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Given a braided tensor sx-category % with conjugate (dual) objects and
irreducible unit together with a full symmetric subcategory % we define a crossed
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Gal(é x L/€) =Auty(€ x.F) of €, the latter being isomorphic to the compact
group associated with & by the duality theorem of Doplicher and Roberts. Denot-
ing by & < % the full subcategory of degenerate objects, i.e., objects which have tri-
vial monodromy with all objects of %, the braiding of ¢ extends to a braiding of
€ xS iff & < 2. Under this condition, € x.% has no non-trivial degenerate objects
iff ¥=9. If the original category % is rational (i.e., has only finitely many
isomorphism classes of irreducible objects) then the same holds for the new one.
The category € =% x Z is called the modular closure of € since in the rational case
it is modular, ie., gives rise to a unitary representation of the modular group
SL(2,Z). If all simple objects of % have dimension one the structure of the
category ¢ x % can be clarified quite explicitly in terms of group cohomology.
© 2000 Academic Press

1. INTRODUCTION

Since in this paper we are concerned with symmetric and braided tensor
(or monoidal) categories [20] it may be useful to sketch the origin of some
of the pertinent ideas. Symmetric tensor categories were formalized in the
early sixties, but they are implicit in the earlier Tannaka—Krein duality
theory for compact groups. Further motivation for their analysis came
from Grothendieck’s theory of motives and led to Saaveda Rivano’s work
[28], which was corrected and extended in [4]. These formalisms
reconstruct a group (compact topological in the first, algebraic in the
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second case) from the category of its representations, the latter being con-
crete, 1.e., consisting of vector (Hilbert) spaces and linear maps between
these.

In the operator algebraic approach to quantum field theory it was
realized around 1970 that the category of localized superselection sectors
(=~ physically relevant representations of the C*-algebra .7 of observ-
ables) is symmetric monoidal, cf. [26]. This category being a category of
endomorphisms of .&/—not of vector spaces—the existing duality theorems
did not apply. This led Doplicher and Roberts to develop their charac-
terization [6] of representation categories of compact groups as abstract
symmetric tensor categories satisfying certain additional axioms. This result
allowed the solution [7] of the longstanding problem of (re-)constructing
a net of charged field algebras # which intertwine the inequivalent
representations of .7 and have nice properties like Bose—Fermi commuta-
tion relations. (In fact, assuming the duality theorem for abstract symmetric
categories such a reconstruction result existed much earlier [25].) At the
same time and independently Deligne extended [5] the ecarlier works
[28, 4] by identifying a necessary and sufficient condition for an abstract
symmetric tensor category to be the representation category of an algebraic
group. The crucial property is that all objects in the given category have
integer dimension. (For symmetric C*-tensor categories this is automatic
[6, Corollary 2.15] as a consequence of Hilbert space positivity.)

Braided tensor categories without the symmetry requirement entered the
scene only in the eighties. From a theoretical point of view braided tensor
categories are most naturally “explained” by identifying [14] them as
2-categories with tensor product and only one object, which in turn are just
3-categories with only one object and one 1-morphism. (All these notions
are easiest to deal with in the strict case, which for (symmetric, braided)
tensor categories does not imply a loss of generality in view of the
coherence theorems [20, 14].) But the main reason for their recent
prominence is their relation to certain algebraic structures arising in
physics (Yang—Baxter equation, quantum groups) and to topological
invariants of knots, links, and 3-manifolds. The latter subject was boosted
by V. Jones’ construction of a new knot invariant which was soon dis-
covered to be related to the quantum group SU,(2) where ¢ is a root of
unity, and subsequently invariants of 3-manifolds were constructed for all
quantum groups at roots of unity. The theory reached a certain state of
maturity when it was understood that the crucial ingredient underlying
these invariants of 3-manifolds is a certain class of braided tensor
categories which are called modular [29]. A modular category is a braided
tensor category which (i) has a twist [29] or balancing [14], (ii) is
rational—i.e.,, has only finitely many isomorphism classes of irreducible
objects—and (iii) is non-degenerate. Here non-degeneracy means that an
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irreducible object p for which &(p, o)< &(a, p) =id,, Vo is equivalent to the
unit object 1. (The designation of such categories as modular is owed to the
fact that they give rise to a finite dimensional representation of the modular
group SL(2, Z) [29]; see also [23].) The role of the quantum groups then
reduces just to providing several infinite families of modular categories
(roughly, one for every pair (root of unity, classical Lie algebra)). Another
construction of modular categories starts from link invariants, cf. [29,
Chap. XII; 30]. Finally, braided tensor categories appear naturally also in
the superselection theory of quantum field theories in low dimensional
spacetimes, cf,, e.g., [17]. In many cases, as for the WZW and orbifold
models, these categories actually turn out to be modular. Let .7 be a quan-
tum field theory in 1 + 1 dimensions and let & be the braided category of
superselection sectors with finite statistics. Since the full subcategory & < @
of degenerate sectors is symmetric, the Doplicher—Roberts construction can
be applied to .o/ and 2 and yields new theory . In [23] Rehren conjec-
tured that the representation category of % is nondegenerate. Under the
assumption that .o/ has only finitely many irreducible degenerate sectors
this was proved by the author in [21]. The aim of the present paper is to
give a purely categorical analogue of this construction (without the finite-
ness restriction).

More precisely, given a braided tensor category % which is enriched over
Vecte, has a positive =-operation, conjugate (dual) objects, direct sums
and subobjects, and an irreducible unit object together with a symmetric
subcategory & satisfying the same properties, we define a crossed product
% x %. (The existence of direct sums and subobjects (in the sense of [10])
is no serious restriction since it can always be achieved by embedding the
category in a bigger one [ 19, Appendix].) This construction proceeds in
two steps. First we define a tensor category % x,.% which has the same
objects and tensor product as % but bigger spaces of arrows, i.e.,

Hom‘éxoy(pa O.)DHom(é(ps O') Vpaae(g' (11)

Of course, we have to prove that @ x,.% satisfies all axioms of a tensor
x-category. The new category inherits the braiding ¢ from % iff ¥ contains
only degenerate objects, thus iff ¥ < & where & < % is the full subcategory
of degenerate objects as above. (If this condition is not fulfilled naturality
of ¢ fails for some of the new morphisms of € x,.%"). Now, € x, & will be
closed under direct sums, but usually not under subobjects. Thus we apply
the abovementioned procedure of [19] in order to obtain a category
% %o & which is closed under direct sums and subobjects. Then the braiding
of € x, S—if it exists—extends to € x &. The result of this construction is
again a tensor category with positive =-operation and conjugates, direct
sums, subobjects, and irreducible unit. ¥ x & is braided if ¥ = 2. Under
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this condition we prove that ¢ x.% has no degenerate objects iff & =2.
The category 4 =% x.% is called the modular closure of € since in the
rational case (where there are only finitely many isomorphism classes of
irreducible objects) it is modular. (In particular, € is rational if % is.) The
modular closure % is non-trivial, i.e., has irreducible objects which are not
equivalent to the unit, iff ¥ is not symmetric, thus not completely
degenerate. Define the absolute Galois group Gal(%) of a braided tensor
category % to be the compact group associated to the symmetric tensor
category Z(%) by the duality theorem of Doplicher and Roberts. For every
symmetric category ¥ <% we establish a Galois correspondence between
subcategories & of % x. containing ¥ and closed subgroups H of the
relative Galois group G = Aut,(€ x.¥) = Gal(.¥), given by & = (€ x ¥ )¥
and H = Aut,(% x.%). The normal subgroups H correspond to the sub-
extensions 4 x 7 where 7 <. and Gal(7 )=G/H. If ¥ < Z then ¢ x.%
is a braided subextension of =% x2, the absolute Galois group
Gal(é x %) being isomorphic to H=Aut,,,(%). Giving an explicit
description of the (isomorphism classes of) irreducible objects of € x . is
difficult in general, but if all irreducible objects of & have dimension one,
corresponding to abelian Gal(.%), the structure of the category € x.% can
be clarified quite explicitly in terms of group cohomology.

We briefly describe the organization of the paper. In Section 2 we give
precise definitions and several preparatory results on braided C*-tensor
categories. In particular we prove that they are automatically ribbon
categories, i.e., have a twist. In Section 3 the crossed product % x . is
defined and proved to be a C*-tensor category. Then, in Section4 we
prove that ¥ x2 is non-degenerate and establish the Galois corre-
spondence. In Section 5 we enlarge on abelian extensions, the case of super-
groups, and make some further remarks on the case & & Z.

2. DEFINITIONS AND PREPARATIONS

2.1. Some Results on C*-Tensor Categories

We begin by establishing our notation concerning tensor categories.
Objects will be denoted by small Greek letters p, o, etc. The set of arrows
(morphisms) between p and ¢ in the category € is Homy(p, o), where the
subscript ¢ is omitted when there is no danger of confusion. The identity
arrow of p is id,, and composition of arrows is denoted by o. The tensor
product p ® o of objects will abbreviated by po. All tensor categories in
this paper are supposed small and strict, thus when we mention these
conditions it is only for emphasis. (A tensor category is strict if the
tensor product satisfies associativity p(on)=(po)#n “on the nose” and
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there is a unit object : satisfying pr=1p=p Vp.) Given two arrows
ReHom(p, ), R e Hom(p', ¢') there is an arrow R x R’ € Hom(pp', aa’).
The mapping (R, R')— R x R’ is associative, satisfies id, x R=Rxid,= R,
and the interchange law

(SoR)x(S"°R')=SxS"oRxR (2.1)

if Se Hom(a, 7), S’ € Hom(a', 7). A tensor category % is braided if there is
a family of invertible arrows {&(p, o) € Hom(pa, op), p, 0 € €}, natural in
both variables and satisfying

8(p9 UIJZ)Zidalxg(p’ GZ)Og(pa O-I)Xidazs (22)
&(p1pa, 0)=e(py,0)xid, oid, x&(ps, 0) (2.3)

for all p;, g;. A braided tensor category is symmetric if the braiding satisfies
&(p, o)oela, p)=id,, Vp, o.

All categories in this paper will be enriched over Vect., but we do not
presuppose familiarity with this notion. A complex tensor category is a ten-
sor category, for which the sets Hom( p, o) of arrows are complex vector
spaces and the composition o and tensor product x of arrows are bilinear.
A x-operation on a complex tensor category is a map which assigns to an
arrow X € Hom(p, o) another arrow X* € Hom(o, p). This map has to be
antilinear, involutive (X** =X), contravariant ((So7)*=T%*0S%*), and
monoidal ((Sx T)*=S*xT*). A x-operation is positive iff X*oX=0
implies X=0. A tensor =-category is a complex tensor category with a
positive x-operation. For such categories we admit only unitary braidings.

An object p is called irreducible or simple if Hom(p, p)=Cid,. As
usual, two objects p, o are equivalent (or isomorphic) iff Hom(a, p) con-
tains an invertible arrow. In W#*-categories Hom(ao, p) then contains a
unitary by polar decomposition of morphisms [10, Corollary 2.7]. An
object ¢ is a subobject of p, denoted o< p, iff Hom(a, p) contains an
isometry. Note that this notion of subobjects differs from the standard one
of category theory [20], cf. also the remarks in [10, p.98]. A tensor
x-category is closed under subobjects (or, has subobjects) if for every
orthogonal projection £ Hom(p, p) there is an object ¢ and an isometry
Ve Hom(o, p) such that Ve JV* = E. A tensor =-category has (finite) direct
sums iff for every pair p,, p, there are t and isometries V; €e Hom(p;, 7)
such that V, o Vi¥+ V,cV¥=id,. Then we write t=p, @ p,. Note that
every 7' =~ is a direct sum of p,, p,, too. A tensor x-category can always
canonically be extended to a tensor =x-category with direct sums and
subobjects [ 19, Appendix].

