C. The equivariantization category %4 (€)%2. A simple calculation of Z;-equi-
variant objects in %g (€) establishes the following.

Proposition 4.1. The following is a complete list of simple objects of %4, (€)?> =
F(TY(A, x, 1)) up to an isomorphism:

(1) 2n invertible objects parameterized by pairs (a, €), where a € A and €* =
x(a,a)~'. The corresponding object X a,e is equal to X (4, ) as an object of
%4 (@) and has Z,-equivariant structure

€ idX(a,—Zi) . Tg(X(a’_z;)) = X(aj_a);

2) "("Tfl) two-dimensional objects parameterized by unordered pairs (a, b) of
distinct objects in A. The corresponding object Yo, is equal to X, _3) @
X(p,—a) as an object of #,(€) and has Z,-equivariant structure

(idX(a,—E) @X (a, b)fl idX(b,—ZD) . Ta(X(a,f/l;) (&) X(b>_’§)) = X(a,fll;) D X(b,—fi);

(3) 2n /n-dimensional objects parameterized by pairs (p, A), where p : A — k*
satisfies (36) and A> = 1 D e p(x)~L. The corresponding object Zy A IS
equal to Z, as an object of #4,(€) and has Z,-equivariant structure

Aidz, : T5(Z,) > Z,.

Recall from [Etingof et al. 2005] that in a braided fusion category of an in-
teger Frobenius—Perron dimension there is a canonical choice of a twist € such
that the categorical dimensions of objects coincide with their Frobenius—Perron
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dimensions. Namely, for any simple object X the scalar fx is defined in such a
way that the composition

coevy HXCX,X* evy

1 —S XX — = X"X 51 (39)

is equal to FPdim(X) idy.
Let 8 be the canonical twist on % (). Using the previous observation, explicit
formulas from Section 4B, and Section 2F, we immediately obtain the following.

Ox,. = x(@,a)"", Oy, =x(b)", 0z,,=A.

Using the fusion rules of %(%¢) (which may be computed using the explicit formulas
in Section 4B), values of the twists above, and the well known formula

Sxy =050, D" Nf y6zdz, (40)
Z

we obtain the S- and T -matrices of %():
SXy e Xy o = x(a, a), Sx..v,.=2x(a,b+c),
SXoerZp0 = €EVNP(@), Sy, v.0 =2(x(a,d)x(b,c)+ x(a,c)x(b,d)),

1
> xa.a)pla)p’(@);

SYunzya =0, SZpaiZyn = AN
acA

TX“?‘ :X(a’a)_l’ Tya,l; :X(a’ b)_ls TZp,A =A.

Proposition 4.2. The maximal pointed subcategory of %(€) is nondegenerate if
and only if |A| is odd.

Proof. Let a € A be an element of order 2. Then X, . centralizes every invertible
object of #(6). O

Remark 4.3. We note that simple objects and the S- and 7 -matrices of %(¢) were
described in [Izumi 2001] using very different methods.

4D. A criterion for a Tambara—Yamagami category to be group-theoretical. The
group A x Als equipped with a canonical nondegenerate quadratic form g : A x A—
k> given by _
q((@,¢)) :=¢(), (a,9)eAxA.

We will call a subgroup B C A x A Lagrangian if ¢|p =1 and B = B+ with respect
to the bilinear form defined by ¢. Lagrangian subgroups of A x A correspond to
Lagrangian subcategories of Z(Vec,) = Vec 4, 3.

The braided tensor autoequivalence T of % (Vec,) defined in Section 4B deter-
mines an order 2 automorphism of A x A, which we denote simply by 9:

o((a, ¢) = (—p, —a), (a,$) € AxA. (41)
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Definition 4.4. We will say that a subgroup L C A is Lagrangian (with respect
to y)if L = L+ with respect to the inner product on A given by y. Equivalently,
ILI>=|A] and x|, = 1.

Lemma 4.5. Let A be an abelian 2-group such that |A| = 2" and let y be a nonde-
generate symmetric bilinear form on A. Then A contains a Lagrangian subgroup.

