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Abstract. We define equivariantization of tensor categories under ten-
sor group scheme actions and give necessary and sufficient conditions for an
exact sequence of tensor categories to be an equivariantization under a finite
group or finite group scheme action. We introduce the notion of central ex-
act sequence of tensor categories and use it in order to present an alternative
formulation of some known characterizations of equivariantizations for fusion
categories, and to extend these characterizations to equivariantizations of fi-
nite tensor categories under finite group scheme actions. In particular, we
obtain a simple characterization of equivariantizations under actions of finite
abelian groups. As an application, we show that if C is a fusion category and
F :C — D is a dominant tensor functor of Frobenius-Perron index p, then F'
is an equivariantization if p = 2, or if C is weakly integral and p is the smallest
prime factor of FPdimC.

1. Introduction.

In this paper we pursue the study of exact sequences of tensor categories initiated
in [3]. Exact sequences of tensor categories generalize (strict) exact sequences of Hopf
algebras, due do Schneider, and in particular, exact sequences of groups.

By a tensor category over a field k, we mean a monoidal rigid category (C,®,1)
endowed with a k-linear abelian structure such that

e Hom spaces are finite dimensional and all objects have finite length,
e the tensor product ® is k-linear in each variable and the unit object 1 is scalar,
that is, End(1) = k.

A tensor category is finite if it is k-linearly equivalent to the category of finite dimensional
right modules over a finite dimensional k-algebra.

We will mostly work with finite tensor categories, with special attention to fusion
categories. A fusion category is a split semisimple finite tensor category (split semisimple
means semisimple with scalar simple objects).

A tensor functor is a strong monoidal, k-linear exact functor between tensor cate-
gories over k; it is faithful. A tensor functor F : C — D is dominant® if any object Y of
D is a subobject of F(X) for some object X of C.

2010 Mathematics Subject Classification. Primary 18D10, 16T05.
Key Words and Phrases. tensor category, fusion category, exact sequence of tensor categories,
equivariantization.
The work of the second author was partially supported by CONICET, SeCYT-UNC and Mathamsud
project NOCOMALRET.
'Dominant functors between finite tensor categories are called surjective in [6].


http://dx.doi.org/10.2969/jmsj/06610257

258 A. BRUGUIERES and S. NATALE

A tensor functor F' : C — D is normal if any object X of C admits a subobject
X' C X such that F(X') is the largest trivial subobject of F(X). An object is trivial if
it is isomorphic to 1™ for some natural integer n.

We denote by KRetrp C C the full tensor subcategory of objects X of C such that
F(X) is trivial.

Let C’, C, C"” be tensor categories over k. A sequence of tensor functors

¢ e (1.1)

is called an exact sequence of tensor categories if

e F' is dominant and normal,
e i is a full embedding whose essential image is Retp.

An exact sequence of finite tensor categories C' — C Eooris perfect if the left
(or equivalently, the right) adjoint of F' is exact. Such is always the case if C" is a fusion
category.

The monadic approach.

Let F : C — C” be a tensor functor between finite tensor categories. Then F is
monadic, that is, it admits a left adjoint L. The endofunctor T'= F'L of C" is a k-linear
Hopf monad on C”, and C is tensor equivalent to the category C” T of T-modules in C”.
Moreover, F' is dominant if and only if T is faithful, and F' is normal if and only if T'(1)
is trivial, in which case T is said to be normal.

Via this construction, exact sequences of finite tensor categories

C/ L} C i} C/l
are classified by k-linear right exact faithful normal Hopf monads on C” [3, Theorem

5.8).

Examples.

Any (strictly) exact sequence of Hopf algebras H' — H — H" over a field k in
the sense of Schneider [16] gives rise to an exact sequence of tensor categories of finite
dimensional comodules:

(Es) comod-H" — comod-H — comod-H",

and if H is finite-dimensional we also have an exact sequence of tensor categories of finite
dimensional modules:

mod-H" — mod-H — mod-H’.

Equivariantization is another source of examples. Let G be a finite group acting on
a tensor category D by tensor autoequivalences. Then the equivariantization D€ is a
tensor category and the forgetful functor D& — D gives rise to a (perfect) exact sequence
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of tensor categories
repG — D¢ — D, (1.2)

see [3, Section 5.3]. This is extended in Section 3.2 to the case where G is a finite group
scheme. If D is a fusion category, k is algebraically closed and the order of G is not a
multiple of char(k), then (1.2) is an exact sequence of fusion categories.

A tensor functor F': C — D is an equivariantization if there is an action of a finite
group scheme G on D and a tensor equivalence C ~ D% such that the triangle of tensor
functors

64:>DG
\D/

commutes up to a k-linear monoidal isomorphism.

An exact sequence of tensor categories ¢/ —— C F, 0" s called an equivariantization
exact sequence if it is equivalent to an exact sequence defined by an equivariantization,
or equivalently, if F' is an equivariantization.

A braided exact sequence is an exact sequence of tensor categories where all categories
and functors are braided. If ¢’ — C — C” is a braided exact sequence, then C’ is a
subcategory of the category 7 C C of transparent objects of C (see [1]). We say that
C' — C — C" is a modularization exact sequence if C" is modular, that is, if all transparent
objects of C” are trivial. In that case C’ = 7. Examples of modularization exact
sequences of fusion categories arise through the modularization procedures introduced in
1], [10].

Equivariantization criteria.

Generalizing a result of [3], we show that an exact sequence of finite tensor categories
C' — C — C” is an equivariantization exact sequence if and only if the associated normal
Hopf monad is exact and cocommutative in the sense of [3]. If C’ is finite and k is an
algebraically closed field such that char(k) does not divide dim C’, then the corresponding
group scheme is discrete so that we have an equivariantization in the usual sense.

In particular, any perfect braided exact sequence of finite tensor categories is an
equivariantization exact sequence.

On the other hand, [7, Proposition 2.10](i) affirms that a fusion category C is an
equivariantization under the action of a finite group G if there is a full braided embedding
j of the category rep G into into the Drinfeld center Z(C) of C, such that Uj : repG — C
is full, where U denotes the forgetful functor Z(C) — C. See also [5, Theorem 4.18].

In order to unify those two result, we introduce the notion of central exact sequence
of tensor categories. An exact sequence of finite tensor categories

¢ e

is central if, denoting by (A4, o) its central commutative algebra, the tensor functor i :
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C' — C lifts to a tensor functor i : ¢’ — Z(C) such that i(A) = (A,0). Such a lift, if it
exists, is essentially unique.

We show that an exact sequence of finite tensor categories is central if and only if
its normal Hopf monad is cocommutative. We give two proofs of this result.

The first one works in the fusion case. In that situation our characterization is a
reformulation in terms of exact sequences of the characterization of equivariantizations
given in [7, Proposition 2.10], [5, Theorem 4.18]. However our proof is organized dif-
ferently, and boils down to showing that a central exact sequence of fusion categories is
‘dominated’ in a canonical way by a modularization exact sequence, thus:

¢ —Cz)(C") — Z(C")

N

C/ C Cl/’

where Cz(c)(C') denotes the centralizer of C’ viewed as a fusion subcategory of Z(C),
and that an exact sequence dominated by an equivariantization exact sequence is itself
an equivariantization exact sequence.

The second one works for finite tensor (not necessarily semisimple) categories and
actions of finite group schemes, and relies on the construction of the double of a Hopf
monad in [4]. It is based on the existence of a commutative diagram of tensor categories

(] Z(C) Zp(C")
c’ C F C”,

whose first line is an exact sequence of tensor categories, Zr(C”) denoting the center of
C"” relative to the functor F.

Application.
The Frobenius-Perron index of a dominant tensor functor F' : C — D between fusion
categories is defined in [3] to be the ratio

FPdimC
FPind(F) = FPind(C: D) = ————.
ind(F) = FPind(C: D) = 5557
It is an algebraic integer by [6, Corollary 8.11]. According to [3, Proposition 4.13], a
dominant tensor functor F' of Frobenius-Perron index 2 is normal. In this paper we prove
the following refinement of this result:

THEOREM 6.1. Let F : C — D be a dominant tensor functor between fusion
categories over a field of characteristic 0. If FPind(C : D) = 2, then F is an equivari-
antization.
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This generalizes the fact that that subgroups of index 2 are normal. An analogue in
the context of finite dimensional semisimple Hopf algebras was proved in [9, Proposition
2], [13, Corollary 1.4.3]. We also generalize the fact that subgroups of a finite group
whose index is the smallest prime factor of the order of the larger group are normal.
Recall that a fusion category is weakly integral if its Frobenius-Perron dimension is a
natural integer.

THEOREM 6.2. Let F : C — D be a dominant tensor functor between fusion
categories over a field of characteristic 0. Assume that FPdim C is a natural integer,
and that FPind(C : D) is the smallest prime number dividing FPdim C. Then F is an
equivariantization.

In particular under the hypotheses of Theorem 6.2 the functor F' is normal. An
analogue in the context of semisimple Hopf algebras was proved in [9, Proposition 2],
[13, Corollary 1.4.3]. Observe that Theorem 6.2 gives some positive evidence in favor of
the conjecture that every weakly integral fusion category is weakly group-theoretical [7].