From now on all categories are tensor *-categories. In the present setting
it is convenient to define conjugate (dual) objects in a way which differs
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slightly from the one for rigid (autonomous) tensor categories [ 14, 29].
We give only the main definitions and facts and refer to [19] for the
details. An object p is said to be conjugate to p if there are R e Hom(z, pp),
ReHom(s, pp) satisfying the conjugate equations

R*xid,~id,x R=id,,  R*xid,cid,x R=id,. (24)

A category % has conjugates if every object p € ¢ has a conjugate pe%. If
p is irreducible, then an irreducible conjugate p is unique up to
isomorphism and (upon proper normalization of R, R) R*>cR=R*o-Re
Hom(s, 1) is independent of the choice of R, R. Then the dimension defined
via d(p)id,=R*- R is in [ 1, c0) and satisfies d(p) =d(p). For reducible p
we admit only standard solutions [19] of (2.4). This means that R, =
> Wix W;oR;where p~ @, p;is a decomposition into irreducibles effected
by the isometries W, and R; is (part of) a normalized solution of (2.4) for
p;. Then the definition d(p)= R} R, extends to reducible objects and
yields a multiplicative dimension function. (This dimension is subject to the
same restriction as the square root of the Jones index of an inclusion of
factors, cf. [ 19]. Note that the braiding does not play a role here, yet the
categorical dimension coincides with the ¢-dimension for representation
categories of quantum groups [27].)

The more specific notion of C*-tensor categories will not be needed
explicitly in this paper. But since we wish to make use of results of
[ 10, 6, 19] we will prove that many tensor *-categories are automatically
C*-tensor categories. Now, a C*-tensor category is a complex tensor
category with a =-operation. Furthermore, the spaces Hom(p, o), p,c €%
are Banach spaces and the norms satisfy

1Y X|<|X] Y], (2.5)
1X*o X[ = X1I? (2:6)

for Xe Hom(p, o), Y€ Hom(a, 7). (Then the algebras Hom( p, p), p € € are
C*-algebras.) See the cited references for examples.

It is known [19] that in a C*-tensor category with conjugates and an
irreducible unit, ie., Hom(z 1)=C1id,, all spaces of arrows are finite
dimensional. The following result is a converse, which generalizes a
well-known fact on finite dimensional C-algebras.

PROPOSITION 2.1. Let 6 be a Vect/"-category, ie., a category where
Hom( p, g) is a finite dimensional C-vector space for every pair p, g € €, the
composition o being bilinear. Then € is a C*-category iff there is a positive
*-0peration.
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Proof. If € is a C*-category there is a =-operation by definition.
Positivity follows from (2.6). Assume conversely the existence of a positive
x-operation. In particular, = gives rise to a positive involution on the
algebras Hom(p, p), p € €. The latter being finite dimensional C-algebras,
this implies semisimplicity and the existence of unique C*-norms. Now we
consider the x-algebras M(p,, ..., p,) [ 10, p. 86] associated with n objects
(which, roughly speaking, are the algebras generated by the arrows
between the objects py, .., p,). For an element X’z(X,-j) of M(py, ..., Prn),
X*X=0 is equivalent to X¥oX,;=0Vi, j=1,..,n Since by assumption
this holds only if all X; vanish, the =-involution of M(py, .., p,) is positive
and also M(p,, .., p,) is a C*-algebra. Now we define the norm on
Hom( p, o) by

X[ =/ IIX*=X],  XeHom(p, o), (2.7)

where the norm on the right hand side is the one of M(p, o). Since the
algebras M form a directed system the norm of X *o X is the same in, say,
M(p, a,n) and thus well defined. As an immediate consequence we have
| X = X*|, and the submultiplicativity of the norms

1Yo X | <X Y] (2.8)

for Xe Hom(p, o), Y€ Hom(a, 1) required of a C*-category follows from
submultiplicativity in M(p, o, 7). The C*-condition (2.6) follows from the
C*-property of M(p, ). |1

Remark. This result is probably well known among experts, but to the
best of the author’s knowledge it never appeared in print. Yet it is used
implicitly in [32] where certain categories are proved to have a positive
x-operation and concluded to be C*-categories.

In the above result we did not assume irreducibility of the unit 1, viz.
Hom(z, 1) = C id,. From now on all categories in this paper will be assumed
to have this property, which has been called connectedness [2]. We will
remark on the disconnected case in the outlook.

We summarize the properties of the categories we will study.

DerFINITION 2.2, A TC* is a small strict tensor =-category with con-
jugates, direct sums, subobjects, finite dimensional spaces of arrows, and an
irreducible unit object. A BTC* is a TC* with a unitary braiding. A STC*
is a symmetric BTC*.

Remark. All concepts in this definition which are not standard category
theory are from [ 10, 6, 19]. That they were arrived at independently under
the name “unitary categories” [ 29, Sect. IL.5] underlines their naturality.
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In the literature on braided tensor categories additional pieces of struc-
ture have been considered, mostly motivated by the study of topological
invariants of 3-manifolds.

DerFINITION 2.3. A twist [29] or balancing [14] for a braided tensor
category % is a family {x(p)eHom(p, p), pe®} of invertible arrows
satisfying naturality

Tox(p)=x(o)eT VT e Hom(p, o) (2.9)
and the conditions

K(p1p2) =K(p) XK(py)oe(pa, pr)oe(py, p2) Vpi, P2 (2.10)
K(ﬁ)XideRZidp—XK(p)OR (2.11)

for every standard solution (p, p, R, R) of the conjugate equations. In a
tensor x-category x(p) is required to be unitary.

Remarks. (1) The condition (2.9) is equivalent to saying the x is a
natural transformation of the identity functor to itself. (The set of these was
called the center of ¥ in [10].)

(2) In [14] the definition of a twist does not include (2.11). There a
category with conjugates and a twist satisfying (2.11) is called tortile.

(3) If p is irreducible then we define w(p)e C via k(p)=w(p)id,.

A remarkable feature of the BTC*’s is that they automatically possess a
canonically defined twist. It is defined and studied in [ 19, Theorem 4.27,
where, however, the property (2.11) was not proved.

ProrosITION 2.4. BTC* are ribbon categories, i.e., have a twist.

Proof. In [19, Sect.4] for every BTC* 4 a family {«(p)e Hom(p, p),
pE®} satisfying (2.9), (2.10) was defined, the x’s being unitary whenever
the braiding ¢ is unitary. (Recall that we assume this throughout.) Thus it
only remains to prove (2.11) and in view of the naturality of the twist it is
sufficient to consider only irreducible p, where (2.11) reduces to w(p)=
w(p). This is done in Fig. 1. In the first and last equalities we have used
that for p irreducible and Hom(p, p)> 7= C1id, we have

R*oid,x ToR=R*Txid, R=Cd(p). (2.12)
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(Here we use d(p) =R*oR= R*o R=d(p), cf. [19].) That the two ways of
closing the loop in (2.12) yield the same result is used in the fifth equality
of the above calculation. The other steps use nothing more than the
interchange law. ||

Remark. This argument has been adapted from algebraic quantum field
theory, cf. [17, Lemma I1.5.14]. L. Tuset independently arrived at essen-
tially the same proof. The proposition appears already in J. Frohlich and
T. Kerler, “Quantum groups, quantum categories and quantum field theory,”
though without proof. In a slightly different setting it is proven in [2].
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2.2. The Galois Group of a Braided Tensor Category

DerFNITION 2.5. The monodromy of two objects of a braided tensor
category % is

eulp, a)=ela, p)oe(p, o) e Hom(pa, pa). (2.13)

An object g € ¥ is degenerate iff
ep(p.n)=id,, Vnee. (2.14)
A braided tensor category is degenerate if there is an irreducible degenerate

object which is not isomorphic to the unit object 1.

Remark. Clearly, a braided tensor category is symmetric iff all objects
are degenerate.

DEerFINITION 2.6. Let 4 be a BTC*. Then 2(%) is the full subcategory
whose objects are the degenerate objects of €.

ProPOSITION 2.7. D(%) is a symmetric tensor category with x-operation,
conjugates, direct sums, subobjects, and finite dimensional spaces of
morphisms.

Proof. For p, g, ne% we have

em(po, n)=e(n, po)ee(pa,n)
=id, x&(n, o) o e(n, p) xid,oe(p, n) xid, 0id, x &(a, ). (2.15)

It is easily seen that this reduces to id ,,, if p and ¢ have trivial monodromy
with #. Thus the set of degenerate objects is closed under multiplication.
Now let p=~ @ ,.; p;, 1.6, there are morphisms V; € Hom(p,, p) such that
VioV,=06,,id, and 3, V; o V¥ =id,. Then by naturality of the braiding
we have

ex(pom) =Y Vixid, oeplap, n)o Vi xid,, (2.16)

which implies that p is degenerate iff all p, < p are degenerate. Thus the set
of degenerate objects is closed under direct sums and subobjects. In order
to show that the conjugate of a degenerate object is degenerate, it is suf-
ficient to consider irreducible objects. The following equality is proved by
the same argument as already employed in the proof of Proposition 2.4:
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1 p 7

p

Using this we see that ¢,,(p, o) =id ,, for all ¢ implies ¢,,(p, 0) =id ,, Vo.
9(%) is a STC*, since the braiding of ¥ is symmetric in restriction to the
degenerate objects. |

Remark. From the above it is clear that (%) is the correct object to
be denoted as the center of %. This is the analogue for braided tensor
categories of the usual center of a monoid ( =tensor O-category), but it
must not be confused with yet another definition of a “center,” namely the
quantum double Z(C) (which is a braided tensor category) of a tensor
category % (not necessarily braided).

By the above result and Proposition 2.1, (%) satisfies the assumptions
of the duality theorem of [6]. We briefly summarize the principal results
of [6]. Since every object of a symmetric tensor category & satisfies
e(p, p)?=id 2> the twist in a STC* takes only the values +1. (In physics,
objects with twist +1 and —1 are called bosons and fermions, respectively.)
For irreducible p,, p,, (2.10) reduces to x(p,p,) =w(p,) w(p,) id/’[/’z’ thus
all subobjects of p, p, have the same twist. Therefore the objects with twist
+1 generate a full subcategory &, which is again a BTC*. We assume for
a moment that % is even, thus & =, . By [6, Theorem 6.1] there is a
compact group G unique up to isomorphism such that & =~ U(G) where
U(G) is a category of finite dimensional unitary representations of G con-
taining representers for all isomorphism (unitary equivalence) classes of
irreducible representations of G. (Conceptually, the proof of this may be
considered to be composed of two steps. First one shows that for a
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category with the above properties there is a symmetric C*-tensor functor
F, the embedding functor, into the category # of Hilbert spaces. F is
unique up to a natural transformation. In the second step the Tannaka—
Krein reconstruction theorem is applied to the category F(%) and shows
that F(%) is isomorphic to a category of representations of a uniquely
defined compact group G. But observe that the proof in [ 6] is independent
of the Tannaka—Krein theory in that the group G is constructed
simultaneously with the embedding.)

Since all objects in a category U(G) have twist +1 the above result
cannot hold if ¥ contains fermionic objects. Yet in this case the braiding
in % can be modified (“bosonized”) such as to obtain an even BTC* &’
and a compact supergroup (G, k). Here G is the compact group associated
to 9’ and k is an element of order two in the center of G such that the
twist of an irreducible object in & is the value of k£ in the associated
representation of G. The group G corresponding to &, is just the
quotient G, = G/{e, k}.

DerFNITION 2.8. Let 4 be a BTC*. Then the absolute Galois group
Gal(%) is the compact group associated by Doplicher and Roberts to the
center (%) of €.

Remark. Strictly speaking, Gal(%) is not a group but an isomorphism
class of groups. As soon as a representation functor F: %(%)— # has
been chosen we have a concrete group Galg(%), the group of natural
transformations from F to itself as first considered in [28].

The following discussion serves only to motivate the terminology
“modular closure” of Section 4 and may be ignored.
Given two irreducible objects p, o the number Y, , defined by

Y,oid, = Ry x R, o idy x ep(p,0) xidz o R, x Ry =

depends only on the isomorphism classes of p, o.
DErFINITION 2.9. A category is rational if the number of isomorphism
classes of irreducible objects is finite.