Proof. 1t suffices to show that A contains an isotropic element, that is, an element
x € A, x #0, such that y(x, x) = 1. Then one can pass from A to (x)*/(x) and
use induction.

Suppose that A is cyclic with a generator a. Then 2*"a = 0 and y(a, a) is a
(227)th root of unity, hence y (2"a, 2"a) = x(a, a)*" = 1.

If A is not cyclic then it contains a subgroup Ag =7Z/2Z & Z/27Z. Let x1, x, be
distinct nonzero elements of Ag. Suppose y (x;, x;) #1, i =1, 2. Then y (x;, x;) =
—1 and y (x| +x2, x1 +x2) = 1, as desired. O
Theorem 4.6. Let € = TY(A, y, t) be a Tambara—Yamagami fusion category.
Then € is group-theoretical if and only if A contains a Lagrangian subgroup (with
respect to x).

Proof. By Corollary 3.10, € is group-theoretical if and only if %(%) contains a
Ts-stable Lagrangian subcategory. Equivalently, € is group-theoretical if and only
if A x A contains a Lagrangian subgroup B stable under the action

@, ¢)— (b, @). (42)

This condition on B is the same as being stable under the action of ¢ from (41).

Let L be a Lagrangian (with respect to y) subgroup of A and let L:= {@laelL}.
Then Lx L isa Lagrangian subgroup of A x A stable under (42). Hence % is group-
theoretical.

Conversely, suppose that € is group-theoretical. Let us write A = Aeyen D Aodd,
where Aeyen i the Sylow 2-subgroup of A and Aggq is the maximal odd order
subgroup of A. Since |A| must be a square, we conclude that |Aeyen| is a square,
and so Agyen contains a Lagrangian subgroup with respect to y|4,,., by Lemma 4.5.

So it remains to show that A,qq contains a Lagrangian subgroup with respect to
X | Ay For this end we may assume that |A| is odd. Let B C A Abea Lagrangian
subgroup stable under (42). Then B = By & B_, where

By :={(a, £a) | (a, +a) € B}.
Let Ly = B+ N (A x {1}). Then |L||L_| =|A|, and y|., = 1. Hence, L are
Lagrangian subgroups of A. U

Remark 4.7. It was observed in [Etingof et al. 2005, Remark 8.48] that for an odd
prime p and elliptic bicharacter y on A =(Z/ pZ)?, the category TN((Z/ pZ)> y,7)
is not group-theoretical. The criterion from Theorem 4.6 extends this observation.
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4E. A series of non-group-theoretical semisimple Hopf algebras obtained from
Tambara—Yamagami categories. Here we apply Corollary 3.11 to produce a series
of non-group-theoretical fusion categories admitting fiber functors (that is, repre-
sentation categories of non-group-theoretical semisimple Hopf algebras), gener-
alizing examples constructed in [Nikshych 2008]. We refer the reader to [Mont-
gomery 1993] as a reference on Hopf algebra theory.

Let A be a finite abelian group with a nondegenerate bilinear form y. Let
Aut(A, y) denote the group of automorphisms of A preserving y.

The following proposition was proved in [Nikshych 2008, Proposition 2.10].

Proposition 4.8. There is an action of Aut(A, y) on TY(A, x, 1) given by g —
T,, where

T, (A)=g(a), Te(m)=m, acA, geAut(A, y),
with the tensor structure of T, given by identity morphisms.

Corollary 4.9. Let G be a subgroup of Aut(A, y). Then the fusion category
TY(A, x,1)° is group-theoretical if and only if there is a Lagrangian subgroup
of (A, x) stable under the action of G.

Proof. Combine Corollary 3.11 and Theorem 4.6. O

We will say that a nondegenerate symmetric bilinear form y : A x A — k™ is
hyperbolic if there are Lagrangian subgroups L, L’ C A suchthat A=L & L'. In
this case L’ is isomorphic to the group L= Hom(L, k*) of characters of L and y
is identified with the canonical bilinear form on L & L.

It was demonstrated in Tambara [2000] that when n = |A| is odd the category
JY(A, y, ) admits a fiber functor (that is, TY(A, y, 7) is equivalent to the rep-
resentation category of a semisimple Hopf algebra) if and only if z ~! is a positive
integer and y is hyperbolic.