Regarding the ‘dual’ situation, namely, when C is a weakly integral fusion category
and D C C is a full fusion subcategory such that the quotient FPdim C/FPdim D is the
smallest prime factor of FPdim C, it may be the case that D is not normal in C; we give
an example of this where p = 2 and C is a Tambara-Yamagami category (see Proposition
6.5). This actually provides examples of simple fusion categories of Frobenius-Perron
dimension 2¢q, where ¢ is an odd prime number.

Organization of the text.

In Section 2 we introduce central exact sequences of tensor categories. We also dis-
cuss dominant tensor functors on weakly integral fusion categories in terms of induced
central algebras and show that this class of fusion categories is closed under extensions;
see Corollary 2.13. We give a general criterion for an exact sequence to be an equivari-
antization exact sequence in Section 3. In order to do so, we generalize the notion of
equivariantization to tensor actions of group schemes on tensor categories in Section 3.2.
The main results, Theorems 3.5 and 3.6, assert that equivariantization exact sequences
coincide with central exact sequences, and also with exact sequences whose Hopf monad
is exact cocommutative. It is proved in Section 5 using the notion of double of a Hopf
monad. We apply this characterization in Section 4 to several special cases: braided exact
sequences of tensor categories, exact sequences of fusion categories, equivariantizations
under the action of abelian groups. Lastly we prove Theorems 6.1 and 6.2 in Section 6.

Conventions and notation.

We retain the conventions and notation of [3].

If C is a monoidal category and A is an algebra in C, we denote by C4 the category
of right A-modules in C, and by F4 : C — C4 the free A-module functor, defined by
X — X ®A. If C is additive, so is C4. In that case, we say that A is self-trivializing if
F4(A) ~ F4(1)™ for some natural integer n.

Let C be a tensor category over a field k, and let X be an object, or a set of objects
of C. We denote by (X) the smallest full replete tensor subcategory of C containing X
Its objects are the subquotients of finite direct sums of tensor products of elements of X’
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and their duals. We denote by 1 the unit object of C. The tensor subcategory (1) is the
category of trivial objects of C and it is tensor equivalent to vecty.

Given an object X of C, we denote by VX and XV the left dual and the right dual
of X respectively. An object X of C is called invertible if there exists an object Y of C
such that X ® Y ~ 1 ~Y ® X. In that case Y ~ VX ~ XV. Invertible objects of C are
both simple and scalar. We denote by Pic(C) the set of isomorphism classes of invertible
objects of C; it is a group for the tensor product, called the Picard group of C. We set
Cpt = (Pic(C)) C C.

Now assume C is a fusion category. The multiplicity of a simple object X in an
object Y of C is defined as mx (YY) = dim Hom¢(X,Y). We have

Y ~ @XGIrr(C)XmX (Y)a

where Irr(C) denotes the set of simple objects of C up to isomorphism. An object X of
C is invertible if and only if its Frobenius-Perron dimension is 1.

2. Central exact sequences of tensor categories.

2.1. Tensor functors.

Let F : C — D be a tensor functor between tensor categories over k. We denote
by Rerp C C the full subcategory of C of objects ¢ such that F'(c) is trivial in D. The
category Retp is a tensor category over k, and it is endowed with a fibre functor

ﬁetp — vecty
wp
x +— Hom(1, F(z)).

By Tannaka reconstruction, this defines a Hopf algebra

rERetp
H = coend(wp) = / w(z)" ® w(x)

such that Kerp ~ comod-H.

The tensor functor F' admits a left adjoint L if and only if it admits a right adjoint
R; if they exist, the adjoints of F are related by R(X) = L(YX)". If C is finite, then F
admits adjoints.

If the tensor functor F' admits adjoints, we say that F is perfect if its left, or
equivalently, its right adjoint is exact. Such is always the case if D is a fusion category.

The tensor functor F' is dominant if for any object d of D, there exists an object ¢
of C such that d is a subobject of F(¢). It is normal if for any object ¢ of C, there exists
a subobject ¢y C ¢ such that F(co) is the largest trivial subobject of F'(c).

If F admits adjoints L and R, then F' is dominant if and only if L, or equivalently
R, is faithful, and F' is normal if and only if L(1), or equivalently R(1), belongs to ferp.

If F is a normal tensor functor, the Hopf algebra H = coend(wp) is called the
induced Hopf algebra of F'.
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2.2. Central induced (co)algebras.

Let C and D be finite tensor categories over k and let F' : C — D be a dominant
tensor functor. Then F' admits a left adjoint L : D — C which is faithful and comonoidal.
Consequently C' = L(1) is a coalgebra in C, called the induced coalgebra of F, with
coproduct Ly(1,1) and unit Lo, where (Ls, Lg) denotes the comonoidal structure of L.
We have Homc(é', 1) ~ k. In addition, C is endowed with a canonical half-braiding
6:C®ide — ide ®C, which makes it a cocommutative coalgebra in the center Z (C) of
C; see [2] for details of this construction. The cocommutative coalgebra (C‘,&) is called
the induced central coalgebra of F.

Dually, under the same hypotheses the functor F' also admits a right adjoint R,
related to L by R(X) = L(YX)". The functor R is faithful and monoidal. As a result,
A=R(1)= CV is an algebra in C, called the induced algebra of F, and it is endowed a
canonical half-braiding ¢ : A®ide — ide ® A, making it a commutative algebra in Z(C).
The commutative algebra (A, o), which is the right dual of (C' ,0), is called the induced
central algebra of F'. See [3, Section 6.

The category Ca = C(4,4) of right A-modules in C is an abelian k-linear monoidal
category over k with tensor product induced by ®4 and the half-braiding o, and the
functor Fia,,):C — Ca, Fa,0)(X) = X ® A, is strong monoidal and k-linear.

If F is dominant and perfect (that is, R is faithful exact), then by [3, Proposition
6.1] C4 is a tensor category, and there is a tensor equivalence k : D — C4 such that the
following diagram of tensor functors commutes up to tensor isomorphims:

F

C D
k i“
Ca.

Note that if F' is dominant and D is a fusion category, then R is exact, so C4 ~ D is a
fusion category and in that case, A is semisimple.

LEMMA 2.1. Let F : C — D be a tensor functor between finite tensor categories,
with induced algebra A. The following assertions are equivalent:

(1) F is normal;
(ii) A belongs to Rerp;
(iii) A is a self-trivializing algebra, that is, A® A~ A™ in C4 for some integer n.

If these hold, then Revp = (A). Moreover, the integer n of assertion (iii) is the dimension
of the induced Hopf algebra of F.

PROOF. Since A = R(1), we have (i) <= (ii). If A is in Kerp, then F4(A) ~
KF(A) ~ kF(1)™ ~ Fa(1)", i.e. A is self-trivializing, so (ii) = (iii). Conversely,
assume A is self-trivializing, that is, A ® A ~ A" as right A-modules. By adjunction,
Homp(F(A),1) ~ Home¢ (A, R(1)) = Home (A, A) ~ Home, (Fa(A), Fa(1)) ~ Home,
«(Fa(1)™, F4(1)) ~ Home(1, A)™ ~ k™. Thus, there exists an epimorphism s : F(A) —
1" in D. Now s ® F(A) is an epimorphism F(A) ® F(A) — F(A)"™, and since those
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two objects are isomorphic and of finite length, s ® F(A) is an isomorphism. Thus
ker(s) ® F(A) = 0, so ker(s) = 0 and s is an isomorphism F(A) — 1™. This shows (iii)
= (ii).

If the assertions of the lemma hold, then Retp = (A), in view of [3, Proposition 6.7].
Moreover, F(A) = FR(1) ~ F(L(1)") ~ F(L(1))". Hence VF(A) ~ H ® 1, and we get
n=dimH. O

REMARK 2.2. A terminological summary might help: if F': C — D is a tensor
functor between finite tensor categories, the induced central algebra A = (A4, 0) of F is
a commutative algebra in Z(C); the induced algebra A of F is an algebra in C. If F is
normal, with induced Hopf algebra H = coend(wr), then F(A) ~ H ® 1 and, denoting
by T = FL the Hopf monad of F, we have T'(1) ~ K ® 1 with K = H*.

2.3. Exact sequences of tensor categories.

In this section we recall some basic facts about exact sequences of tensor categories
which we will use throughout this paper, see [3] for details. Let k be a field.

An exact sequence of tensor categories over k is a diagram of tensor functors

€ o-Secter

between tensor categories C’, C, C" over k, such that F' is normal and dominant, i(C') C
Rerp and ¢ induces a tensor equivalence C' — SKetp.

The induced Hopf algebra H = coend(wp) of F' is also called the induced Hopf
algebra of (£), and we have an equivalence of tensor categories C”' ~ comod-H. By [3,
Proposition 3.15], the induced Hopf algebra of (£) is finite dimensional if and only if the
tensor functor F' has a left adjoint, or equivalently, a right adjoint. In that case, we say
that (&) is perfect if F is perfect, that is, R (or F) is exact.

If (£&1) = (€] — €1 — Cf) and (&) = (C), — C3 — CY) are two exact sequences of
tensor categories over k, a morphism of exact sequences of tensor categories from (€1) to
(&2) is a diagram of tensor functors:

Cf——=C ——=Y

Ll

ChH——Cy——CY

which commutes up to tensor isomorphisms. Such a morphism induces a morphism of
Hopf algebras w : Hy — Hy, where H; and Hy denote the induced Hopf coalgebras of
(&1) and of (&), respectively.