In a rational category Y gives rise to a (finite) matrix indexed by the
isomorphism classes of irreducible objects.
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DEerFINITION 2.10. A rational BTC* is modular if the matrix Y is
invertible.

Remark. Recall that the existence of a twist which is usually required
from a modular category [29] is automatic in BT C*’s.

ProrosiTION 2.11. A rational BTC* is modular iff it is non-degenerate.
In the non-degenerate case Y is proportional to a unitary matrix S which together

with a certain matrix T oc diag(w,) gives rises to a unitary representation of
SL(2, 7).

Proof. The statement is the categorical version of a result from [23]
and can be proved by straightforward adaption of the arguments of [23,
Sect. 5] to the framework of BTC*’s. (The factor d,d; in [23, (5.11)] is
accounted for by the different normalizations of the R’s in [23] and the
present paper.) We refrain from giving details since that would use too
much space and will not be used in this paper. The claimed fact will be
contained as a special case in a more general result, proved in [22]. |

3. CROSSED PRODUCT OF BRAIDED TENSOR #-CATEGORIES
BY SYMMETRIC SUBCATEGORIES

3.1. Definition of the Crossed Product

We assume that € has direct sums and subobjects, which can be inter-
preted by saying that reducible objects are always completely reducible, or
% is semisimple. This does not constitute a loss of generality since it can
always be achieved by the canonical construction given in [ 19, Appendix ].
We assume Hom(z, 2) =C id,, i.e., the unit object : is irreducible.

In this work we will frequently deal with subcategories ¥ <= . All such
subcategories will be assumed replete full. (A subcategory ¥ = € is full iff
Hom(p, 0) =Homg(p, o) Vp,c €&, thus it is determined by Obj¥.
A subcategory is replete iff pe.¥ implies 0 €% for all €% isomorphic
to p.) The replete full subcategories of ¥ form a lattice under inclusion,
where 4 <% means Obj % < Obj %.

Let now ¥ =@ be a (replete full) symmetric subcategory closed under
conjugates, direct sums, and subobjects, the standard example being Z(%)
by Proposition 2.7. We do not assume ¥ < (%) but we require that & is
even and refer to Subsection 5.3 for the supergroup case. By the duality
theorem of Doplicher, and Roberts we have a unique compact group G
and an invertible functor F: % — U(G). Here U(G) is a category of finite
dimensional continuous unitary representations of G, which is closed under
subrepresentations and direct sums and which contains members of each
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isomorphism class of irreducible representations. (Note that we did not
specify the cardinalities of isomorphism classes in U(G), since they depend
on the cardinalities in the given category &!) The identity object of the
category U(G), viz. the space #; = C on which the trivial representation of
G “acts,” contains a unit vector £ such that the following identifications
hold:

QR Y=y R Q=y YHecObjUG), Ve (3.1)

In order to avoid confusion with a later use of ®, the tensor product of
objects in F(&) = U(G), which are Hilbert spaces, will be denoted by X (as
already done above) and the product of objects p, o in ¥ by simple
juxtaposition pag. The composition and tensor product of arrows will be
denoted by - and x, respectively, in both categories. Let G be the set of
all isomorphism classes of irreducible objects in & or, equivalently by the
duality theorem, of irreducible representations of G. Let {y,, ke G} be a
section of objects in % such that y,=1 and let #, = F(y,) be the images
under the functor F. For every triple k, [, m e G we choose an orthonormal
basis

{(Ver,a=1,., N} (3.2)

in the space Hom(y,,, yx7,)- (The latter space of arrows is in fact a Hilbert
space, but it should not be confused with the spaces #,, k€ G.)

The set G has an involution krk which associates to every
isomorphism class of representations of G the conjugate class. By the
isomorphism between ¥ =~ U(G) this implies for our chosen section that y;
is conjugate to y,. Thus there are intertwiners R, € Hom(z, yzy.),
R, e Hom(z, y,yz) such that

Ry xid, oid, xR, =id, , R} xid, oid, x Re=id,.  (3.3)

Since this is symmetric under k< k R<— R one can choose
R:=R,, Rr=R, for conjugate pairs of non-selfconjugate objects. For
selfconjugate objects it is known that one can achieve either R, = R, or
R,= — R, depending on whether y, is real or pseudo-real. The above
choices will be assumed in the sequel.

Now we define a new category % x, . in terms of the data %, ¥, F, G.

DerINITION 3.1. The category % x, & has the same objects as 4 with
the same tensor product. The arrows in % x, ¥ are defined by

Hom, noy(P, o)= @ Homg(y,p, o) ® (3.4)

keG
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with the obvious complex vector space structure. In order to economize on
brackets we declare the precedence of products to be ® > x > o > (),
where ®, X are different symbols for the tensor product in (3.4).

Let k,leG, TeHom(y,p, o), Se Hom(y,0,d), and 1, € #,, € A,
Then the composition of arrows in € x, & is defined by

Hom%xoy'(P, 5) El S@ lpko T® lﬁ/
N
=@ X Seid, xTe Vi xid, QF(Vii/)* (Y By, (35)

meG a=1

and linear extension. Here F is the embedding functor, thus F(V7")* is a
partial isometry from J#, X J# onto %#,,.

Let k, [e G, SeHom(y,p,, 0,), Te Hom(y, p,, 0,), and \, € A, , € H,.
Then the tensor product of arrows in € x, & is defined by

Hom, x(]:/(plﬂza 0,0,)3SQY, xT®Y,

Nic
= @ Y Sx Toid, xe(y, py)xid, o Vi xid,
meG a=1
QF (V) (i B ). (3.6)

Finally, the *-operation of % x, ¥ on the arrows S®y, e Homy ,, o(p, o)
with Se Hom(y, p, a), € #, is defined by

(S®Y)* =R} xid,0id, x S*@ (Y, B -, F(R,) 2. (3.7)
Remarks. (1) Tangle diagrams corresponding to the first tensor factor

(which lives in the category %) in the definitions of o, x, and * are given
in Figs. 2 and 3.

01 g9
S T
Y| i
Vk,l “
! Ym P1 P2
Composition Tensor Product

FIG. 2. Composition (left) and tensor product (right) of arrows in € x, &.
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FIG. 3. The x-operation on arrows.

(2) A (different choice for the orthonormal bases {V7}"/,
a=1,..,N},} in Hom(y,, y,7,) does not affect the definition of o, x,
since the unitary matrices effecting the base change drop out.

(3) The left tensor factor of (3.7) is in Hom(y;o, p), and F(En) Qs
in #;, X #; such that contraction with , yields a vector in ;. Thus the
entire expression is in Homy,, o(0, p) as it must be.

(4) For every pair p, o there is an embedding of Hom(p, o) into
Homy , 4(p, o) via S—>S®Q. Looking at the definitions of -, x in
% %, & it is obvious that this gives rise to a faithful functor from % to
€ x, ¥, thus € can and will be considered as a subcategory of € x, <.
Arrows in € x, & will be denoted S, T, ..., but often we do not distinguish
between S e Homy(p, o) and S® 2 e Homg . »(p, 0).

(5) By Frobenius reciprocity we have dim Hom(y, p, ¢) = dim Hom
(74> 0p) < o and only finitely many k € G contribute, thus Homy ,, o(p, o)
is finite dimensional. As a consequence of Hom(y,,1)={0} for k #e we
obtain

Homg ,, o(1,1) =Hom(z,1)=C1d,. (3.8)
(6) A special case of (3.4) is

Homg o1, 7) =Hom(yr, y1) & (3.9)

for y, €. Since the dimension d, e N of y, equals the dimension of
H,.=F(y,), this implies y, =d,1 in € x,.%. Thus y, “disappears without a
trace” in ¥ x, & as far as the irreducible objects are concerned. Further-
more, the spaces #; and Homg, (1, 7,) can be identified via y —
id, ®y. This allows us to consider ¥, € #, also as a morphism in
Homy ,, o(1, 7,), which leads to notational simplification. With Se
Hom(y,p, 0), ¥, € #; it is an easy consequence of (3.5, 3.6) that Homy ,, o
(p,a)2S®Y,=S®Q2-1d, @Y, xid, ® 2. With the above identifications
this can also be written as Soy, xid,. In a sense, the new morphisms . €
Homy ,, 4(1, ;) are the crucial point of Definition 3.1 and (3.4) simply
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reflects the fact that arrows can be composed. It must of course still be
proved that Definition 3.1 yields a BTC*.

(7) If & ¢ then &y, p)oe(p, y) #id,, for some ye ¥, pe €. Thus
there is another possible definition of x in € x, &, replacing &(y;, p;) by
&(py,y) "t in (3.6). For ¥ < Z these definitions coincide.

(8) Finally, we remark that there are similarities between our
definition of ¥ x, % and a construction [25] of a field algebra in algebraic
quantum field theory which preceded [ 7] but where the main result of [ 6]
was assumed.

32. x9S Is a Tensor Category

LemMa 3.2.  The operations o, x are bilinear and associative.
Proof. Bilinearity is obvious. In order to prove associativity of o consider
S, T as in the definition (3.5) and Ue Hom(y,#, p). Then,

(S®¢k°T®¢1)OU®Wn

m r
N Nmn

=@ ) Z Y, Seid, xTeid, , x Uo Virp xid, o V5F xid,

reG meG a=1 =1
& (F(VpL)* e F(VEf)* xid, )y By B ,,). (3.10)
On the other hand
S®Wk°(T®¢1OU®lP)
N™ nN

=@ X Z 5 Seid, x Toid,, , x Usid, x Vi# xid, o VA xid,

reG meG a=1pf=1
@ (F(Vih)*oidy x (VO ) (W B, B o,). (3.11)
Since F is a functor of x-categories we have
F(ViE e F(VRR7)* x iy =F(Vie[ xid, o vebo, (3.12)
F(Vph)* oid X F(V5X) =F(id, x V7 e Vih)x. (3.13)
Since both

(Vi xid, o Vik

rb, meGoa=1,., N, B=1,.,N .} (3.14)
and

{id, x VinsoVih

k, m>

meG,oa=1,..,Np p=1,.,N, .} (315)

are orthogonal bases of Hom(y,, y.7,;7,), the two expressions coincide.
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Ull g2 0‘3 011 <7l2 g3
sl 2] [v] s o] [v]
Ykl M1 Yil Yn
Vir® vie©
'er Tn TE| Tm
Vil Vil
Jr P1 P2 P3 'Jr £1 P2 P3

SR X T@Y) X UQY,  S@%r x (TP X U py)

FIG. 4. Associativity of x.

The proof of associativity of x is similar. Let S, 7 be as in (3.6) and let
UeHom(y,ps, g5). Since writing down (and reading!) the formulae would
be rather tedious we express the parts of the summands which live in €

graphically, cf. Fig. 4. Thus

(S®¢/(XT®l//1)XU®l/jn

r

Nep Vo
=@ Z Z Z (Fig. 4, Lhs.) ® F( Vier ><id7 ° V,’;,ﬂ”n)*
reG meG a=1 =1 !
(Ve Wy, W y,). (3.16)
On the other hand
SQUx(TOY,xURY,)
N:,n N;,m
=@ Z Z Z (Fig. 4, r.hs) & F(id.},k X VihEo V;;’/,‘;)*
reG meG a=1 f=1
(3.17)

(Vi &y, W ).