Corollary 4.10. Let p be an odd prime, let L = (Z/pZ)N, N > 1,let A=L & L,
andlet y : A X A — k> be the canonical bilinear form defined by

x(@, ¢), b, v)) =y @e¢B), abeA, ¢, yeA.

Suppose that G is a subgroup of Aut(A, y) not contained in any conjugate of
Aut(L) C Aut(A, y). Then the equivariantization category TY(A, x, p~ )¢ is
a non-group-theoretical fusion category equivalent to the representation category
of a semisimple Hopf algebra of dimension 2p* |G|.

Proof. Note that Aut(A, y) acts transitively on the set of Lagrangian subgroups of
(A, x) and the stabilizer of L is Aut(L). Apply Corollary 4.9. O
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Remark 4.11. The series of fusion categories in Corollary 4.10 extends the one
constructed in [Nikshych 2008], where the case of N = 1 and G = Z/27Z was
considered.

5. Examples of modular categories arising from quadratic forms

As before, let € := TY(A, y, ) be a Tambara—Yamagami category and let ¥ :=
JY(A, y, 1)1 be the trivial component of Z;-grading of TY(A, y, 7). In this
section we assume that our ground field & is the field of complex numbers C.

Suppose that the symmetric bicharacter y : A x A — k> comes from a quadratic
form on A, that is, there is a function ¢ : A — k™ such that

qla+b)=q(a)q(b)x(a,b), a,beA and q(-a)=q(a).

From the description obtained in Section 4B we observe that % () contains a
fusion subcategory spanned by the simple objects X(42), @ € A, and Z 1. It is
clear from the Tambara—Yamagami classification in Section 4A that this category
is equivalent to €.

Proposition 5.1. Suppose that the symmetric bicharacter y comes from a qua-
dratic form on A. Then € admits a Z,-crossed braided category structure. The
equivariantization 67> is nondegenerate if and only if |A| is odd.

Proof. Clearly, € inherits the Z,-crossed braided category structure from %, (6).
The nondegeneracy claim follows from Proposition 4.2 and Remark 2.13. ]

Let us assume that n := |A| is odd. Then y corresponds to a unique quadratic
form ¢. Let €(g, £) := €2 be the modular category constructed in Proposition
5.1 (the £ corresponding to 7 = :tﬁ, respectively). In what follows we describe
the fusion rules and S- and T-matrices of €(g, £).

5A. Fusion rules of €. Clearly, €(g, ) is a fusion category of dimension 4n. It
has the following simple objects:

two invertible objects, 1 = X and X _;
% two-dimensional objects Y,, a € A — {0} (with Y_, = Y,); and

two /n-dimensional objects Z;, 1 € Z/27.

Here we simplify the notation used in Section 4C and define
Xe:=Xox1, Ya:=Ya—a, Zi=Zy1 4,

where A;, [ € Z/27, are distinct square roots of iﬁ D uea qa).
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The fusion rules of €(g, £) are given by
X_®X_=X4, X1 Q®Y, =Y, Xi®7Z =17,
X_®Z =71, Yo®Yy=Yip®Ysp, YiQ®Yi=X DX Yo,
YaQ®Zi=20®Z1, ZIQRZLI=X+®@®Ys), ZIQRZ111=X_-&(®Ya),
where a, b€ A (a #b) and [ € Z/27. All objects of €(q, £) are self-dual.

Remark 5.2. Note that the fusion rules of €(g, =) do not depend on the quadratic
form ¢ and the number 7. We show below that the S- and T-matrices of €(g, +)
do depend on g and 7.

5B. S- and T-matrices of €.

Lemma 5.3. The Gauss sums corresponding to q and q* are equal up to a sign,
that is,

Lea 4@)°
ZaeA q(a)

Proof. Consider the group A x A with a nondegenerate quadratic form Q =g x g.
The Gaussian sum for this form is

t(Ax A, Q)= D qla)qb)=1(A,q)".

a,beA

€ {£1}.