A morphism of exact sequences of tensor categories is an equivalence of exact se-
quences of tensor categories if the vertical arrows are equivalences.

LEMMA 2.3.  Consider a morphism of exact sequences of finite tensor categories
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(&) ¢ >0 sy
i U,l lU lU"

Denote by Hy, Hy the induced Hopf algebras of Fy and Fy respectively.

(1) The morphism of exact sequences induces a Hopf algebra morphism ¢ : Hi — Ho,
and U’ is dominant (respectively, an equivalence) if and only if ¢ is a monomorphism
(respectively, and isomorphism);

(2) IfU’" and U" are dominant, then so is U.

PROOF. 1) We may assume C; = comod -H;, C, = comod -Hs, U’ being compatible
with the forgetful functors. Then U’ is of the form ¢,, for some Hopf algebra morphism
¢ : Hy — Hy, U’ is an equivalence if and only if ¢ is an isomorphism, and by [3, Remark
3.12], U’ is dominant if and only if ¢ is surjective.

2) Let X be an object of C5. We are to show that X is a subobject of U(Y) for some
Y € Ob(Cy). Now FoU = U"Fy is dominant, so F5(X) C FoU(Z) for some Z € Ob(Cy).
Denote by Ry the right adjoint of F»; being a right adjoint, it preserves monomorphisms so
Ry F5(X) C ReFoU(Z). We have Ay = Ro(1), and we have an isomorphism RF ~ A>®?
coming from the fact that the adjunction (F3, R) is a Hopf monoidal adjunction (see [3,
Proof of Proposition 6.1], and [2] for the original statement in terms of Hopf monads).

Thus A2 ® X C A, ® U(Z). Since we have 1 C Az, we obtain X C A, @ U(Z). On
the other hand, A5 belongs to the essential image of i3 and U’ is dominant, so there exists
Z' € Ob(C}) such that Ay C iU’ (Z') ~ Uiy (Z'). Consequently X C U(i1(Z2') ® Z),
which shows that U is dominant, as claimed. O

2.4. Central exact sequences of finite tensor categories.

If i : ¢’ — C is a strong monoidal functor between monoidal categories, a central
lifting of i is a strong monoidal functor 7 : ¢’ — Z(C) such that U 1 = i, where U denotes
the forgetful functor Z(C) — C. Note that if i is full, given a central lifting 7 there exists
a unique braiding on C’ such that 7 is braided.

An exact sequence of finite tensor categories C' — C Ny , with induced central
algebra A = (A, o), is called central if the restriction of the forgetful functorf : Z(C) — C
induces an equivalence of categories (A) — (A).

THEOREM 2.4. Consider an exact sequence of finite tensor categories
€ ¢ et
with induced central algebra (A, o) and induced central coalgebra (C', &). The following

assertions are equivalent:

(1) The exact sequence (E) is central;
(i) There exists a central lifting © of i such that i(A) = (A, 0);
(iii) There exists a central lifting i of i such that i(C) = (C,&).
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Moreover, if these assertions hold, the central liftings i of i appearing in assertions (ii)
and (iii) are essentially unique and they coincide.

The central lifting ¢ is called the canonical central lifting of the central exact sequence

()

PROOF. Assertions (ii) and (iii) are equivalent because (A4, o) is the right dual of
(é’ ,6) and strong monoidal functors preserve duals.

Denote by j the tensor functor ((4,0)) — (A) induced by the forgetful functor U.
In particular j(A) = A.

It follows from exactness of the sequence (£) that i : ' — C induces an equivalence
C' ~ (A) (see Lemma 2.1).

We have (ii) = (i) because if 7 is a central lifting of 7 such that 7(A4) = (A, 0),
then i({A)) C ((A,0)) and by definition of a central lifting, ji = id4y. This shows that
j is full and essentially surjective; since on the other hand j is faithful, it is therefore an
equivalence, with quasi-inverse 1.

We have (i) = (ii) because if j is an equivalence, then it admits a quasi-inverse
k, which is also a tensor functor. One defines k by picking for each object X of (A4) an
object k(X) in Z(C) such that Uk(X) ~ X. One may further impose that Uk(X) = X,
and k(A) = (A,0). Then i : (A) — Z(C), X — k(X) is a central lifting of i sending A to
(A, o), which proves assertion (ii).

If ¢ exists, it is a quasi-inverse of j and as such, it is essentially unique. O

ExaMPLE 2.5. If G is a finite group acting on a tensor category C by tensor
autoequivalences, then the corresponding exact sequence of tensor categories

repGLCGLC

is central. Indeed, if (V,r) is a representation of G' and (X, p) an object of C%, one verifies
that the trivial isomorphism V @ X = X ® V lifts to an isomorphism OV, (X,p) =
i(V,r)® (X, p) ~ (X, p)®i(V,r) in C%, and this defines a central lifting 7 : rep G — Z(C)
of i, (V,r) = ((V,r),0(v,),—). Moreover, the induced central algebra (A,o) of F is
defined by A = kY, with G-action defined by right translations, and o = 4, _, hence
centrality of the exact sequence.

IfC" — C — C" is a central exact sequence of tensor categories, then C’ is symmetric.
More precisely, we have the following lemma.

ProOPOSITION 2.6.  Consider a central exact sequence
& o-Secte,

with canonical central lifting i. Then the induced Hopf algebra H of (&) is commutative,
so that C' ~ comod-H is endowed with a symmetry, and with this symmetry on C',
the tensor functor i : C' — Z(C) is braided. If in addition H is split semisimple, then
G = Spec H is a discrete finite group and C ~ rep G.
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REMARK 2.7. As a special case of Proposition 2.6, for any finite dimensional Hopf
algebra H the corresponding exact sequence

comod-H — comod-H — vecty,

is central if and only if H is commutative.

REMARK 2.8. Note that if ¢’ — C — C” is a central exact sequence of fusion
categories over an algebraically closed field of characteristic 0, G = Spec H is a discrete
finite group and we have C' ~ rep G.

PROOF OF PROPOSITION 2.6. Let (A4,0) be the induced central algebra of (£).
We may replace (£) with the equivalent exact sequence

Rerp = (A) — C — ("
Consider the morphism of exact sequences of tensor categories:

(A) —(4) —=(1)

(A) ——=Cc——=".

Denote by (&) the top exact sequence in this diagram. Its induced central algebra is
(A, 0)(ay). Moreover it is central, with canonical lifting io defined by ig(X) = (X, 5x)(4)),
where i(X) = (X, sx) denotes the canonical lifting of (£).

Thus, it is enough to prove the theorem for (£y). We may again replace (&) by the
equivalent exact sequence

comod-H — comod-H — vecty,

where H is the induced Hopf algebra of (£), which is the situation of Remark 2.7.
In that situation, we have A = (H, A) and the half-braiding o is defined by

oy HRQV - V®H
(2.1)
h®uv— V(o) @ S(U(l))h’v(g)

in Sweedler’s notation, for any finite dimensional right H-comodule V (see [3, Example
6.3]).

Centrality of the exact sequence means that we have a central lifting of the identity of
comod -H , which is nothing but a braiding ¢ on comod-H, and in addition this braiding
is required to be such that c4» = 0. What we have to prove is that H is commutative
and c is the standard symmetry.

Let r : H® H — k be the coquasitriangular structure corresponding to this braiding,
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so that for any pair of right comodules V and W, we have
cyw VW —-WwWeV, Cvjw(v QW) = ’I“(’U(l), w(l))w(o) @ V(0)- (2.2)

Comparing 2.1 and 2.2, we obtain by a straightforward computation that the condition
ca,A = 04 implies r = ¢ ®e. That means that the forgetful functor comod-H — vecty, is
braided, so H is commutative and c is the standard symmetry. This concludes the proof
of the proposition. O

2.5. Normality and centrality criteria.
The following theorem gives a sufficient condition for a dominant tensor functor
between finite tensor categories to be normal in terms of the induced central algebra.

THEOREM 2.9. Let F': C — D be a dominant tensor functor between finite tensor
categories C, D, and let (A, o) be its induced central algebra. Assume that A decomposes
as a direct sum of invertible objects of C. Then:

(i) The functor F is normal, the isomorphism classes of simple direct summands of
A form a group T, and we have an exact sequence of tensor categories

€) I-vect — C - D,

where T'-vect denotes the tensor category of finite dimensional T'-graded vector
spaces.

(ii) If in addition (A, o) decomposes as a direct sum of invertible objects in Z(C), then
the exact sequence (€) is central.

PROOF. An invertible object in a tensor category is both simple and scalar. Let
R denote the right adjoint of F'. For any invertible object g of C, we have by adjunction
dim Home/(g, A) = dim Homp (F(g), 1), because A = R(1). Now F(g) is invertible in D,
so dim Home (g, A) = 1 if F(g) ~ 1, and dim Home (g, A) = 0 otherwise.

In other words: (1) the invertible factors of A are exactly the invertible objects of C
which are trivialized by F’; therefore, they form a group for the tensor product; and (2)
their multiplicity in A is exactly one.