By naturality the arrow V77)%,* in the r.h.s. of Fig. 4 can be pulled through
the braiding, and the identity of the two expressions follows by the same

argument as for o. |
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LeMMA 3.3. The operations o, X satisfy the interchange law
(S,oT)x(S,0T,)=8,x8,0T, x T, (3.18)
whenever the left hand side is defined.
Proof. We compute

(S1 @Yo T, ®l//)><(52®lpm°T2®‘pn)

NP, N

m, n

=@ > Z > z (Fig. 5,Lhss.) @ F(V7xVLh oyr o)

reG pqeG a=1 =1 o=1
(lpk X lpl & lpm X lpn) (319)

and

Si®Y xS, ®Y,,o T, @Y, xT, Y,

N" N" N’

,n

rerqeG a=1 =1 o=1
(‘//A lpl lpm lpn) (320)

(Since . is a symmetric category we have used the symmetric braiding
symbol for &(y,,, y,) in Fig. 6. We do not do this for braidings of y’s with
objects not in & since we do not assume %’ to be degenerate.) By standard

™ 2
m 72
;
51 S 5] gy
leat ) T T,
: \
Yk| Yt Y| Yn \
yra Vs -
H e Y| Vi [Ym| Yn
vee | vas
Tp| Ve
7pl 7q|
7,8
Vol
r,dé
J Volg
r 21 2 J
r £1 P2

FIG. 5. (S1®@VioT1@V) X (S2 Q@0 To@W ).
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m 2
m 2
S1 Sz
Si Ss
Yk| Ym o1 02
vpe T T
k,m
o1 02 \
T: 1>
B Ve[ Ym/\ Yn
Yt Yn ,
Vi | vl
quTyF
’ 7p| 7q|
paxz Vi
¥
Vpr,q ‘J
J r P1L P2
r P1 P2

FIG. 6. S, ®YxS; ®Y,,oT) @Y, xT, ®Y,,.

manipulations the left hand sides of Figs.5, 6 can be seen to equal the
respective right hand sides. Next we transform (3.20) using

F( Ve* x V;I,’nﬁ © V[’;,?])* (lpk l//m lpl lp”)

k,m

=F(idyk X E(Y s V1) X idyno |5 Vb V;’,’f])*

ILn

(lpk lp/ lpm lrbn)’ (321)

and observing that { V-7 x V&7 o V7o) and {id,, x&(7,,, 7,) xid, o V7 X
Veloyrol are orthonormal bases of Hom(y,, y.7,7,,7.) (With p,geG

2%
and «, 5, 0 in the obvious ranges) we are done. |

LemMA 3.4. € x, & has conjugates and direct sums.

Proof. Since the objects of € x,.% are just those of ¥ the existence of
conjugates in % x, % follows from

Rk € Hom(l’ V/?Vk) < Hom% X :/’(la yl;yk) (322)

and the fact that the conjugate equations clearly hold in € %, &, too. In the
same way one shows that 4 x, & has direct sums. ||
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3.3. The %-Operation

LeEMMA 3.5. The =-operation is antilinear and involutive.

_ Proof. Antilinearity is obvious by definition. As to involutivity consider
S=S®y, with SeHom(y,p, o), ¥ e #. Twofold application of the
x-operation (3.7) yields

(S®y)** = R¥xid,eid, , x Soid, x R, xid, ®<{¥z B -, F(Re) 2,
(3.23)

where
Y=< W, F(R,) Q). (3.24)

The first tensor factor of (3.23) (which lives in ) can be transformed as
follows:

R% g 0,
S** pon = :l:
v Rp p kP

In the first step we have used the interchange law and in the second step
the first conjugate Eq. (3.3). The possible appearance of the minus sign is
due the fact that R} appears in (3.23) instead of R}¥. In view of our choice
of R;= + R, the minus sign appears iff k is selfconjugate and pseudo-real.
Abbreviating the second factor in (3.23) (which lives in U(G)) by y, we
have

(a > =<Yr®a F(Rp) Q>  Vae . (3.26)
Inserting
g by =CF(R) Q.Y B b)Y Vhe X, (3.27)
we have
Ca .y =<F(R,)QHa , B F(R) Q)
=(Q W a, F(R} xid, oid, x Rg) ¢, ¥ Q). (3.28)

Now R} xid, »id, x R;= +id, , thus F(..)= +id , . With Q ¥ a =a and
Y, ® Q=1y, we have (a, > = +<{a, ;> and therefore , = +y,. Also
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here the minus sign appears iff k is selfconjugate and pseudoreal. In any
case the two minus signs cancel and we obtain (S y,)**=(S®y,). 1

LEMMA 3.6. The =-operation is contravariant, ie., (SoT)*=T%o8*
whenever the left hand side is defined.

Proof. Let SeHom(y,qo,0), Te Hom(y,p, o), and Y, € A, Y, € A and
apply the s-operation (3.7) to SeT=S®y, - TRy, as defined by (3.6).
We obtain

o Ny
(SeT)*= @ > Rixid, oid,, xV””‘ xid,eid, , x T*oid, xS*

meG a=1

@ CEVRE)* (g B ) F(R,) Q). (3.29)
On the other hand,
- . NEg )
T*oS*= @ Y R}xid,cid, x T*oid, x RF xid, o V7" *x S*
meG a=1 3
® FVT* (7 B ), (3.30)
where
Yi=<y, W -, F(R) Q) (3.31)

and similarly for ;. The left tensor factors of (3.29) and (3.30) are
represented in Fig. 7.

(SoT)* T*o0 S*

FIG. 7. Compatibility of = and o.
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As to the right hand factors of (3.29) and (3.30) which live in J#,, and
which we abbreviate y,, V,, respectively, we have for all a e #,,

Ca, ) ={F(VPO* (Y, ¥ ) K a, F(R,,) Q)
= (Y By, B a, F(VPF xid, oR,,) Q) (3.33)

and

=Y By, ®F(VES) a, [F(R) Q15[ F(Ry) Q114>

=<lpklp,F(V;”,; a, F(id, ><R,><1d oRy) Q)

=Y Wy, Xa, F(id,, , x V;{”E‘" o1dyk><R,><1dyEoRk)Q>.
(3.34)

m, o
Lk

Ca, o> =<a, FVEE* (b1 B yp)) = FOVEE) a, i B Y
)
)

The fourth equality in (3.34) follows from the following computation in

[F(Rz) Q] [F(Ek) Q]14:0120023(F(E1) Q F(Rk) Q)
=F(e(yryr yi) X idy,; ° El X Ek) Q
=F(idyk><1€,><idyl;oﬁk) Q, (3.35)

where in the last step we have used the interchange law.
Now we observe that { W/, =1, .., N7} with

W;crf’lﬂ =R}o idvm x V’{l}éﬂ* ° idymyix Ry x idwo ide xR, (3.36)

is an orthonormal basis in Hom(y,,,, 7,7,). Since the choice of such a basis
is irrelevant we can replace V73" in (3.29) by Wi">. Using the conjugate
equations (3.3) one then easily verifies that (3.29) and (3.30) coincide. |}

LemMMa 3.7. The *-operation is monoidal, i.e., (Sx T)*=S*x T*,

Proof. Let SeHom(y,p,,0,), Te Hom(y,p,, 0,), Y, € #, ¥, € #,. Then
NZI

(SxT)*= @ Y (Fig. 8, lhs)@{F(VE)* (b B ) B -, F(R,,) 2.

meG a=1

(3.37)
On the other hand,

S*xT*= @ Zk (Fig. 8, ths)@F(VEF)* (b R ). (3.38)

G o=
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P1 P2
V):;,cm
Yk| i
Y 01 2
(S x T)* S* x T*

FIG. 8. Compatibility of * and x.

Using the interchange law several times, the right hand side of Fig. 8 is
shown to equal

P1 P2

which differs from the left hand side of Fig. 8 only by a replacement of the
basis

{Rioid, x Vit a=1,., N} (3.40)
of Hom(y,, 7.7, 1) by
(R oid, x R¥ xid,, o (e(ye, yp) o VEF) xid,, , a=1,., N7 ). (341)

YV

Concerning the right hand sides the calculation proceeds as in the preceding
lemma. The only difference is that in (3.38), F(V;"7)* (Y ® ;) appears in
contrast to F(V7;%)* (Y; ® ;) in (3.30). But this is compensated for by
the &(yz, yp) in (3.41). |
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LeMMA 3.8. The x-operation of € %, is positive. Thus € x, & is a
C*-tensor category.

Proof Let Se Homg,, +(p, o). Itis sufficient to prove that the vanishing
of (§*5),, i.e., the component in (3.4) with k = e (the G-invariant part, see
below), implies S=0. Let thus

S=@ Y Si®Vi.  SieHom(yp.o).y,e.  (342)
keG i
(We must sum over an index i in order to allow for elements of
Homg,, o(p, o) which are not simple tensors.) Then

(8%8),= Y Y R xid,cid, x Si*eid, x S Ve xid,

® F(Vg )* (<Y B -, F(Re) 2 B ). (343)

Now, the space Hom(y,, yzy;) = Hom(z, yzy,) is one dimensional for /=k
and trivial otherwise. Since the choice of an orthonormal basis in this space
does not matter we can choose V§ ,=d(k)™"? R,. Here the numerical
factor involving the dimension d(k)=d(y,) >0 [19] is necessary in order
for V' to be isometric. Then

(§%8),= Y. ZR* xid,oid, x (Si* o S{)o Ry xid,
K6 d(k
@ F(R)* ({Yi B -, F(R,) ) K yf). (3.44)

Considering the Hom( p, p)-valued bilinear form on Hom(y,p, p)
(S, T)—> (S, TH=Rj xid,0id, x (S*T)o R, xid ,, (3.45)

positivity of the x-operation of ¢ implies that {S, S}, =0iff id, x So R, x
id, =0. By Frobenius reciprocity this is the case iff §=0, thus {-,->; is
positive definite. Furthermore,

F(RQ* (<Y B -, F(Ry) Q) R )
= (@, F(R)* (Y, B -, F(R,) Q) R ) 2
= (F(R) 2. <Y B -, F(R) Q) B yf> Q
— (YL B F(R) Q, F(R) Q B> @
= <tp}'€ Q, F(idyka,;l= okaidyk) Q M> Q
= Wi WL o, 2, (3.46)
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where we have used the conjugate equations. Thus also

(S*S).= ), TZ«//k, UL 0 (St SIr ®Q (3.47)

keG

is positive definite since it is the sum of the tensor product of such maps,
and S*S vanishes iff S =0. The second claim follows by Proposition 2.1. ||

Summing up we have proved

PrROPOSITION 3.9. @ %y is a C*-tensor category with conjugates and
direct sums.

Remark. 1f ¥ <% we can consider the crossed product & x,.%, which
is a full subcategory of € x, . It is interesting to note that & x, ¥ can be
defined also if ¥ ¢ &, namely as the full subcategory of & x, & whose
objects are those in &. It is obvious that for & = & this notation is consis-
tent with the crossed product in the sense of Definition 2.1. Thus also for
S ¢ 2 we obtain a C*-tensor category ¥ x, % with conjugates and direct
sums. It turns out, however, that we obtain nothing new in this way.
For, by Frobenius reciprocity in C*-tensor categories [19] we have
dim Hom(g(ykp, o) =dim Homg(y,, ap). In view of gp € ¥ we have Homg

(yxp,o)=1{0} whenever y, ¢ #. Thus the direct sum in (3.4) effectively
runs only over the k such that y, €%, which implies & x,% =
Dxo(2NS). Therefore we are left with the crossed product of a
symmetric tensor category by a full subcategory.

3.4. Braidings, Subobjects, and Uniqueness

LemMa 3.10. The braiding ¢ of € lifts to a braiding for € %o iff
S .

Proof.  Define &(p, 0) =¢(p, 0) ® 2 e Homg, (po, ap). That & satisfies
the relations

g(pa 0102):ido’1 Xg(p: 02)05(107 O-I)Xidgzs (348)
&p1p2,0)=E&py,0)xid,, cid, x& p,, o) (3.49)
is obvious since these relations hold in %. It remains to show that & is
natural w.rt. both variables also in the extended category. Assuming

S <@ we will prove

Sxid, <&(p, o) =&p,n)eid, x S (3.50)
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in % x, & with S e Hom,, « (0, 17). The proof of naturality w.r.t. the other
variable is similar, and the general result follows by the interchange law
(3.18). Now, in more explicit terms the left hand side of (3.50) amounts to
(with Se Hom(y,a, 7))

S®[/jk Xid/} ®Q08(p5 0)®Q= (SXid/))®l//k Og(p’ O')®Q
=Sxid,cid, xe&(p, a)@y, (3.51)
and the right hand side to

e(p,n)®@QLeid, XS Y,
=8(p5 ’7)®QO [idp X SOg(yk’ p) Xidn‘] ®lpk
=é&(p,n)eid, x See(y, p) xid, @Y. (3.52)

That these expressions coincide is seen by the following calculation for the
%-parts.