The restriction of Q on the diagonal subgroup D := {(a,a) | a € A} is nonde-
generate since |A| is odd. The restriction of Q on the orthogonal complement
Dt = {(a,—a) | a € A} is nondegenerate as well. By the multiplicativity of
Gaussian sums we have

t(Ax A, Q)=1(D, Q)r(D, Q)= (D q(@)*),
acA

which implies the result. O

Using the formulas for the S- and T- matrices of %(6) given in Section 4C we
can write down the S- and T- matrices of €(gq, 1):

Sxexe =1, Sx.x. =1, Sx.v, =2, S,z =0,

q(a+b)’  q@?’q®)’
Swoa =V Scea= = S =2 e oy )

+./n if the Gauss sums of g and ¢ coincide,

SZ 7, = .
P | 324/n otherwise,

T./n if the Gauss sums of g and ¢ coincide,

S71.214 = .
e +./n otherwise.
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Tx, =1, Ty,=q@)* Tz=A.
(Recall that A;, [ € Z/27Z, are distinct square roots of :I:% D aea 9(a).)
n

5C. Example with A = Z/pZ x Z/pZ. Let p be an odd prime and let A :=
7/pZ x 7] pZ. Let (;) denote the Legendre symbol modulo p, that is, (%) =1if
a € (Z/pZ)* is a square modulo p and —1 otherwise.

Let a,b € (Z/pZ)* and & := ¢*'/P. Consider the following nondegenerate
quadratic form ¢ on A:

2 2
Q(-xl, x2) — éaxl —bxz.

It is hyperbolic if (%) = 1 and elliptic if (%) =—1.

Lemma 5.4. Forevery a, b € A*, we have

s o [ G)VP Fp=Tmodd),
xez/pZ (%)iﬁ if p=3(mod4),
and
ab
Z faxlz—bx% — (_)P
(x1,x2)€Z/ pZx2/pZ p

Proof. The first assertion is well known; see, for example, [Ireland and Rosen
1990]. The second assertion is an easy consequence of the first. U

Using Lemma 5.4 we can explicitly write the S-matrix of €(q, £):

Sxex: =1,8x. x. =1, SXi, Vi) np) = 25
— — — daxiy1—4bxzys
SX+,Z[ =P, SX,,Z[ =—D, SY(X]v"Z)’Y(YleZ) - 4Re(§ )a
SY(xl,xz)yZl =0, Sz.z =+*p, Sz, 21 = FP>

and its 7 -matrix:
T _ 1 T — 2ax1272bx§ T _ A
x: =1, Tyx ) =¢ , Tz, =A,

where A;, [ € Z/27Z, are distinct square roots of j:(%).
The central charge of the modular category é(g, %) is

C(E(g. 1)) = (@)
P

Below we give the S- and T-matrices of the modular category €(q, £) for p =
3. Order simple objects of €(g, £) as follows: 1, X_, Y(0,1), Y(1,0)> Y(1,1), Y(1,2)
Z,, Z_. There are four modular categories (g, £) of dimension 36 corresponding
to the choices of hyperbolic/elliptic ¢ and 7 = i%.
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(a) When ¢ is hyperbolic we have

11 2 2 2 2 3 3
11 2 2 2 2 =33
22 24 -2-20 0
G_|22 422200
|22 224 20 0]
22 -2-2-24 0 0
3-30 0 0 0 33

3-30 0 0 0 F3 43
T=diag{1’],§2,ésl’1,13_1} When‘[:%,
T =diag{l,1,¢%,&,1,1,i, —i} whent =—1.

Note that both the corresponding modular categories are group-theoretical

with central charge 1; in fact the one with 7 = % is equivalent to the represen-

tation category of the double D(S3) of the symmetric group S3 and the one
1

with 7 = —3 is equivalent to the twisted double of S3.

(b) When g is elliptic we have

11 2 2 2 2 3 3
11 2 2 2 2 =33
22 24 -2-20 0

_|22 4 2-2-20 0

22 2224 0 0o
22 2-24 20 0
3-30 0 0 0 +3 73
3-30 0 0 0 F3 3

1
T =diag{l,1,¢,&, &%, &%, —i}  whent = 3

1
T =diag{l,1,&, & &2,6%2,1, -1} whent = -3

Both the corresponding modular categories are not group-theoretical. They
both have central charge —1 and so are not equivalent to centers of fusion
categories. In particular, they are not equivalent to representation categories
of any twisted group doubles.