In particular if A is the direct sum of its invertible factors, then A itself is trivialized
by F, that is, F' is normal. In that case, we have an exact sequence Ketp — C — D.
Now RKerp is the tensor subcategory of C generated by A; it is a pointed tensor category
whose invertible objects are the invertible factors of A, whose isomorphism classes form
a group I'. So Retp is a pointed tensor category; in addition, Ketp admits a fiber functor,
hence it is tensor equivalent to the category I'-vect. This proves assertion (i).

Now assume that (A, o) decomposes as a direct sum of invertible objects of Z(C),
that is, (4,0) = @;_,(gi,0:). Then A = @, g;, where the g;’s are invertible in A, so
that the first part of the theorem applies. The category ((A, o)) is generated as a tensor
category by the (g;,0;). Let us show that ((A, o)) is additively generated by the (g;, ;).
For this it is enough to show that (g;,0;) ® (g;,0;) is a direct factor of (A,o) for all
i, € {1,...n}. Now the product y: A® A — A embeds g; ® g; into A, and lifts to a
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morphism in Z(C), namely the product of (A, o); consequently it embeds (g;,05)®(g;, ;)
into (A, o). Thus ((A,0)) — (A) is full, which proves that (£) is central. O

2.6. Example: Tambara-Yamagami categories.

A Tambara-Yamagami category is a fusion category having exactly one non-
invertible simple object X, with the additional condition that X is not a factor of
X ® X. These categories, which are in a sense the simplest non-pointed categories,
have been classified in [17].

Let 7Y be a Tambara-Yamagami category. Denote by I' the Picard group of 7).
It is a finite abelian group. Denote by X a non-invertible simple object. The maximal
pointed fusion subcategory of C, denoted by Cys, is tensor equivalent to the category
I'-vect of finite dimensional I'-graded vector spaces. The following proposition charac-
terizes normal tensor functors on C.

PROPOSITION 2.10. Let TY be a Tambara- Yamagami category, with Picard group
T, and let F : C — D be a dominant tensor functor, with induced central algebra (A, o).
Then F' is normal if and only if F' is a fiber functor, or A belongs to Cpt.

In the latter case, we have an exact sequence of tensor categories:

G-vect — TY £, D,

where G is a subgroup of T.

ProoF. The only proper fusion subcategories of C are those contained in Cpy.
This shows the ‘only if’ direction. Conversely, any fiber functor F on C is normal, with
Rertp = C. Suppose on the other hand that F is not a fiber functor. Then F is normal
by Theorem 2.9. This finishes the proof of the proposition. (]

It is known that if a Tambara-Yamagami category 7)) admits a fiber functor, so
that 7Y ~ rep H for some semisimple Hopf algebra H, then H fits into an abelian exact
sequence of Hopf algebras k%2 — H — kT [12]. Hence in this case T fits into an exact
sequence of fusion categories repI" — 7)Y — rep Zs. In particular, 7 is not simple.

2.7. Extensions of weakly integral fusion categories.

Recall that a fusion category is weakly integral if its Frobenius-Perron dimension is
a natural integer. In this section we discuss dominant tensor functors on weakly integral
fusion categories.

LEMMA 2.11.  Let F : C — D be a dominant tensor functor between fusion cate-
gories, with induced central algebra (A, o). Then we have:

(i) FPind(C : D) = FPdim A.

(i) If X € Irr(C), then mx(A) < FPdim X .

(iii) F is normal if and only if for all X € Irr(C) we have mx(A) = 0 or mx(A) =
FPdim X.

PRrROOF. By [3, Proposition 4.3], we have FPind(C : D) = FPdim R(1). This
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proves (i) since A = R(1).

By adjunction, we have Homp(F(X),1) ~ Home(X,A), so that mx(A4) =
mq (F(X)). This implies (ii) since m1(F(X)) < FPdim F(X) = FPdim X.

We next show (iii). The only if part follows from [3, Proposition 6.9]. Conversely,
suppose that for all X € Irr(C) we have m1(F(X)) = mx(A) € {0,FPdim X}. Let
X € Irr(C) and assume mq(F (X)) # 0. Then mq(F (X)) = FPdim X = FPdim(F(X)),
so F(X) is trivial. Thus F is normal, which completes the proof of (iii) and of the lemma.

]

ProproOSITION 2.12.  Let F' : C — D be a dominant tensor functor between fusion
categories C and D and let (A, o) be the induced central algebra of F. Then the following
assertions are equivalent:

(i) C is weakly integral.
(ii) D is weakly integral and FPdim A € Z.

PRrOOF. (ii) = (i) results immediately from Lemma 2.11 (i).

(i) = (ii). Notice first that since FPdim A FPdim D = FPdimC and FPdim A is an
algebraic integer, it is enough to verify that FPdim D is a natural integer, that is, D is
weakly integral.

Recall that D is tensor equivalent to the fusion category C4 of right A-modules in
C. Since A is an indecomposable algebra in C, the category 4C4 of A-bimodules in C is
a fusion category and it satisfies FPdim 4C4 = FPdimC [6, Corollary 8.14]. Therefore
AC4 is weakly integral. We have a full tensor embedding C4 C ACa.

Now, in a weakly integral fusion category the Frobenius-Perron dimensions of simple
objects are square roots of natural integers [6, Proposition 8.27], and as a result, a full
fusion subcategory of a weakly integral fusion category is weakly integral. So D ~ C,4 is
weakly integral, and we are done. 0

In the case where the functor F' is normal, we have FPdim A = FPdim Ketp, and
since Kerp admits a fibre functor it is weakly integral. Thus we have:

COROLLARY 2.13. Let C' — C — C” be an exact sequence of fusion categories.
Then C is weakly integral if and only if C" is weakly integral. In particular, the class of
weakly integral fusion categories is closed under extensions. O

3. Equivariantization revisited.

The aim of this section is to state and discuss equivariantization criteria. In order
arrive at a synthetic statement, we have to extend the notion of equivariantization to
actions of finite group schemes. Thanks to this generalization, we can state that an
exact sequence of finite tensor categories is central if and only if its Hopf monad is
normal cocommutative, and that it is an equivariantization exact sequence if and only
if it is perfect and central, which extends a result of [3] concerning discrete groups, and
also reformulates and extends a result of [7] concerning fusion categories.



Central exact sequences of tensor categories 271

3.1. Cocommutative normal Hopf monads.
Let C be a tensor category. A k-linear right exact normal Hopf monad T on C is
cocommutative (see [3]) if for any morphism x : T(1) — 1 and any object X of C

(z ® TX)T3(1,X) = (TX ® 2)Ty(X, 1).

Note that, if V is a trivial object, and X is an arbitraty object of C, there is a
canonical isomorphism 7y x : V ® X — X ® V, which is characterized by the fact that
for all z : V — 1, we have (X ® z)7v,x =  ® X. The natural isomorphism 7y, _ is a
half-braiding, called the trivial half-braiding of V.

We have the following characterizations of normal cocommutative Hopf monads.

LEMMA 3.1.  Let C be a tensor category and let T' be a normal Hopf monad on C,
with induced central coalgebra (C,6). The following assertions are equivalent:

(1) T is cocommutative;
(ii) To(X,1) = 7r1rx T2 (1, X) for X in C;
(iii) 6(aryy = Tr1,m for (M,r) in CT, or in short: & ‘is the trivial half-braiding’.

PROOF.  Assertion (ii) is just a reformulation of the definition of cocommutativity
in terms of trivial half-braidings, so (i) <= (ii). Let (M,r) be a T-module. Since T is
a Hopf monad, we have fusion isomorphisms

sy = (T1@7r)To(1, M) : TM — T1® M,

Oy = (r@TVT(M,1): TM = M ®T1,

and by definition 6 = ®'®"~1. If (ii) holds, we have <I>I(M7T) = TTLMQZM?T) by func-
toriality of 7, so G(arry = Tr1,m, which shows (ii) == (iii). Conversely, applying
(iii) to (M,r) = (TX,ux) and composing on the right by T(nx) gives To(X,1) =
TTLTXTQ(]_,X), SO (111) - (11) O

From [3, Theorem 5.21 and Theorem 5.24], one deduces immediately

ProroSITION 3.2. A dominant tensor functor F : C — D between finite tensor
categories is an equivariantization under the action of a finite group G if and only if the
following two conditions are met:

(1) the Hopf monad T of F is normal and cocommutative;
(2) the induced Hopf algebra H of F is split semisimple.

If these conditions hold, then F is perfect, that is T is exact, and G = Spec(H).

This suggests that a (perfect) dominant tensor functor between finite tensor cate-
gories is an equivariantization under the action of a finite group scheme if and only if
its Hopf monad is normal cocommutative; the group scheme being the spectrum of the
induced Hopf algebra of T - which, in this case, is a finite dimensional commutative Hopf
algebra.
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We will now define group scheme actions in order to give a mathematical meaning
to this claim, and then prove it.