P

: Y

k>a k>

In the second step of this computation we have used the naturality of the
braiding in ¢, and the first step is legitimate if ¢,,(y,, p) =1d, ,. This holds
for all pe @ if & = Z since then all y, are degenerate. Now assume & ¢ 2,
i.e., there is a y, € ¥ which has non-trivial monodromy with some p e %.
Let now 7 <y,0 and Se Hom(y, o, r7). Reversing the above argument we
see that naturality of the braiding &(p, ¢) in 4 x, . fails for S=S®y, €
Homy ,, o(a,7n). 1

Remark. 1t is instructive to relate this result to what happens in the
quantum field framework [24, 21]. There the observables .o/ are extended
by fields implementing the sectors in a symmetric semigroup 4 of DHR
endomorphisms and the localized sectors of .7 are extended to the fields
Z . If A contains non-degenerate sectors then the extension p of at least one
sector p is solitonic, i.e., localized only in a half-space. But it is well known
that for solitons there is no braiding.
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As observed in Remark 6 after Definition 3.1, the objects y, € & decom-
pose into multiples of 1 in % x, . But in % x, % also other irreducible
objects p €% may become reducible in the sense that Homg,, o(p, p) 2
Cid,. In this case the subobjects are not already present in €. Thus 4 x, &
will in general not be closed under subobjects. There is a canonical proce-
dure [ 19, Appendix ], yielding for every 2-category € a 2-category % which
is closed under subobjects and contains % as a full subcategory. Since we
are concerned only with the special (and more familiar) case of tensor
categories, we give a fairly explicit description below.

DEerFINITION 3.11.  The closure € of a tensor category % w.r.t. subobjects
has as objects pairs (p, E) where p e Obj € and E = E?=E* e Hom(p, p).

The morphisms in 4 are given by

Homg((pr E)’ (0-9 F)) = {TE HOm(g(p, O') | T=TocE=Fo T}
=FoHomy(p, o) E, (3.54)

and the composition of morphisms, where defined, is the one of %. The
identity morphisms are given by id, py=E. The tensor product is
(p, E)a, F)=(po, ExF) for the objects and the one of % for the
morphisms. The embedding of % in  is given by p+— (p, id,) and the iden-
tity map on the arrows.

Remark. With this definition (p, E') is a subobject of p=(p,id,) in
view of EeHom((p, E),(p,id,)) and EcE*=E,E*cE=E=id, ).
Assume a subobject p, <p exists in ¥ with Ve Homy(p,, p) isometric.
Then p, is isomorphic in % to (p, E), where E= Vo V*. Indeed, on one
hand VeHom((p,,1d,), (p, E)) since V="Veid, =id(, gy V=E-V=
VoV*oV =V. On the other hand, V' is unitary (in %'!) si_nce V*oV=id,
and Ve V*=E=id, ). If € has conjugates then also % has conjugates.
For, if p, p, R, R satisfy the conjugate equations, then (p, £) is a conjugate
for (p, E). Here

E=R*xid,id, x Exid,-id, x R (3.55)

is easily verified to be an orthogonal projection in (p, p), and R, z)=
ExE°R, R, py=E x E- R satisfy the conjugate equations. If % is obtained
from a subcategory %, by adding morphisms, p is irreducible in %, and
P, R, R is a solution of the conjugate equations in %, then with the above
it is easy to see that p, p, R, R is a standard solution in €. Finally, given
VeHom(p, ), We Hom(a, t) with Vo V*+ Wo W*=id, (thus 1= p @ o)
and given projections £ € Hom(p, p), Fe Hom(o, o) it is easy to verify that
(7, VoEoV* 4+ Wo Fo W*) is a direct sum of (p, E) and (o, F). Thus, if
is closed w.r.t. subobjects then the obvious embedding functor 4 — € is
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essentially surjective. Since it is also full and faithful, ¥ and % are equiv-
alent as categories, cf. [ 20, Sect. IV.4]. That this is in fact an equivalence
of tensor categories requires an additional argument for which we refer,
e.g., to [34].

DErFINITION 3.12. ¥ x % =% x, ¥. € is identified with a subcategory
of ¥x9% via the embedding p+(p,id,), Hom(p,0)3S—S®Qe
Hom((p, id,), (g, id,)).

THEOREM 3.13. € %9 is a C*-tensor category with conjugates, direct
sums, and subobjects. If S < then € x & is braided. If € is rational then
S0 is € xS .

Proof. As shown above, closing under subobjects does not affect the
property of being closed under direct sums. Since an object p has the
same finite dimension in € x % as in %, it decomposes into finitely many
subobjects in € x.&. Thus € x & is rational if % is. It only remains to
prove that the braiding of ¢ x,.% given by Lemma 3.10 if ¥ < 2 extends
uniquely to the closure under subobjects. This was shown for symmetric
tensor categories in [6] and works also in the braided case. We sketch
the argument. Consider p, o€ Obj % =0bj % x,¥ and EeHom(p, p),
FeHom(a, g). Defining

e(p, E), (0, F))=FxEce(p,0)c EXF, (3.56)

it is easily verified that we obtain a braiding for % x.¥ which satisfies
naturality w.r.t. both variables. ||

ProrosiTiON 3.14.  Up to isomorphism of tensor categories, the category
€ xS does not depend on the choice of the section {y,, 1€ G} and of the
functor F. If & =D then this isomorphism respects the braiding.

Proof. Let {y;, ke G}, {7, keG} be two sections of G in % and let
F, F' be functors embedding ¥ into the category of Hilbert spaces. Denote
the corresponding categories by & x{"*) &, € xi"*) #. We know that
there are unitaries W, € Hom(y,, y;) as well as a natural transformation
{U,: F(p)—> F'(p), peG} from F to F' with the U,’s being unitaries.
Then the linear maps Hom, 1 F) oAp,a)—> Hom%qgvz ) 4(p, ) defined by

S®'//k'_’S°Wk><idp®Uk‘//k> SeHom(yp, o), Y € #.=F(y,)
(3.57)

are isomorphisms. The easy proof that these maps define a (braided) tensor
+-functor (obviously invertible) from 4 (") & to € {7 ¥ & which is the
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identity on the objects is left to the reader. Finally, isomorphic categories
have isomorphic closures under subobjects. |

Remark. The functor F is unique up to a natural transformation, the
latter being in one-to-one correspondence to the elements of G. The role of
the compact group G for the category % x.¥ we will thoroughly clarified
in the next section.

3.5. G-Symmetry

By the DR duality theorem (or the Tannaka—Krein duality, taking the
existence of a representation functor F for granted) the Hilbert spaces
A, ke G carry unitary representations 7,(-) of G. We define an action of
G = Gal(¥)) on the morphisms of 4 x, & and thus of ¥ x.% by

t(S® W) =S@mi(g) Yy,  SeHom(yyp, g). (3.58)
For the objects (p, E) of € x & =% x, & we define
a,((p, E)) = (p, 0 (E)), (3.59)

where a,(E) is defined in (3.58).

DeFINITION 3.15. Let 7 <% be [B/S] TC*s. Then Aut, (%) is the
group of automorphisms (invertible [ braided/symmetric] tensor *-endo-
functors) of &% which leave 7 stable.

Lemma 3.16. The map gr>a, is a homomorphism of G into
Auty (€ x &).

Proof. Using the definitions (3.5), (3.6) and the functoriality of F one
easily verifies that

a(SeT)=0,8)ea,(T), where eef{o, x}. (3.60)

In order to show that «, is a functor it remains to show that
Te Hom‘ﬁmy((p’ E)’ (09 F)) lmphes

ag(T)eHom‘fmy(ag((p’ E))’ a’g((aa F))) (361)
This is true due to a (7)€ Homg,, +(p, o) and

ag(T) =ag(T)oa(E) =0

g

(F)oa (T), (3.62)

g
where we have used (3.60). «, is a tensor functor since (3.60) for o = x
implies

% ((p, E)a, F)) = (po, a(EXF)) =a,((p, E)) a,((0, F)). (3.63)



BRAIDED TENSOR CATEGORIES 181

Finally, saying that «
equation

¢ 1s a braided tensor functor is equivalent to the

a(&((p, E), (0, F))) =e(a,((p, E)), a4((a, F))), (3.64)

which follows immediately from (3.56) and the G-invariance of &(p, o).
The homomorphism property of g+ a, is obvious and thus also the
invertibility of «,. Clearly, «, acts trivially on 4. ||

ProprosITION 3.17.  For every o€ Auty(% x.%) there is ge G=Gal(¥)
such that o =o,. Thus Auty(€ x &)= Gal(¥).

Proof. Let aeAuty (¥ =x.9). Then a(p)=p for pe% implies «(T)e
Homy , 4(p, ) if Te Hom, , ,(p, ). As before, we write T=T'® i, with
TeHomy(y,p, 0), Y, € #, also as Tol//~k xid,, where y, is interpreted as
an element of Homy , (1, ;). Then o(7T") = Toa(y,) X id, since « acts tri-
vially on the morphisms in %. Thus a is determined by the actions on the
Hilbert spaces #., which are clearly linear. Due to o(y*y')=y*y' oc
id, e € for , ' € #, these actions are unitary, which then is true for all
spaces Homg, (1, 7). If y,9 €%, VeHomg(y,y') and e F(y) then
Y =F(V)yeF(y) and o(yy')=F(V)a(yy). Thus a acts on the spaces
Hom(z, y), y€ & like a natural transformation of the functor F: & — # to

itself. But the latter are in one-to-one correspondence to the elements of
G=Gal(¥)[6]. 1

From now on we identify G = Aut (% x &).

DEerFINITION 3.18. Let H < G be a subgroup. Then (% x %)% is the sub-
tensor category of € x.% consisting of H-invariant objects and morphisms.
(That this really is a tensor category follows from the functoriality of «,.)

Lemma 3.19. (% x %)% is equivalent to .

Proof. A morphism TeHomg, o((p, E), (0, F)) = Homg,, o(p, o) Is
G-invariant iff it is in Homg(p, o). An object (p, E) of ¥x is in
(€x%)¢ iff E is G-invariant iff EeHomg(p, p). Thus (4 x.%)% is
isomorphic to the closure € of ¥ under subobjects. The latter is equivalent
to & since % is by assumption closed w.r.t. subobjects. (Recall the remark
following Definition 3.11.) |

Remarks. (1) The fact that (% x.9)A"«€*) ~ & justifies calling
€ €% a Galois extension of BTC*s. This line of thought will be
continued in Subsection 4.2.
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(2) If pe® is irreducible then Hom . ,(p, p)®=Homy(p, p)=
Cid,, thus G acts ergodically on Homg , (p, p). Now for irreducible p €
the obvious dimension consideration

dim Homy(y,p, p)<d,  VkeG (3.65)

together with (3.4) implies that the irreducible representation 7, of G=
Gal(¥) occurs in Homy, ,, o( p, p) with multiplicity at most d,, (equivalently,
the corresponding spectral subspace has dimension at most d). This is an
instance of a well-known general result in the theory of ergodic compact
group actions on von Neumann algebras, cf. [ 12, Proposition 2.1; 31, 17.

4. GALOIS CORRESPONDENCE AND THE MODULAR CLOSURE

Throughout the section ¥ is BTC* ¥ <% is a STC* and G=
Auty (% x %)~ Gal(¥). Having defined the semidirect product ¢ x.¥ and
established its uniqueness, we will now prove some non-trivial properties.
We continue to assume % to be even and will make clear which results
require ¥ < 9.

4.1. The Modular Closure € x %

The following technical lemma can be distilled from [ 31, I, Sect. 11], but
we give the easy direct proof.