5D. Example with A = Z/pZ. Let p be an odd prime and let A := Z/pZ. Let
a € (Z/pZ)* and & := ¢*'/P, Up to isomorphism there are two nondegenerate
quadratic forms ¢ on A:

q(x) =&,
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one corresponding to (%) = 1 and another to (%) =-1.
Using Lemma 5.4 we can explicitly write the S-matrix of €(g, ):

Sxexe =1, Sxpxe =1, Sx.v, =2,
Sxezi =P Sx_z=—/P, Sy,.v, = 4Re(&*),

2 2
Sv,.z1 =0, Sz1,2) = :I:(;)\/_, SZI,ZH-l = :F<;)\/E

Further, we have
— _ z—2ax? _
Tx, =1, Ty =¢ , Tz, =Ap,
where

:l:(%) if p=1(mod4),

Ay, 1€ Z/27, are distinct square roots of ]
i(p)i if p =3 (mod4).

The central charge of the modular category é(g, £) is

(39 if p=1(mod4),

((€(g, 1)) = [_(27“)1 if p =3 (mod4).

Below we give the S- and T-matrices of the modular category €(g, ) for p =
3 and 5. For p =3 we order the simple objects as 1, X_, Y1, Zg, Z; and for p =5
we order them as 1, X_, Y1, Y», Zo, Z;. (In (¢) and (d) below, & = ¢27/3)

(a) When p =3 and a = 1 we have

1 1 2 /3 3
1 1 2 =3 -3
Ss=1 2 2 =20 0 ,
V3 V3 0 FV3 £V3
V3 =V3 0 +V3 FV3
) —1+i3 1+i —1—i} 1
T =diagy1, 1, , s when 7 = —,
g{ 2 2~ /3
) —1+i3 1—i —1+i} 1
T =diagy1, 1, , s when 7 = ———.
g{ 2 22 3

The central charge of both the corresponding modular categories is i.
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(b) When p =3 and a = 2 we have

S = the S-matrix in (a),

_ —1—i3 1—i —1+i} 1
T =diagi1, 1, , , when 7 = —,
g{ 2 V22 V3
—1—i3 1+i —l—i] 1
T =diagi1,1, , , when 7 = —.
gl 2 V2T V2 V3

The central charge of both the corresponding modular categories is —i.

(c) When p =5 and a =1 we have

1 1 2 2 V3 5
11 2 2 =53 =5
|2 2 V51 —5-1 0 0
12 2 —v5-1 V5-1 0 o0 |’
V3 -5 0 0  FV/5£V5
V5 -V5 0 0 +V5 FV5
T =diag{1,1,&%,¢&%, 1, -1} when 7 = =
b b b b b \/37
1
T =diag {1,1,&3, &2, 0, —i when 7 = ———.
i ] 7

The central charge of both the corresponding modular categories is —1.

(d) When p =5 and a =2 we have

1 1 2 2 V55
11 2 2 =5 -5

s_|2 2 —v5-1 45-1 0 0

12 2 V5-1 —=V5-1 0 o |’
V3 =5 0 0  FV5£V5
V5 -J5 0 0  +V5 75
1
T =diag{1,1,&,& 0, i) whenr:—s,
T =diag{1,1,¢&,¢% 1, -1} when = — .
2> F92 D) >+ ﬁ

The central charge of both the corresponding modular categories is 1.

985
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6. Appendix: Zeroes in S-matrices

There is a classical result of Burnside in character theory saying that if y is an
irreducible character of a finite group G and y (1) > 1, then y(g) = O for some
g € G; see [Berkovich and Zhmud’ 1999, Chapter 21].

In this appendix we establish a categorical analogue of this result for weakly
integral modular categories. Recall from [Etingof et al. 2008] that a fusion category
%€ is called weakly integral if its Frobenius—Perron dimension is an integer. In this
case the Frobenius—Perron dimension of every simple object of € is the square root
of an integer [Etingof et al. 2005].