3.2. Group scheme actions.

Let A be a monoidal category and let M be a category. An action of A on M is a
strong monoidal functor p : A — End(M), where End(M) denotes the strict monoidal
category of endofunctors of M. Given such an action p, we say that M is an .A-module
category, and we usually write p(a, m) = a®m. Let M, M’ be two A-module categories.
A functor of A-module categories M — M’ is a pair (F, Fy), where FF: M — M’ is a
functor and F is a natural isomorphism Fy(a,m):a® F(m) — F(a®m), a € A,m €
M, such that the following diagrams commute:

F((a®b) ®om) —=F(a® (b®m)) F(1om)
\LFg(a,bG’m) x
Fa(a®b,m) a®F(bom) F2(1,m) F(m)
Jeorsom) l A
(a®b)® F(m) —=a® (b©® F(m)) 1© F(m)

where the unlabeled isomorphisms come from the monoidal structure of the action.
Now assume A is endowed with a strong monoidal functor w : A — vectg, M is a k-

category, and p is an action of A4 on M by k-linear endofunctors. The equivariantization

of M under the action p is the category MP”, also denoted by M+, defined as follows.

Objects of MP are data (m,a) where m is an object of M and o = (Oég‘)ceOb(A),/\ew(c)*

A

21 c®m — m satisfying the following conditions:

is a family of morphisms «

(1) functoriality: o is linear in A\, and if f : ¢ — ¢’ is a morphism in A and \ € w(c')*,
then o (f ©m) = af *, where f*\ = \w(f);
(2) p-compatibility: we have commutative diagrams

AQu “0

(a®b)®ma&>m 10m 2 —sm

:i 1“ \Tz

a@(b@m)ﬁan m
G.(Xb

with a, b objects of A and A € w(a)*, 1 € w(b)*.

Morphisms in M# from (m,a) to (n,3) are morphisms f : m — n in M satisfying
fa=pBao f).

Note that if G is a discrete group, viewed as a monoidal category G whose objects
are the elements of the group, and equipped with the trivial strict monoidal functor
w:G — k, g — k, then a G-action is the same thing as a G-action in the usual sense,
and in the case of a k-linear action on a k-category M, ME is isomorphic to the usual
equivariantization M.
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PropPOSITION 3.3. Let T be a k-linear faithful exact normal Hopf monad on a
tensor category C, with induced Hopf algebra H. Let K = H* and L = comod -K. Then
there is a natural action of L on C by k-linear endofunctors, defined by

VoX=voET(X),

and C* is canonically isomorphic to CT as a k-linear category.

Proor. For simplicity, we identify a finite dimensional vector space E with the
trivial object £ ® 1 in C. Then T'1 = H and the comonoidal structure of 7' defines a
structure of H-bicomodule on T'(X). This enables us to define V © X = VOXT(X) for
V' a finite-dimensional right K-comodule and X in C. From the fact that T is a faithful
exact Hopf monad, one deduces natural isomorphisms (V@W)o X ~V o (W ® X) and
(k,e) ® X ~ X which make ® an action of £ on C. Let A = (H, A) be the trivializing
algebra of £. Then A generates £. An object (m,a) of C* is entirely determined by
a5 : A X ~T(X) — X, which can be interpreted as a T-action on X because we have
a canonical isomorphism A® X ~ T'(X). This defines a k-linear isomorphism C* = CT.

O

Note that the action of Proposition 3.3 is not compatible in any clear way with
the tensor product of C. In order to take care of the monoidal structure of C, we now
introduce the notion of £-module tensor category.

Denote by abg the 2-category of abelian k-linear categories having finite dimensional
Hom spaces and objects of finite length, 1-morphisms being k-linear left exact functors,
and 2-morphisms being natural transformations. We equip abg with a tensor product d
la Deligne, denoted by X, and characterized by the fact that given three objects M, M/,
M’ in aby, the category of k-linear left exact functors M X M’ — M" is equivalent to
the category of functors M x M’ — M" which are k-linear left exact in each variable.
This tensor product makes abg a monoidal 2-category with unit object vecty, with a
symmetry Ta e 2 MK M 5 M KM defined by m K m’ — m’ K m.

Now if A is a tensor category over k, define an A-module category to be an object C
of aby, endowed with a k-linear action of A such that the functor ® : AxC — C is k-linear
right exact in the first variable (it is automatically exact in the second variable because
A is autonomous). Thus we may view © as a k-linear right exact functor AXC — C.

Let L be a finite dimensional cocommutative Hopf algebra. The tensor category
L = comod-L is tannakian; it is endowed with a strong monoidal symmetric functor
A, : L — LX L, which is coassociative, and the symmetric fiber functor e, : £ — vecty,
is a counit for A,. Thus £ is a bialgebra in the monoidal 2-category abyg.

If (M, p) and (M, p’) are two L-module categories then one defines a new £-module
category (M, p) & (M, p') = (MR M, p"), where

P =R LR M) (AL KRME M), (3.1)

and this tensor product defines a monoidal structure on the 2-category of L-module
categories.
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An L-module tensor category is a tensor category C over k, endowed with

e a structure of £L-module ® : LK C — C of L on C;
e natural isomorphisms

avxy  VOX®Y) =V e (XKY))

B: Vol e (V)1

making the tensor product ® = ®¢ : CKC — C and the unit functor u : vecty — C,
k — 1, morphisms of £-module categories, where the £-module category structure
©: LRCKC — CKC is the one defined by (3.1).

If C is an £-module tensor category, then C* is monoidal.

PROPOSITION 3.4. Let C be a tensor category over k.

(1) Let L be a finite dimensional cocommutative Hopf algebra, L = comod-L. Then
a structure of L-module tensor category on C defines a k-linear faithful exact Hopf
monad T = A®? on C, where A = (H,A);

(2) If T is a normal cocommutative k-linear faithful exact Hopf monad on C, the action
of L = comod -L on C defined in Proposition 3.3 makes C a L-module tensor category.

Moreover, these construction are essentially mutually inverse. Given a Hopf monad as
in Assertion (2) and the corresponding structure of L-module tensor category on C, the
canonical isomorphism C* ~ CT is a tensor isomorphism.

PRrROOF. Assume we have a structure of £L-module tensor category on C, with action
p: L — End(C), and set T = p(A) = A®?. Then T is a monad on C, that is, an algebra
in End(C), because A = (H, A) is an algebra in C and p is strong monoidal. Moreover T
is k-linear exact, and it is faithful because p is right exact and 1 is a subobject of A, so
X =10 X is a subobject of A ® X = T(X). Moreover the £-module tensor category
structure defines isomorphisms T(X @ Y) ~ T(X)OXT(Y) and T1) = A0 1~ K ® 1,
which define a Hopf monad structure on 7T, which is normal and clearly cocommutative.

Conversely, if T' is a normal cocommutative k-linear faithful exact Hopf monad on
C, consider the action p of £ on C defined by V ® X = VOXT(X). Then X — p(X)
is k-linear left exact, so the action may be viewed as a k-linear exact functor LX C —
C. The structure of Hopf monad, cocommutativity and normality define isomorphisms
A0 (X®Y)~ (Ao X)OX(A®Y) and A ®1 ~ L, which give rise to structures of
morphisms of £-module morphisms on the tensor product CKC — C and the unit functor
vecty — C, making p a structure of £-module tensor category on C. g

3.3. Equivariantization and centrality criteria.

Let G be a finite group scheme over k. A tensor action of G on a tensor category C
is a structure of £L-module tensor category on C, where £ = comod-k[G] = O(G)-mod,
where O(G) is the Hopf algebra of regular functions on G. The equivariantization of C
under a tensor action of a finite group scheme G is the tensor category C¢ = C~.

From the results of the previous section, we deduce:
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THEOREM 3.5. Let F : C — D be a normal dominant tensor functor between
finite tensor categories, and let T be its Hopf monad and H its induced Hopf algebra.
The following assertions are equivalent:

(1) The tensor functor F is an equivariantization under the tensor action of a finite
group scheme on D;
(ii) The normal Hopf monad T is exact and cocommutative.

If these assertions hold then the induced Hopf algebra H of F is commutative and the
group scheme of assertion (i) is G = Spec H.

THEOREM 3.6. Let C' — C — C” be an exact sequence of finite tensor categories,
and let T be the associated normal Hopf monad on C". Then the following assertions are
equivalent:

(1) The exact sequence C' — C — C" is central,
(ii) The normal Hopf monad T is cocommutative.

Theorem 3.6 will be proved in Section 5.3.

COROLLARY 3.7.  Consider a morphism of exact sequences of finite tensor cate-
gories

(€o) Co—=Co——Cf
l Wi i lv
(5) C/*)C*)C//

such that the vertical arrows are dominant tensor functors. Then

(1) if (&) is central, so is (E).

(2) If (&) is an equivariantization exact sequence for a finite group scheme G, with
G discrete or (£) perfect, then (£) is an equivariantization exact sequence for a
subgroup G' C G acting on C" in a manner compatible with V. Moreover if W is an
equivalence, then G' = G.

ProOOF. Let Ty, T be the normal Hopf monads, and Hgy, H the induced Hopf
algebras of the exact sequences (&) and (€) respectively. Then we may assume that
(&) and (&) are of the form comod-Hy — CJ/™ — CJ and comod-H — """ — ¢”
respectively, and we have a diagram of tensor functors:

comod -Hy cy To Cy
WJ/ l U lv
comod -H o't c”
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with U’, U, U"” dominant, which commutes up to tensor isomorphisms. By transport of
structure, we may assume that UrU = VUr, as tensor functors.

Let us assume (&) is central, and let us show that (£) is central. By Theorem 3.6,
To is cocommutative, and we are to prove that T' is cocommutative too.