LemMa 4.1. Let N be a finite dimensional semisimple C-algebra and let
g—a, € Aut N be an ergodic action of a group G. Then N is isomorphic to
the tensor product of its center Z(N) with a full matrix algebra,

NxM,QZ(N)=M,®M,® --- ® M, (4.1)
— _/

N
d terms

where d=dim Z(N) and M, denotes the simple algebra of complex nxn
matrices. Let E,F be minimal (ie., one dimensional) projections in N.
Then there is geG such that o (E)=yF, ie., there is VeN such that
VV*¥=F, V¥V =o,E).

Proof. Let E be a projection in N. Since N is a von Neumann algebra
it contains the projection E=\, ¢ o (E), which clearly is non-trivial and
G-invariant. Therefore Ee N®=C1 and thus E=1. Applying this to the
(finite) set of minimal projections in Z(N) we see that G acts transitively
on the set of minimal central projections of . Since the dimension of such
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a projection is invariant under an automorphism of N, all simple blocks of
N have the same rank.

Let E, F be minimal projections in N and let E, F be the (unique) mini-
mal projections in Z(N) such that E<E, F<F. Then there is g€ G such
that ocg(E) =F, thus o (E) <F. This~ implies a (E) =y F since all one
dimensional projections in the factor FN are equivalent. ||

ProPOSITION 4.2. Let p € € be irreducible. Then all irreducible subobjects
p;of pin € xS occur with the same multiplicity and have the same dimen-
sion. If S <9, thus € x Y is braided, then all p, have the same twist as p,
and they are either all degenerate or all non-degenerate according to whether
p is degenerate or non-degenerate.

Proof. Homg, 4(p, p) is a finite dimensional von Neumann algebra
and Homg , o(p, p)® =Homg(p, p)=Cid,. Thus the lemma applies and
the first claim of the proposition follows from the result that all simple
blocks of Homg,, ,(p, p) have the same rank. Let E, Fe Homg, (p, p)
be minimal projections corresponding to the irreducible subobjects
(p, E), (p, F) of p and let g, V' be as in the lemma. Then (p, a,(E)) is
equivalent to (p, F) since V' is a unitary in Homg , o((p, 2 (E)), (p, F)).
The dimension of p being defined [19] via d,id,=R}°R, and R, g,
being given as in the remark after Definition 3.11, the independence of
di, gy on E follows from the transitivity of the G-action on the set of
minimal central projections.

Assuming now ¥ < & it follows similarly that the twist is the same for
all subobjects. If {V;eHom(p;, p)} is a family of isometries such that
VieV;=0,;id, and 3, V;oVi¥=id, where the p; are irreducible in
E xS, then k(p)=3,V;or(p;)e V. Since x(p;) =wid,, for some weC,
this implies x(p) =wid, and thus w(p)=w(p,) Vi. Since «, is a braided
tensor functor (3.64), (p, E) is degenerated iff (p, a (E))=(p, F) is
degenerate. Thus the subobjects p, are either all degenerate or all non-
degenerate. Since an object is degenerate iff all subobjects are degenerate,
cf. Proposition 2.7, we conclude that the subobjects are degenerate iff p is
degenerate. |

Remark. That the decomposition of a degenerate object yields only
degenerate objects was known before, cf. Proposition 2.7, and for degene-
rate p the result on the multiplicities and dimensions of the irreducible
subobjects reduces to a well known result on group representations, as will
be shown in the next subsection. But for the non-degenerate objects, which
have no group theoretic interpretation, the above result is new and crucial
for the rest of the paper. A detailed analysis of how an irreducible non-
degenerate object of ¥ decomposes in % x . will be given in Subsection 5.1
for the case where Gal(.%) is an abelian group.
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COROLLARY 4.3. If ¥ <D then (€1 S )=Dx .

Proof. We have to show that starting from % the operations of taking
the crossed product with & and of picking the full subcategory of
degenerate objects commute. Now we observe

DCRS ) =D C g P2 T(C g ) 2T xg P =TS,  (42)

where the equalities hold by definition. The first isomorphism follows since
an irreducible subobject (p, E) of p is degenerate iff p is degenerate, and
the second isomorphism is true since Z(% xy &) =9 %o L. |

Even though further machinery will be developed below, we are already
in a position to state one of our main results, which in fact provided the
motivation for the entire paper.

THEOREM 4.4. €x % is non-degenerate. Thus every irreducible
degenerate object is equivalent to 1. If € X 2 is rational (which follows if €
is rational) then € x 9 is modular.

Proof. By the proposition we have Y(% x Z)~ % x . Now, all objects
of 9 xy 2 are multiples of the identity, cf. Remark 6 after Definition 3.1.
Thus there are no irreducible degenerate objects in 4 x <% which are
inequivalent to i. The rest follows from the discussion in Section 2. ||

This result motivates the following

DEerFINITION 4.5, The modular closure of a braided tensor x-category
with conjugates, direct sums, and subobjects is € =% x Z.

The terminology closure is justified by the fact that UE ) is trivial, which
implies that the modular closure 4 does not admit further crossed products
(with braiding).

4.2. Galois Correspondence

Turning now to the study of categories & sitting between % and % x &
we begin with those of the form (% x &) where H = G.

LemMMA 4.6. Let H< G be a subgroup and let H be its closure in G. Then

(xS VI=(CxS) isa [B]TC*.
Proof. That the fixpoint categories under H and H are the same follows
from continuity of n, in (3.58). If E€ Homy, «(p, p) is H-invariant then

also E defined in (3.55) is H-invariant, thus (% x .%)# has conjugates. That
(% x.%)" has direct sums and subobjects is seen similarly. In order to
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prove closedness of (% x %) under the *-operation we have to show that
T* is H-invariant if T is. In view of (3.7) we have

A(S@Y)*)=RE xid, oid, x * @ me(g) (i W -, F(R,) Q5. (4.3)

That (S® y,)* is H-invariant follows from the following calculation with
geHand Y, e X7,

(@) W -, F(Ry) Q) =y W -, mi(g) x il g) F(Ry) 2
=Yy 'sF(Ek) mo(g) 25
=Y & -, F(Ry) Q2. (44)

We have used that {7,(g), k€ G} is a natural transformation of F and that
7o 1s the trivial representation. The restriction of the braiding of € x.% to
(€ x %) is, of course, a braiding. ||

In order to prove that all TC*’s between ¥ and € x & are of the form
(€ x %)™ we need the following

LEMMA 4.7. Let & be a TC* such that € =& <€ x . With the iden-
tification of the Hilbert spaces #,=F(y,) and Homgy, ,(1,7,)=
Hom(yy, yi) ® #; via Y, —id,, @y, we have

Hom(p, o) = @ Homg(y,p, o) & Hom(z, ). (4.5)

keG

Thus the subspaces Homg(p, 0) c Homgy, o(p, a) for all p,ce® are
determined by the subspaces Hom (1, y,.) = Homg, ,, (1, y5).

Proof. In the entire proof let p,ce% be fixed. With the above
identification of s and Homg , o(1, y,) we can rewrite (3.4) as

Homg ,, »(p, 0) = @ Homg(y,p, o) ® Home , (1, 7i). (4.6)

keG

Ifid, ®y e Homg,, 4(1, 7;) is contained in Hom(s, 7)) and S e Hom(y,p, o)
then Sy =S®Q-id, ®y eHomg(p, o), since SeHom % <Hom &.
Thus in (4.5) we have the inclusion >. Now we define positive definite
scalar products (-, ->, on Homg(y,p, o) for all ke G as

S, T {8, T id, =id, x R¥-(S*-T)xid, id, xR,. (4.7)

We have used that y, is irreducible, thus Hom(y,, y,) =Cid, . (Positive
definiteness is seen as follows: (S, §) =0 implies id,, X R%o (S* S) xid, o
id, ><R =0. By positivity of the =-operation this 1mphes Sxid;eid, x
Rp =0 and using the conjugate equation this entails S =0.) For every k e G
pick an orthonormal basis { W¥,i=1, .., dim Hom(y,p, o) in the Hilbert
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spaces Hom(y,p, o). Every SeHom,,,(p,o) is of the form S=
B¢, Si®Y), where SteHom(y,p, o) and ¥} e.#. Using the above
discussion this can be expressed as

-0 §<;<Wé, sp W) @
=L X TS Weid, 00 xid,
= Z z Z Wﬁo(id},/xﬁj‘jo(W,{* oS_f.)xid,,oidy,[xli/,)oid},[@lpﬁxid/,
leG j i
= Z Z Z Wﬁo(id},lxﬁ;"o(Wf*on’f)xidﬁoid;,kxﬁp)
k,leG j i

oid, @y xid,
=) Y Wie(id, xRy o(W* 8)xid,)

leG i
=@ Y WiRQY, (4.8)
leG i
where
‘Pf.:idw X R;,“ o (W oS’) xid, oﬁl, e Homy , (1, y4)- (4.9)

In the second step we have used S@y'=S-y'xid,. The fourth equality
is true since the big bracket is in Homg(y,, 7,), which vanishes for k # /. In
the fifth step we used the interchange law (in % x.%) as in the following
diagram and performed the summations over k£ and j. Now we have

v n
N L)
Wi
Wih t
o] p d
st N g 7
L |
Yk ¥¥
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and if SeHomg(, y,) then also ¥!eHomg(z, y,) since W’ and R, are
morphisms in %, thus in &. This proves the inclusion < in (4.5). |

ProposiTION 4.8. Let & be a TC* such that € <& <€ xS. Then & =
(€ x L)V where H= Aut (%€ x &) is a closed subgroup of G = Aut (€ x ¥).

Proof. Let & be the full subcategory of & defined by Obj & = Obj & N
Obj ¥xY, 1e. (p, E)ed is in F iff pe.¥. Then we have the diagram

C =8 cbxS
U U U (4.10)
ScF NS

Here all vertical inclusions are full and all categories in the lower row are
symmetric. (% x.% is symmetric since it is the closure under subobjects of
I x, &. The latter is a symmetric tensor category since ¥—though not
necessarily contained in 2(%)—is trivially contained in (%) =%, entail-
ing that the symmetric braiding of & lifts to % x,¢.) Fixing a DR
representation functor F:.% — #, where # 1is the symmetric tensor
category of finite dimensional Hilbert spaces, we define G to be the group
of natural automorphisms of F and have Aut,(¥ x.%)=Auty (% x¥)
>~ (. Defining H=Autz(.% x%)cG, the proposition follows easily as
soon as we prove

F=(S L) (4.11)

since this implies Hom (1, y) = Hom, ,, (1, 7)?, y€.% and by Lemma 4.7
we have Homy(p, o) =Homy , o(p, ) for all p,ce%. Since & is sup-
posed closed under subobjects this implies (p, E) € Obj & if the projection
EeHomg,, ,(p, p) is H-invariant. On the other hand, (p, E)eObjé&
implies E€ Hom & since E=id, z and & is a category. Thus (p, E)e
Obj & iff Ee Homy, , &(p, p)¥ and therefore & = (% x % ). Thus we are left
with the proof of (4.11).