Let € be a weakly integral modular category with the S-matrix S. Let O(%€)
denote the set of all (representatives of isomorphism classes of) simple objects of
€. Given X € 0() define the sets

Tx ={Y €0(€) | Sx,y =0}, Dx =0(€¢)—(Tx U{1}).

Clearly, we have a partition O(€) = Tx U Dx U {1}. Let I x and @x be full abelian
subcategories of € generated by Tx and Dy, respectively.

Let K be the field extension of @ generated by the entries of S. It is known
[de Boer and Goeree 1991; Coste and Gannon 1994] that there is a root of unity &
such that K C Q(¢). In particular, the operation of taking the square of an absolute
value of an element of S is well defined. Let G := Gal(K/Q). Every element
o € G comes from a permutation ¢ of 0(‘6) such that o (Sx,y) = Sx, () for all
X, Y € 0(%6).

Let € be a weakly integral modular category. It was shown in [Etingof et al.
2005] that there is a canonical spherical structure on ‘6 such that categorical dimen-
sions in % coincide with Frobenius—Perron dimensions. Let us fix this structure for
the remainder of this section. For any X € 0(%) let dx denote the dimension of
X. For any full abelian subcategory & of € let dim & denote the sum of squares
of dimensions of simple objects of .

Theorem 6.1. Let € be a weakly integral modular category with the S-matrix S.
Then Tx is not empty for every noninvertible simple object X of 6. That is, every
row (column) of S corresponding to a noninvertible simple object contains at least
one zero entry.

Proof. Note that the statement of Proposition does not depend on the choice of
spherical structure.
We have ZYe@((@) |Sx.y|*> = dim 6; hence,

dim € 2 1+dimJy
=Tt Y P (T
X YeDy X YeDy

Sx.y Sx.y

dx

2 dimDy
- , (43)
dx

dx
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where dy denotes the dimension of X. It suffices to check that

1 Sxy P 1
Gmay 2 % a2 D
MY yepy | 4X X
since then (43) implies that 1 < (1 4 dim Jx)/d%, whence
dim Ty >d% — 1. (45)

But X is noninvertible so dy > 1 and Jx # 0.
Rewriting the left hand side of (44) as the sum of dim %y terms and using the
inequality of arithmetic and geometric means we obtain

2

1 Sxy 2 1 SXY
dim % 2. A | = dma Zd%d;l
Xyepy I X X yepy X&y
2d%\ 1/dim Dy
= (1)
dx YeDy dy

The set Dy is clearly stable under all automorphisms in the Galois group, and
hence so is the product [], . Dy {S XY /dy}ZdY . Therefore, this product belongs to
Q. Its factors are squares of absolute values of characters of Ky(€) on X and
hence are algebraic integers. Since all factors are positive, the product is > 1,
which implies (44). O

For X € O(6) define
Ux ={Y €0(€) | ISx,y| =dy}.
Let AUy be the full abelian subcategory of 6 generated by Uy.

Proposition 6.2. Let € be a weakly integral modular category and let X be a
simple noninvertible object in 6. Then

3dim Ty +dimUy > dim €. (46)

Proof. We may assume dy > /2.

We will use the following theorem of Siegel [1945] from number theory. Let
K /Q be a finite Galois extension with the Galois group G = Gal(K /Q). Let a be
a totally positive algebraic integer in K, o 7 1. Then

1 3
ﬁz O'((Z)z E
oceG
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We apply this to the situation when K is the extension of () generated by entries
of S. We compute

dme =Y |SxyP=di+ > di+ > |Sx, v I?

Ye€ YeUy Y €0(€)—(Tx UUx U{1})

1 Sx.y|?
=d} +dim Uy + > d%(ﬁz a(l ’;’2” ))
Y

Y €0(€)—(Tx UUx U{1}) ceG

> 2+dimUy + 3 (dim 6 — dim Ty —dim Uy — 1);
therefore 3dim 7 x + dim Uy > dim € + 1 > dim €, as required. |

Remark 6.3. Our proofs of Theorem 6.1 and Proposition 6.2 imitate the corre-
sponding proofs for group characters given in [Berkovich and Zhmud’ 1999].
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