If (X,r) is an object of C(’)’T0 then U(X,r) = (V(X),A(X,r)), so that we have a
natural transformation A : TVUrp, — VUrg,, which by adjunction can be encoded as a
natural transformation A : TV — VTj such that

U(X, 7’) = (VX, Vr Ax), for any (X, 7“) in Cé/TO.

The transformation A is compatible with the monad structures of Ty and T', and it is
comonoidal because UrU = VUr, as tensor functors.

The tensor functor W is induced by a morphism of Hopf algebras ¢ : Hy — H, which
is surjective because W is dominant (see Lemma 2.3). In particular H is commutative,
and the group scheme G = Spec H is a subgroup of the group scheme Gy = Spec(Hj)
associated with the central exact sequence (&).

On the other hand, we have TV (1) = H* ® 1 and VTy(1) = Hj ® 1, and via these
isomorphisms Ay is the transpose of ¢; therefore A; is a monomorphism (in fact, one can
show that A is monomorphism, a fact we will not use). Denote by (Co,&0) and (C, &)
the induced central coalgebras of Ty and T respectively. Let (M, r) be a To-module. One
deduces easily from the comonoidality of A that the following diagram commutes:

T19VM AoVt VTl © VM —Z> V(Tyl © M)
G0 TV(M) —2 o vy (M) V(50)ar.m)
VM ®T1 e VM ® VTyl —= V(M ® Tyl)

where the slanted arrows are the fusion isomorphisms. Since A; is a monomorphism
and, by assumption, ¢ is the trivial half-braiding, we see that Gy (s, is the trivial
half-braiding. The tensor functor U being dominant, & is the trivial half-braiding, that
is, T" is cocommutative.

In particular if (£y) is an equivariantization under the action of a group scheme G,
it is central so T is cocommutative. If G is discrete or (£) is perfect (hence T is exact),
then by Proposition 3.2 or Theorem 3.5 (£) is an equivariantization exact sequence,
corresponding with a tensor action of G C Gy on C”, which by construction is compatible
with the tensor action of Gy on CJ via V. If W is an equivalence, ¢ is an isomorphism

so G = Gy. O
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4. Equivariantization: special cases.

4.1. The braided case.
A braided exact sequence of tensor categories is an exact sequence of tensor categories

(AN N

such that the tensor categories C, C” and the tensor functor F are braided. This implies
that C’ admits a unique braiding such that i is braided, too.

PROPOSITION 4.1. A braided exact sequence of finite tensor categories is central.
In particular, if it is perfect, it is an equivariantization exact sequence.

PrOOF. Let ¢’ - C -2 C” be a braided exact sequence of tensor categories.
Then the Hopf monad of F' is braided by [3, Proposition 5.29], and it is k-linear, right
exact, and normal, so it is cocommutative by [3, Proposition 5.30]. Therefore, the exact
sequence is central by Theorem 3.6 and, if it is perfect, it is equivariantization exact
sequence by Theorem 3.5. O

4.2. The fusion case.

Recall that if B is a braided category with braiding ¢, and A C B is a set of objects,
or a full subcategory of B, then the centralizer of A in B, denoted by Cg(.A), is the full
monoidal subcategory of B of objects b satisfying cp ¢¢q.p = idagp for any object a in A.
If B is a fusion braided category, then Cg(A) is a full fusion subcategory of B (see [11]).

PROPOSITION 4.2.  Let k be an algebraically closed field of characteristic 0. Con-
sider a central exact sequence of fusion categories

€) ¢ —Cc—C

with canonical lifting © : C' — Z(C), and set A = i(C'). Let Cz(c)(A) denote the
centralizer of A in Z(C). Then the following holds:

(1) we have a braided exact sequence of fusion categories (in fact a modularization exact
sequence)

(&)  A— Cz)(A) — Z(C");
(2) we have a morphism (&) — (€) of exact sequences of fusion categories:

A—Cz)(A) — Z(C")

| ]

C/ C Cl/’

where the vertical arrows are dominant forgetful functors;
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(3) there is a finite group G acting on Z(C") and on C" by tensor autoequivalences
in a compatible way, in such a way that & and & are the equivariantization exact
sequences relative to these actions.

REMARK 4.3. This proposition says essentially the same thing as [7, Proposition
2.10](i), with a different viewpoint. Indeed [7, Proposition 2.10](i) asserts that if C is
a fusion category over C and A C Z(C) is a full tannakian subcategory such that the
forgetful functor U : Z(C) — C induces an equivalence of A with a tensor subcategory
of C, then A encodes a de-equivariantization of C, that is, a tensor action of a finite
group G (such that A =~ repG) on a category D such that C ~ D% This can be
deduced from Proposition 4.2, as follows. Assume A C Z(C) is as above. Since A is
tannakian, it contains a self-trivializing semisimple commutative algebra A = (A4,0)
such that Hom(1, A) = k. The forgetful functor & induces by assumption a full tensor
embedding i : A — C. Moreover, we have a tensor functor F)y : C — C4 and an exact
sequence of fusion categories

€ A-Scfaey.

The inclusion A C Z(C) is a central lifting of ¢ which makes (€) a central exact sequence,
hence the tensor functor C — C4 is an equivariantization.

Proor. Notice first that assertion (3) derives immediately from assertions (1) and
(2) and previous results: if (1) and (2) hold, then by Proposition 4.1 (&) is an equivari-
antization exact sequence for the action of a finite group G on Z(C"”). By Corollary 3.7,
(€) is also an equivariantization exact sequence for an action of the same group G.

So the whole point is to construct the exact sequence (&) of assertion (1) and the
morphism of exact sequences of assertion (2). This is based on the following lemma.
Let us say that an object X of a braided category B with braiding c is symmetric if

2 _
CX,X = 1dX®X~

LEMMA 4.4.  Let C be a fusion category, let A = (A, o) be a semisimple, symmetric,
self-trivializing commutative algebra in Z(C) such that Hom(1, A) = k, and let A = (A)
be the fusion subcategory of Z(C) generated by A. Then

Czey(A)a =dys Z(C)a ~ Z(Ca),

where dys Z(C) a denotes the category of dyslectic A-modules in Z(C).

PrOOF. Recall that if B is a braided category, with braiding ¢, and A is a commu-
tative algebra in B, then a dyslectic A-module ([14, Definition 2.1]) is a right A-module
(M,r: M ®A — M) in B satisfying rca amcar,a = r. The category dys B4 of dyslectic
A-modules is a full monoidal subcategory of B4 and it is braided with braiding induced
by c.

In the situation of the lemma, Z(C) 4 is a fusion category (because A is semisimple
and Hom(1, A) = k), and dys Z(C) 4 is a full fusion category of Z(C)a.
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On the other hand, the fact that A is symmetric means that it belongs to C'z(c)(A),
and the category Czc)(A)a is also a full fusion subcategory of Z(C)a. Moreover, we
have

CZ(C)(A)A CdysZ(C)a

because a A-module (M, r) such that M belongs to the centralizer of A is dyslectic.

Now it follows from [15, Corollary 4.5] that there is a natural equivalence of braided
tensor categories dys Z(C) a ~ Z(Ca) which is compatible with the forgetful functors to
C.

All that remains to do is to show that the full, replete inclusion of Cz(¢)(A)a in
dys Z(C) a is an equality, which we do by showing that those two fusion categories have
the same Frobenius-Perron dimension. Now C,4 is a fusion category and FPdimCy =
FPdimC/FPdim A by Lemma 2.11(i). Since dys Z(C)a ~ Z(Ca), we have

. , FPdimC \*
FPdimdys Z(C)a = FPdim Z(C4) = (FPdlmA)
by [6, Proposition 8.12]. On the other hand,
. _ FPdim 2(C)
FPdim Cz0)(A) = “Fpgima

by [5, Theorem 3.14], since Z(C) is a nondegenerate fusion category. We have
FPdim Z(C) = FPdim(C)? again by [6, Proposition 8.12], and since A is self-trivializing,
FPdim(A) = FPdim(A) = FPdim A, because the forgetful functor Z(C) — C preserves
Frobenisus-Perron dimensions. So

) FPdim(C)? .
and we are done. This finishes the proof of the lemma. O

Now we apply the lemma. Let F = Fj : Cz)(A) — Cz)(A)a ~ Z(Ca) be
the functor ‘free A-module’ X — X ® A. Then F is a braided dominant normal fusion
functor because A is semisimple and self-trivializing, so we have a braided exact sequence
of fusion categories

(&) A= Cz)(A) = 2(Ca),

which is an equivariantization exact sequence by Proposition 4.1, for an action of a certain
finite group G on Z(C). All our constructions are compatible with the forgetful functors,
hence we get a morphism of exact sequences of fusion categories (&) — (€):
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A——Cz)(A) — Z(C")

N

c’ c c".

The vertical arrow on the right is an equivalence because (£) is central and ' ~ (A),
and the left vertical arrow is dominant because it is the forgetful functor of the center.
The middle vertical arrow is therefore dominant by virtue of Lemma 2.3, so assertion
(2) holds. By Corollary 3.7, (£) is an equivariantization exact sequence, for an action
of G on C which is compatible with the action of G on Z(C) and the forgetful functor
Z(C)—C. O

4.3. The abelian case.

Let k be a field. We say that a finite abelian group G has the Kummer property
(w.r.t. k) if k contains e distincts e-th roots of 1, where e is the exponent of G. If such is
the case, the group of characters ' of G is isomorphic to G. If k is algebraically closed
of characteristic 0, all finite abelian groups have the Kummer property.