Choose a section {y;, ke G} of irreducibles in % = U(G). We begin by
showing that F extends to a functor F: & x, & — #. For S € Hom(y,p, o),
Y € A we recall that S®y e Homy, 4(p, o) and define F(S®v): F(p)
— F(o) by

E(S®y)(¢)=F(S)y B ¢),  ¢eF(p) (4.12)

This makes sense since y X ¢ € F(y,) X F(p) and the latter Hilbert space
is canonically isomorphic to F(y,p). By definition F coincides with F on
the objects, and it is easy to see that the same is true on the morphisms
Homg(p,5) of . We have to show that F is a symmetric tensor
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x-functor, i.e., compatible with the operations o, x, *x . We do this only for
o and leave the other arguments to the reader. Let SeHom(y,a,7),
TeHom(y,p, o), Y € #, Y, € A and ¢ € #,=F(p). We have to show that

F(S®UYr-TO®Y)p=F(S®Y) - F(T®Y)d Ve, (4.13)
The right hand side equals

F(S®y,) F(T)(y; 8 ¢)=F(S)(, B F(T)(y, ® )
= F(Soid, xT)(x By, B ¢), (4.14)

and is seen to coincide with the left hand side

N

F< @ Y Seid, x To Vi xid, @F(VEH* (Y lp,)> ¢

meG a=1

Ng,
=@ X F(Seid, xToVp xid, (F(VEE)* (Ve B y)) K ¢)
meG a=1

(4.15)

appealing to the completeness relation for the bases { V'7*/*}. The extension
of F to the ‘new objects (p, E), Exid, of ' x¥ =% x,% is obvious:
F((p, E))=F(E) F(p), the right hand side being a subspace of the Hilbert
space F(p)=F(p). The functor F: ¥ x % — # thus obtained is a symmetric
tensor =-functor and thus a DR representation functor. Furthermore,
F| 7 is a representation functor for %, and Gal(.%) is the set of natural
transformations of F| #, ie, the set of families of unitary maps
{U,.r € FHom((p, E), (p, E))), (p, E) € 7 } such that

U, ;) 2 F(S)=F(85) Uy, g, (4.16)

for all (p, E), (6, F) e #, Se Hom4((p, E), (g, F)). Since Z contains %, a
natural transformation of F| # restricts to one of F:{U, 4, p€Z}.
Now, the group of natural automorphisms of F is just the Galois group
G=Gal(%). Let ge G and let {U,, ia)=",(8), p€ &} be the correspond-
ing natural transformation. A necessary condition for the latter to arise
from a natural transformation of F|.# is that (4.16) holds for all
p, o, SeHom(p, g). The corresponding ge G clearly constitute a
subgroup H < G. In order to study this subgroup let Se Hom(p, o) <
Homg ,, (p, g). With

S=® YSi®Vi. SieHom(yep, o), Y e A (4.17)

ieG i
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and the definition of F we have

Fl@ Tsi@ui)o- T TRSHULES.  @Is)

keG i keG i

Then (4.16) takes the form

2 L FSWL B (g g) Y LFS)W X ¢)
keG i keG i
=2 ZF(SZ)(ﬂk(g) Vi B 7,(g) 9).

(4.19)

Since the subspaces Hom(ykp, o)X A, for different k are linearly inde-
pendent, this is true iff o, S)=S. Since this must hold for all arrows S in
Z we define

H={geG|a(S)=8§ VvSe7}, (4.20)

which is a closed subgroup of G. For ge H, U, ;4 =T »(g) commutes with

the projections Ee Homy(p, p), and U, p= U(p id,) I E#, is a natural
transformation of F | #. Thus Gal(#)=~ H, and by the duallty theorem
we know that % is a category of representations of H. Thus for
TeHom, , ,(p, o) the linear operator F(T): F(p)— F(o) is contained in
F(Hom(p, 0)) iff it intertwines the representations n, and 7#,. By the
above this is equivalent to 7 being H-invariant and therefore we have
Hom(p, 0)=Homg ., 4(p, o) for p,oe.%. For the subobjects (p, E)
the argument at the beginning of the proof applies and we obtain
F =" |

Now we consider the question for which subgroups H < G there is a sub-
category 7 <.% such that (4 x ¥ )? =~ % x 7. We begin with three lemmas.

LemmaA 4.9. Let G be a compact group and let m be an irreducible
unitary representation on the Hilbert space #. Let H be a closed normal
subgroup of G. Then the subspace #*™ < # of H-invariant vectors is either
{0} or .

Proof. Let y € # be H-invariant. The normality of H implies that the
vectors n(g) W, g € G are H-invariant, too. But the span of the latter is J#,
since otherwise it would be a non-trivial G-invariant subspace, which does
not exist by irreducibility of 7. ||

LeEmMMA 4.10. Let G be compact and H be a closed normal subgroup.
Then there is a one-to-one correspondence between the (1) continuous unitary
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representations n of G/H and (i1) continuous unitary representations 7 of G
such that H c ker 7. This correspondence restricts to irreducible representa-

tions. An intertwiner between representations n, ©n' lifts to &, #' and vice
versa.

Proof. Let ¢:G— G/H be the quotient homomorphism. Then the
correspondences are given by n+> 7% =mo¢ and #+>n=7r0¢ ', where the
latter is well-defined since 7 is constant on cosets. These constructions
respect continuity since ¢ is continuous and open. The statement on
intertwiners is obvious. ||

The following is not explicitly contained in [6], but a part of the results
is contained in the more general [6, Theorem 6.10].

Lemma 4.11. Let & be a STC* with Gal(¥) = G. Pick a representation
functor F of Doplicher and Roberts which identifies & with a category U(G)
of representations of G and let nt, be the action of G on the Hilbert space
F(p). For a closed normal subgroup H of G the full subcategory of & defined
by Obj Ty={pe |Hckern,} is a replete full symmetric subcategory
with conjugates, etc., and Gal(Jy) = G/H. The map Hw> T is bijective,
the inverse being given by 7 +— H,={he G |hekern,Ype T }. (In these
considerations the non-uniqueness of the functor F is unimportant since the
kernel of the representation m, does not depend on the choice of F.)

Proof. Given a closed normal subgroup H, define 7, < & as given.
The braiding and the =-operation restrict to .7, which is also closed under
conjugates, direct sums, and subobjects. For p € 75, Lemma 4.10 gives rise
to a representation of G/H on F(p), and F(T) where p,oe Iy, Te
Hom(p, ) intertwines the representations of G/H on F(p), F(o). Since
U(G)=F(%) is complete in the sense that for every ge G there is a pe .S
such that F(p)(g)#1, the same holds for 7, and G/H, which implies
Gal(J) =~ G/H. On the other hand, given 7, H, clearly is a closed
normal subgroup of G, and we have to show that this map is inverse to
H 7y. Obviously, H= H,, and 7 <7y _. By the above, F(7) can be
looked at as a complete category of representations of G/H. Thus ge G is
in Hg, iff g=e¢ (where g=¢(g) is the image of g in G/H)
iff ge H, whence H,, = H. For given 7 < .%, F restricts to an embedding
functor for 7, and Gal(7") is (isomorphic to) the group of natural
transformations of F [ 7 to itself. Since ge Gal(.¥) is trivial as a natural
transformation of F[ 7 iff ge H, we have a homomorphism of G/H
into Gal(7). Since the map ¢: G — G/H 4 is surjective we have in fact an
isomorphism Gal(7") = G/H 5. Comparing this with Gal(7},_) = G/H T, =
G/H 5, where we have used H,, = H, this implies 7 ~ 7 _. Since 7, T, H,
are replete full subcategories of ¥ we have 7 =7 . |
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PROPOSITION 4.12. Given € =& <6 xS where & ~ (€ xS )", the sub-
group H < G is normal iff there is a STC* I . such that § =€ x 7.
In this case Aut (% x )= H and Auty(&)=G/H.

Proof. Let H be a normal subgroup of G. Pick a functor F, identifying
& with a category U(G) of representations of G. Let I, <% be the full
subcategory corresponding to H. F, restricts to J, and when comparing
€ xS, € x Ty we will choose the functors F., Fy [ 7, in the construction
of the crossed products.

By definition (% x.¥)¥ ~% x 7, is the subcategory of % x.¥ whose
objects and arrows are H-invariant. In view of (3.4) and (3.58) this means
for p, 0 € € that

Hom(%x‘y)ﬁ(l): )= @ Hom(y,p, ‘7)®%Ilj

keG

— @ Hom(up,o)®#4,  (421)
ke
HckeGrnk

where in the second step we have applied Lemma 4.9. On the other hand

Homg . 7, (p,0)= @ Hom(yep, 0)& ., (4.22)

ke G/H

where 4, now carries an irreducible representation of G/H. By Lemma 4.10

there is a canonical one-to-one correspondence between k € G/H and k e G,
H cker 7,. Choosing the same y,’s in (4.22) as in (4.21) we can identify
the right hand sides of (4.21) and (4.22), and the products o, x on the
arrows of (4 x %) and % x I, are the same since F 7, 1s the restriction
of Foy to Jy. In view of Hom 4, opu(p, p) =Homg, - (p, p) also the
objects of (% x %) can be identified with those of % x.7;. Thus
(6 xS )V ~%xTy The preceding argument depended on choosing
Fy | I for the definition of 2 x 7. But by Proposition 3.14 another
choice of F . yields an isomorphic crossed product category. Conversely,
consider 7 < & where Gal(.¥) =~ G = Aut4(% x ). Then there is a normal
subgroup H, of G such that Gal( )= G/H, and it is easy to verify that
CxT =(ExL) 7. |

The preceding results were of a relative nature, classifying intermediate
extensions & such that € =« & =« € x ., where & = & was not assumed. The
following result clarifies the role of the absolute Galois groups for exten-
sions € x & where & < 9.
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PROPOSITION 4.13. For <2 we have Gal(4 x.S)=Auty, (€ x2D)
~H,.

Proof. By Corollary 4.3 we have 2(% x &)~ 2 x . That the compact
group associated to the STC* ¥ x% is H, follows from the proof of
Proposition 4.8. |1

Remarks. (1) In particular, for ¥ =% we have Gal(¥)=Gal(¥¢) =
Gal(2) and thus Gal(% x &) =1, which was the statement of Theorem 4.4.

(2) Let € be symmetric, ie., =% with Gal(4¥)=~G. Then taking
the crossed product @ x.¥ with ¥ <% and Gal(¥)=~G/H amounts to
restricting the representations in U(G)=~% to the normal subgroup H.
Then the statement of Proposition 4.2 on the equality of multiplicities
and dimensions is nothing but the well known result [3, Section 49].
Namely given an irreducible representation 7 of G all irreducible represen-
tations of H in n [ H occur with the same multiplicity and have the same
dimensions.

The preceding results make the analogy with algebraic field extensions
K o F obvious. Also these can be iterated until one arrives at the algebraic
closure F. The latter is the unique (up to F-isomorphism) algebraic exten-
sion in which all polynomials split into linear factors with the consequence
that further algebraic extensions do not exist. Furthermore, there is a one-
to-one relation between intermediate Galois extensions K, Fo> K> F and
closed normal subgroups H of the absolute Galois group of F, given by
Hws F2 K Aut F.

Observe that the analogy with the algebraic closure—of course—not
quite perfect since 4 may have less irreducible objects than & or be even
trivial:

PROPOSITION 4.14. € x & is trivial—in the sense that all irreducible
objects are equivalent to the identity object 1—iff & =% =%. Equivalently,
€ is completely degenerate, i.e., symmetric, and & = €.

Proof. 1f & is strictly smaller than & then € x % by the above contains
degenerate objects which are inequivalent to z Thus assume ¥ = 2. The
irreducible objects of ¥ x & are obtained by decomposing those of ¥. We
have seen that the degenerate objects of ¥ become multiples of the identity
in ¥ x 2. But the decomposition in % x Z of a non-degenerate object of ¥
yields non-degenerate objects, which are inequivalent to 7. |

COROLLARY 4.15. €=%xZ is non-trivial iff € contains at least one
non-degenerate object.
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5. FURTHER DIRECTIONS

5.1. Abelian Groups G

In this subsection we consider the special case where all irreducible
objects in ¥ have dimension one, which is equivalent to Gal(<#) being
abelian. Our aim will be to give an explicit description of the sector struc-
ture of € x &, where a sector is a unitary isomorphism class of objects.
(Abusing notation we write y, p, etc., for objects and for the corresponding
sectors.)

Denoting by 4 the set of irreducible sectors of %, the tensor product and
braiding in & render 4 an abelian semigroup. 4 decomposes into the set
A of sectors in % and the complement A4’. Under the above assumption
of one-dimensionality K= 4, is a discrete abelian group and the compact
DR group is just the Pontrjagin dual G = K. Given an irreducible y € K and
an irreducible p e 4', yp is irreducible (in %) due to d,=1 and Frobenius
reciprocity Hom(yp, yp) = Hom(p, p) = C. Another use of Frobenius
reciprocity [21, Lemma 3.9] shows that yp is in A’. Thus the sectors in K
act on those in 4’ by permutation, which implies that 4" decomposes into
K-orbits p:={yp,ye K}. Given irreducible p,, p, €4, (3.4) implies that
p1. P, are unitarily equivalent in % x & iff p,, p, are in the same orbit (i.e.,
p1 = p,) and disjoint otherwise. Thus in order to find all sectors in € x.&
it suffices to consider one element p of each orbit p and to decompose
it into irreducibles. Since % x.% is closed under direct sums and sub-
objects the decomposition of p is governed by the semisimple algebra
Homy, ,, o(p, p). It is well known that

Homg, o(p, p)=@® My, = p=@ Nip.. (5.1)

iel iel

Here M is the full matrix algebra of rank d, thus dimension d?, and the p,
are pairwise inequivalent irreducible sectors, occurring with multiplicity ;.