PrROPOSITION 4.5. Let F : C — D be a dominant tensor functor between finite
tensor categories over field k, and denote by A = (A, o) its induced central algebra. The
following assertions are equivalent:

(1) The functor F is an equivariantization associated with an action of a finite abelian
group G having the Kummer property;

(ii) The induced central algebra A of F is a direct sum of invertible objects of Z(C),
and the finite abelian group I' formed by the isomorphism classes of these invertible
objets has the Kummer property;

If these equivalent assertion hold, the groups G of assertion (i) and T' of assertion (ii)
are in duality, that is G = I'y.

PRrROOF. (i) = (ii). Assume that F is an equivariantization under a finite abelian
group G having the Kummer property. We have a tensor action of G on D, and we may
assume that C = DC. The exact sequence

repGLC—ﬂD

is central, that is, i admits a central lifting i : rep G — Z(C) such that i(4) = (4,0) = A
(see Example 2.5). Now, since G is abelian and has the Kummer property, mod-G ~
I'- vect is pointed, so A splits as a sum of invertible objects, and so does A = %(A), SO
(ii) holds.

(i) = (i). Assume that A splits as a direct sum of invertible objects of Z(C).
Then by Theorem 2.9, F' is normal and fits into a central exact sequence

¢ —C—D.
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Denote by H the induced Hopf algebra of this exact sequence, which is commutative
by Proposition 2.6. The tensor category C’ is pointed with Picard group I' because it
is tensor equivalent to (A) via the canonical lifting i, and since C' = comod-H, we see
that H is cocommutative and split cosemisimple. Thus G = Spec H = ' is a discrete
abelian group, so H is split semisimple. We conclude by Proposition 3.2 that F' is an
equivariantization under the group G. (|

5. Equivariantization and the double of a Hopf monad.

5.1. Relative centers and centralizers.

Let C, D be monoidal categories, and let F' : C — D be a comonoidal functor. Define
a half-braiding relative to F' to be a pair (d,o), where d is an object of D and o is a
natural transformation d ® F' — F ® d satisfying:

(Fa(e,d) @ d)ocge = (F(c) ® o) (0c @ F())(d ® Fa(c, '),
(Fo (9 d)O'l =d® Fy.

Half-braidings relative to F' form a category called the center of D relative to F and
denoted by Zr (D), or Z¢(D) if the functor F is clear from the context. It is monoidal,
with the tensor product defined by

(d> o) ® (dl70/) =(d® , (U ® d/)(d® 0/))7

and the forgetful functor U : Zp(D) — D is monoidal strict.

Now assume F' is strong monoidal (in particular, it can be viewed as a comonoidal
functor). Then we have a strong monoidal functor F : Z(C) — Zp(D), defined by
F(c,0) = (F(c),5), where & = F(o) up to the structure isomorphisms of F.

If F is strong monoidal and has a left adjoint L, then T = F'L is a bimonad on D
and by adjunction, Zr(D) is isomorphic as a monoidal category to the center Zr(D) of

D relative to the bimonad T defined in [4, Section 5.5].

Let (&) = (¢’ SN RN ) be an exact sequence of finite tensor categories over a
field k. We will show that, if (£) is central, with canonical central lifting i, then we have
an exact sequence of tensor categories

¢ -5 ze) -5 2z
and a morphism of exact sequences of tensor categories

c’ Z(C) Zr(C")

1]

c’ C c".
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5.2. Quantum double of a Hopf monad.
Let T be a Hopf monad on a rigid monoidal category C. We say that T is centralizable
([4]) if for all objects X in C the coend

YecC
Zr(X) :/ IY @ X QY

exists. In that case the assignment X — Zp(X) defines a Hopf monad Zr on C, called
the centralizer of T. Denoting by jxy : YIY @ X @ Y — Zp(X) the universal dinatural
transformation (in Y') associated with the coend Zr(X), set

Oxy =(TX ®jxy)(coevry X @Y) : X @Y - TY ® Zp(X).

If T is centralizable, we have an isomorphism of tensor categories Zr(C) — C#7, and
so, an isomorphism of tensor categories K : 2y, (C) — C%T.

Moreover, if T is centralizable there also exists a canonical comonoidal distributive
law Q : TZp — ZpT, which is an isomorphism. It is characterized by the following
equation

(uX (%9 Qy)TQ(TY, ZT(X))T(aX7y) = (,U,X ® ZTT(Y))aTX,TyTQ(X, Y) (51)

This invertible distributive law serves two purposes: it defines (via its inverse) a lift 7" of
the Hopf monad T to C#7, and it also defines a structure of a Hopf monad Dy = Zpoq T
on the endofunctor Z7T of C. The Hopf monad D7 is called the double of T it is
quasi-triangular, so that CP7 is braided, and we have a canonical braided isomorphism
K'.cPr = z(CT).

Lastly, we have a commutative diagram of tensor functors

’ UDT
Z(CT) ———cPr cr
lUT J{U LUT
25,(0) Snctr——C.

T

If C is a finite tensor category over a field k, and T a k-linear right exact Hopf
monad on C, then C7 is a finite tensor category and the forgetful functor Uy : CT — C
is a tensor functor. Moreover, T is centralizable and Zr is a k-linear Hopf monad on C,
which is right exact (being an inductive limit of right exact functors) so Z7(C) ~ C4T is
a finite tensor category and the forgetful functor Z1(C) — C is a tensor functor.

5.3. Proof of Theorem 3.6.
Let (£) be an exact sequence of finite tensor categories over a field k. Up to equiv-
alence, we may assume that (£) is of the form

4y —cr e,
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where C is a finite tensor category, T is a k-linear right exact normal Hopf monad on C,
and A is the induced algebra of Up.
We are to show that the following assertions are equivalent:

(i) T is cocommutative;
(ii) (&) is a central exact sequence.

Our proof will rely on the following

LEMMA 5.1.  LetT be a centralizable Hopf monad on an rigid category C. Then the
induced central algebra (resp. coalgebra) of Ur is the induced algebra (resp. coalgebra)

Of ﬁT.

Before we prove this lemma, let us show how it enables us to conclude. Consider
the tensor functor Ur : Z(C) — Z7(C). It is dominant. Indeed Ur is dominant by
assumption, which means that the unit of 7" is a monomorphism, and so is the unit of T
because it is a lift of T'.

Moreover, Uy is normal if and only if 7 is cocommutative. This can be seen as
follows. Denote by (C’, &) the induced central coalgebra of Ur : Cr — C, which is
also the induced coalgebra of Ur by Lemma 5.1. We have T(1) = Ur(C, ), and also
T(1) = C. In particular, Uy is normal if and only if (C,) is trivial in Z7(C), that is
C is trivial in C (which is true because we have assumed 7' is normal) and & coincides
with the trivial half-braiding. The latter condition means that T is cocommutative by
Lemma 3.1.

Denote by A = (A, o) the induced central algebra of Ur, which is the right dual of
(C,6). Tt is also the induced algebra of Ur.

Now assume T is cocommutative. As we have just seen this means that Uz is normal
and dominant, so we have an exact sequence of tensor categories

(€0)  (A) — Z(C) 75 Zr(0).
Moreover, we have a morphism of exact sequences of tensor categories

(A) —=2(CT") — 22(C)

T

(A) cT C

where U, V, W denote the forgetful functors. We have U(A) = A, so V is an equivalence
of categories, that is, (£) is central.

Conversely, assume (£) is central. That means that the forgetful functor induces a
tensor equivalence (A) — (A). Since A is self-trivializing, so is A. But by Lemma 5.1,
A is also the induced algebra of Ur, so this tensor functor is normal by Lemma 2.1; and
as we have seen above, this implies that T is cocommutative. Thus, we have shown the
equivalence of (i) and (ii).
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PrOOF OF LEMMA 5.1. The induced (central) algebra being the dual of the in-
duced (central) coalgebra, it is enough to prove the assertion for coalgebras. Let L denote
the left adjoint of U. The induced coalgebra C' of Uy is K~'L(1).

The functor U is monadic, and its monad T is the lift of T defined by the distributive
law Q~!. This means that we have L(c,7) = (T(c), T(r)Q 1) for (¢,7) in C4T. We also
have K~ *(c,p) = ((¢,7),s), where r = pnz,r. and s is the half-braiding defined by
S(zr) = (1 @ pZ1(ne))Oe,n for (x,7) in CT. As a result, C = ((T1,11),Y), where

Stery = (r @ T((Z1)0)07 ") 071, c-

On the other hand, we have C' = (T(1), 1), and the half-braiding & is characterized by
the fact that the following diagram commutes:

G (e,r)

Tl ®c c®T1
T1®T‘T \ / Tr@Tl
T1®Tc Te e lg’c@)Tl

so it is enough to verify: X, (T1® 7)T2(1,c) = (r ® T1)T(1,c). Now we have

T]. ® ’I“)TQ(]_,C)
r® T((Z7)0)Q1 )0r1.e(T1® 1) T2(1, )
7(

rT(r) @ T((Z1)0)7 )0r1.7.T2(1,¢) by functoriality of 0

)
= (
= (
= (rpe @ T((Z1)0)% 1)0r1,7.Ta(1, ¢)
= (rpe @ T((Z1)0))T2(Te, Zr1)T(01.c) by (5.1)
= (rT(r) @ T((Zr)o))12(Tc, Zr1)T(01.c)
=(re@T1)Te(c, )T ((r @ (Z1)0)01.c) by functoriality of T%
= (r ® T1)Ty(c, 1)T(rn.) by construction of (Zr)o
= (r® T1)T3(c,1)
This concludes the proof of the lemma. O

6. Tensor functors of small Frobenius-Perron index.
In this section we prove Theorems 6.1 and 6.2.

6.1. Tensor functors of Frobenius-Perron index 2.

THEOREM 6.1. Let F : C — D be a dominant tensor functor between fusion cate-
gories over a field of characteristic 0. If FPind(C : D) = 2, then F is an equivariantiza-
tion associated with an action of Zs on D.
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PrOOF. Let F:C — D be a dominant tensor functor of Frobenius-Perron index
2 between fusion categories. By [3, Proposition 4.13|, F' is normal and so it induces an
exact sequence of fusion categories

repZs — C L. (6.1)

Now let A = (A, o) be the induced central algebra of F. We have FPdim A =
FPdim A = 2 by Lemma 2.11. Since A contains the unit object, we have A =1 ® S,
with S invertible. By Proposition 4.5, F' is an equivariantization relative to an action of
Z5. This concludes the proof of the theorem. O

6.2. Tensor functors of small prime Frobenius-Perron index.

THEOREM 6.2. Let F': C — D be a dominant tensor functor between fusion cat-
egories over a field of characteristic 0. Assume that FPdim C is a natural integer, and
that FPind(C : D) is the smallest prime number dividing FPdim C. Then F' is an equiv-
ariantization associated with an action of Z, on D.

PrOOF. Assume C is a weakly integral fusion category and let p be the smallest
prime factor of FPdimC. Consider a dominant tensor functor F' : C — D, where D is a
fusion category, such that FPind(C : D) = p.

Recall that a fusion category is integral if its objects all have integral Frobenius-
Perron dimension. If C is not integral, then by [8, Theorem 3.10] it is Zs-graded, and so
FPdimC is even. Thus p = 2, and so Theorem 6.1 applies and we are done.

From now on we assume that C is integral. Then Z(C) is also an integral fusion
category. Let A = (A, o) be the induced central algebra of F. We have FPdim A =
FPdim A = FPind(C : D) = p. Let us decompose A as a direct sum of simple objects of
Z(C):

A=W & ---dW,. (6.2)

We have r > 2 because A is not simple (it contains the unit object), so the Frobenius-
Perron dimension of W; is an integer < p for all 4.

The center Z(C) is a non-degenerate braided fusion category. According to [7,
Theorem 2.11] (i), (FPdim W;)? divides FPdim Z(C) = (FPdimC)?, and so FPdim W;
divides FPdim C. We have FPdim W; = 1, because p is by assumption the smallest prime
divisor of FPdimC, and so W; is invertible in Z(C).

This implies that A belongs to Z(C)p. By Theorem 2.9, we have an exact sequence

repZ, — C L. (6.3)

which is central, and by Theorem 3.5, it is an equivariantization exact sequence. This
concludes the proof of the theorem. O
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6.3. Fusion subcategories of index 2 are not always normal.

Let C be a fusion category. A full fusion subcategory D C C is normal in C (see [3])
if the inclusion D C C extends to an exact sequence of fusion categories D — C — C”. In
that case we have FPdimC” = FPdim C/FPdim D.

If D is a full fusion subcategory of C then the ratio FPdimC/FPdim D is an alge-
braic integer (see [6, Proposition 8.15]). If C is weakly integral, so is D, and therefore
FPdim C/FPdim D is a natural integer.

Is it true that if C is weakly integral and FPdim C/FPdim D is the smallest prime
number dividing FPdim C, then D is normal in C? We show that even for p = 2 such
is not the case, by exhibiting counterexamples in Tambara-Yamagami categories (see
Section 2.6).

PRrROPOSITION 6.3. Let C be a Tambara- Yamagami category. Then we have

FPdimC

FPdimCp,,
but Cp¢ is not normal in C if the order of the Picard group of C is not a square.

PrOOF. Let I' = Pic(C) and denote by X the simple non-invertible object of C.
We have X ® X ~ 3 g, so FPdim X = /[I']. We have C,; = (I'), and

FPdimC  2|T|
FPdimC,,  |T|

Now assume assume that |I'| is not a square. Then C is not integral because FPdim X is
not an integer. We conclude by the following lemma.

LEMMA 6.4. Let C be a fusion category and let D C C be a normal fusion subcate-
gory such that FPdim C/FPdim D is prime. Then C is integral.

Proor. Consider the exact sequence of fusion categories D — C e coming
from the fact that D is normal in C. We have FPdimC” = p. By [6, Corollary 8.30], C”
admits a quasi-fiber functor w : C” — vectg. Then C admits a quasi-fiber functor wk,
and therefore C is integral. g

A contrario the lemma shows that Cy¢ is not normal in C. O

PRrROPOSITION 6.5. Let C be a Tambara- Yamagami category with Picard group of
prime order. Then C is a simple fusion category.

PROOF. Assume we have an exact sequence of fusion categories D — C — C”.
Since C contains a simple object of Frobenius-Perron dimension ,/p, it is not integral.
Consequently C” admit no quasi-fiber functor. In particular FPdim(C”) is neither 1 nor
a prime number. Therefore FPdim(C”) = 2p, and D is trivial. Hence C is simple. 0



Central exact sequences of tensor categories 287

References

A. Bruguieres, Catégories prémodulaires, modularisations et invariants des variétés de dimension
3, Math. Ann., 316 (2000), 215-236.

A. Bruguiéeres, S. Lack and A. Virelizier, Hopf monads on monoidal categories, Adv. Math., 227
(2011), 745-800.

A. Bruguieres and S. Natale, Exact sequences of tensor categories, Int. Math. Res. Not. IMRN,
2011 (2011), 5644-5705.

A. Bruguieres and A. Virelizier, Quantum double of Hopf monads and categorical centers, Trans.
Amer. Math. Soc., 364 (2012), 1225-1279.

V. Drinfeld, S. Gelaki, D. Nikshych and V. Ostrik, On braided fusion categories I, Selecta Math.
(N.S.), 16 (2010), 1-119.

P. Etingof, D. Nikshych and V. Ostrik, On fusion categories, Ann. of Math. (2), 162 (2005),
581-642.

P. Etingof, D. Nikshych and V. Ostrik, Weakly group-theoretical and solvable fusion categories,
Adv. Math., 226 (2011), 176-205.

S. Gelaki and D. Nikshych, Nilpotent fusion categories, Adv. Math., 217 (2008), 1053-1071.

T. Kobayashi and A. Masuoka, A result extended from groups to Hopf algebras, Tsukuba J.
Math., 21 (1997), 55-58.

M. Miiger, Galois theory for braided tensor categories and the modular closure, Adv. Math., 150
(2000), 151-201.

M. Miiger, On the structure of modular categories, Proc. London Math. Soc. (3), 87 (2003),
291-308.

S. Natale, On group theoretical Hopf algebras and exact factorizations of finite groups, J. Algebra,
270 (2003), 199-211.

S. Natale, Semisolvability of Semisimple Hopf Algebras of Low Dimension, Mem. Amer. Math.
Soc., 186, Amer. Math. Soc., Providence RI, 2007.

B. Pareigis, On braiding and dyslexia, J. Algebra, 171 (1995), 413-425.

P. Schauenburg, The monoidal center construction and bimodules, J. Pure Appl. Algebra, 158
(2001), 325-346.

H.-J. Schneider, Some remarks on exact sequences of quantum groups, Comm. Algebra, 21 (1993),
3337-3357.

D. Tambara and S. Yamagami, Tensor categories with fusion rules of self-duality for finite abelian
groups, J. Algebra, 209 (1998), 692-707.

Alain BRUGUIERES Sonia NATALE

Département de Mathématiques Facultad de Matemaética

Université Montpellier II Astronomia y Fisica

Place Eugeéne Bataillon Universidad Nacional de Cérdoba

34 095 Montpellier, France CIEM — CONICET, Ciudad Universitaria
E-mail: bruguier@math.univ-montp2.fr 5000, Cérdoba, Argentina

E-mail: natale@famaf.unc.edu.ar


http://dx.doi.org/10.1016/j.aim.2011.02.008
http://dx.doi.org/10.1090/S0002-9947-2011-05342-0
http://dx.doi.org/10.1007/s00029-010-0017-z
http://dx.doi.org/10.4007/annals.2005.162.581
http://dx.doi.org/10.1016/j.aim.2010.06.009
http://dx.doi.org/10.1016/j.aim.2007.08.001
http://dx.doi.org/10.1006/aima.1999.1860
http://dx.doi.org/10.1112/S0024611503014187
http://dx.doi.org/10.1016/S0021-8693(03)00464-2
http://dx.doi.org/10.1006/jabr.1995.1019
http://dx.doi.org/10.1016/S0022-4049(00)00040-2
http://dx.doi.org/10.1080/00927879308824733
http://dx.doi.org/10.1006/jabr.1998.7558