Now we work out explicitly the structure of Homg, ,, (p, p). Motivated
by (3.4) and the fact that the spaces Hom(y,p, p) are either zero or one
dimensional we define

K,={keK, yp=p}, (52)

which clearly is a subgroup of K. By Remark 1 after Definition 3.1, K 1is
finite. Choosing unitary intertwiners T, € Hom(y,p, p), k€ K, and nor-
malized vectors V, € #;, Homy , ,(p, p) is spanned by {7, ® Y, keK,}
and we have

T @Yo Ti®Y,=T Oidyk xT;e Vﬁfz xid, @ F( szl)* (Ve & ). (5.3)
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Now
Ty eid, xT;o % ,><1d e Hom(yyp, p), (5.4)

and since Hom(y,,p, p) is one dimensional we have T} oid, x T, V', x
id, oc Ty, Similarly, F(VE )* (Y, M ;) is a unit vector in Ay, thus
proportional to yr,,. Therefore

T @Yo T) @Y, =clk, 1) Tyy @Y1, (5.5)

where associativity implies ¢ to be a 2-cocycle in Zz(Kp, T), and
Homg , 4(p, p) is the twisted group algebra C°K,. (This result could also
have been derived from the general theory of ergodic actions of compact
abelian groups on von Neumann algebras, cf, eg., [1].) Due to
T,eHom(p, p)eCid, we can choose T,=id,, which will always be
assumed in the sequel. Now we need some group theoretical results.

LeMMA 5.1. Let A be a finite abelian group and ce Z*(A, T). Then the
center of the twisted group algebra C°A =span{U,, ke A} with U, U=
c(k, 1) Uy, is spanned by { Uy, k € B}, where

={ked|ck,1)=c(l, k)Vle B} (5.6)
is a subgroup of A. In fact, Z(C°A) =~ CB= C(B). The twisted group algebra

C¢A is isomorphic to the tensor product of its center with a full matrix
algebra,

CAZMyQCB)ZMyDMy® - DMy,
— _

|B| terms

where N = ./ |A|/|B|. The minimal projections of the center are labeled by the
elements of the dual group B and under the canonical action of the dual group
A they are permuted according to

a(P,)="P, (5.8)

8gx>
where g€ B is the restriction of the character g€ A to the subgroup Bc A.

Proof. The twisted group algebra C°4 is a von Neumann algebra. This
can be shown by explicitly exhibiting a positive x-operation or by consider-
ing C°A as a twisted product of the von Neumann algebra C with A4. Since
the canonical action of the dual group 4 on C°A4 given by a (Up) =
{g, k> U, is ergodic, Lemma 4.1 applies and gives the result on the tensor
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product structure of the twisted group algebra. The claim on the center
follows by specialization to an abelian group 4 of well-known results on
the center of twisted group algebras, cf. [15], or by an easy direct proof.
That B is a subgroup of A4 is then obvious in view of (5.5) and the fact that
the center is a subalgebra. Now, in restriction to B the cocycle ¢ is
symmetric, which is equivalent to ¢ [ B being a coboundary,

clk, )= Vk, e B. (5.9)

With the replacement U, — f(k) U,, k € B the cocycle disappears on B and
we have Z(C¢A) =~ B. By Pontrjagin duality this is isomorphic to C(B) and
the minimal projections in the center are given by

5.10
P,= |B| Y (k) (5.10)

keB

where y € B is a character of B. From this formula it is obvious that the
action of 4 permutes these projections as stated. ||

Applying Lemma 5.1 to p with A=K, and U, =T, ® ;, we define L,
to be the group B of the lemma and obtain

PrOPOSITION 5.2. In € x. the object p €€ decomposes according to

p=N, @ p% (5.11)

xeL,

where the p*, y € L, are irreducible, mutually inequivalent and all occur with

the same multiplicity N,=./|K,|/L,|. The automorphism group G of € x &
permutes the subsectors accordzng to o (p*) = p®. Here g€ L, is the restric-
tion of g€G=K, considered as a character on K, to the subgroup
L,=K,ck

Remark. The result that all irreducible components of p appear with
the same multiplicity N, appears as the (unproved) assumption of “fixpoint
homogeneity” in conformal field theory, cf. [9].

COROLLARY 5.3. The irreducible sectors (isomorphism classes of
irreducible objects) of € x & are labeled by pairs (p, y). Here p e A/4 4 is an
orbit of irreducibles in A under the action of the group A of degenerate
sectors by multiplication and y is a character of the subgroup L, < K,,.
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5.2. Remarks on the Case & ¢ &

Whereas the definition of ¥ x & does not require ¥ < &, we have seen
that only under this condition the braiding ¢ of ¢ gives rise to a braiding
for € x . Even though this was without importance for the larger part of
Section 4 we remark that also in the case & ¢ & one can obtain braided
tensor categories, which is of relevance for the applications to conformal
quantum field theory, in particular the theory of modular invariants, as
well as to subfactor theory.

If ¥ ¢ % we can still obtain a braided semidirect product if we replace
% by the replete full subcategory %, which is defined by

Obj by ={peC|enlp, y)=id, Vyes}. (5.12)

This set is easily seen to be closed under isomorphism, tensor products,
conjugates, direct sums, and subobjects. Since & is symmetric we clearly
have %, o .%, and by definition .% = 9(%,,). Thus %, satisfies all assump-
tions and we can construct €, x &, which is a non-trivial braided tensor
category unless ¥, =.%. (It may be instructive to compare Z(%) with the
center Z(M) of a von Neumann algebra M, ¥ with an abelian subalgebra
A<M and ¥, with the relative commutant M N A’. Then €,=%
corresponds to M N A'= A, ie., A maximal abelian in M.) By the preced-
ing discussion %, x & will be non-degenerate iff ¥ = %(%, ), which can of
course be enforced by replacing ¥ by %(%s ). This makes clear that given
a pair (%, %) where % is a BTC* with .% a symmetric subcategory and
setting

C =%, I =9(Cy) (5.13)

we obtain a non-degenerate BTC* €' x.9’. It would be interesting to
understand the structure of the set of all such crossed products obtainable
from a given 4.

5.3. The Case of Supergroups

Up to now we have assumed that all objects in .% are bosons, i.e., have
twist equal to + 1. Now we consider the general case, assuming that there
is at least one fermionic degenerate sector. Clearly we may apply the con-
struction as expounded so far to replace ¥ by ¢' =4 x <2, , where ¥, c Y
is the category of bosonic degenerate objects. By the above it is clear that
Gal(¥ x2,)=1Z,, ie., this BTC* has only one degenerate sector y, which
satisfies p*> =1 and &(y, y) = —id ..

LEMMA 5.4. A fermionic degenerate object y of dimension one does not
have fixpoints, i.e., there is no irreducible p € € such that yp = p.
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Proof. Assume p is irreducible such that yp =~ p. Then w(p)=w(yp). On
the other hand, in view of ¢,,(y, p) =1id,,, (2.10) implies w(p) = w(yp) w(y).
Since |w(p)| =1 this is possible only if w(y)=1. |}

Thus Obj ¢’ decomposes into orbits of length two under the action of y
by multiplication. Assuming naively that as in the bosonic case there is a
similar cross product construction, which we call ¢’ x y, we expect that the
irreducible objects in ¢’ remain irreducible in €’ x y. The only effect of the
cross product construction should be pairwise identifying the objects p and
yp for all p. The question is whether %’ xy exists as a BTC*. Unfor-
tunately, this is impossible, since p and yp are equivalent in the would-be
BTC* &’ xy, but they have different twist.

This does, of course, not exclude the possibility that there is a full
subcategory which contains precisely one object from each orbit {p, yp}.
But we do not have a criterion which would guarantee this.

6. CONCLUSIONS AND OUTLOOK

If symmetric tensor categories are considered as an extreme species of
braided tensor categories then non-degenerate categories are the opposite
extreme and the construction of the modular closure 4 amounts to dividing
out the symmetric part. Thus € should be considered as the 1-dimensional
analogue (in the sense of higher category theory) of the quotient group
G/Z(G), which for nice G (e.g., semisimple) has trivial center. The
significance of our results lies in showing that every braided TC* (braided
tensor category plus some additional structure) can be faithfully embedded
into a braided tensor category which is non-degenerate. In this way we
obtain a non-trivial category whenever the original one is not symmetric.
In particular we obtain a unitary (in the sense of [29]) modular category
whenever 4 =% x Z is rational. Since modular categories are instrumental
in the construction of 3-manifold invariants [29] our construction has
obvious applications to topology.

Our strategy for removing the degeneracy was to add morphisms to the
category ¢ and to close the category € x, & thus obtained w.r.t. subobjects.
This is precisely the approach conjectured to work in [ 30, p. 4607,

.. it seems likely that one could get more modular categories by
adding additional morphisms to the categories which are constructed
in this paper....

These authors did not, however, indicate a general procedure. Com-
parison of our construction in Section 3 with [21] reveals that we have
done little more than to translate the formulae derived in the QFT
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framework [24, 21] into a more abstract setting and re-prove facts like
associativity which are obvious in the QFT case. The considerations of
Section 4, however, have little in common with those [ 21] in the QFT setting.

Concerning the special case of Subsection 5.1 where all irreducible
degenerate objects have dimension one we cite [ 18, p. 359],

.. In case 4, is a subgroup of invertibles {s} we have for the
natural action of its elements on k¥ that ¢ =.9. Hence ¥ and
J can be defined on the orbit space im(> o), where we can
hope for the modularity condition to hold.

ce g,

Also this conjecture has been proved above, but as we have seen the
decomposition into irreducibles of the objects in % x . is not quite trivial,
since it may be complicated by (i) the existence of the stabilizers K, and
by (ii) non-trivial 2-cocycles which lead to multiplicities N, > 1, cf. also [9].

We have formulated our results in terms of C*-tensor categories since
they are the natural language for investigations on operator algebras and
quantum field theories. But it should be clear—as already pointed out—
that the C*-structure does not play a crucial role. Replacing the DR
duality theorem by the one of Deligne [5] one can formulate versions of
our construction for braided tensor categories which are enriched over
Vect, for an arbitrary field k of characteristic zero. Also the strictness of the
tensor categories assumed in this paper is not crucial. But note that
Deligne has to assume integrality of dimensions in the symmetric category,
whereas in the framework of C*-categories this is automatic [ 6, Corollary 2.15]
as a consequence of positivity.

We close by listing some questions which were not treated in this work
and directions for further investigations:

_ 1. Find a universal property which characterizes the modular closure
% up to equivalence.

2. Let € be a BTC*, acted upon by a compact group G. Under
which condition is there a subcategory . = 2(C°) with Gal(%) =~ G such
that € ~ 6% x .97

3. Clarify the decomposition of an irreducible p € ¢ into subobjects
in ¢ x &, extending the considerations in Subsection 5.1 to the non-abelian
case. This looks difficult since not even the results of Subsection 5.1 for the
abelian case are very explicit. We indicate a generalization of the considera-
tions given above which, however, is not quite sufficient. Assume pe@
irreducible is such that yp=d,p whenever ye.% is irreducible and
Hom(yp, p) # {0}. (This clearly includes the case of G being abelian.) Then
the set {ye.% |yp=d,p} is closed under multiplication and gives rise to a
full subcategory %, of the STC*.%, which is the representation category of
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a quotient G, of G. Clearly, the action of G on Homg, «(p, p) factors
through G,. This action of G, has full multiplicity in the sense that the
spectral subspace corresponding to any irreducible representation 7, has
dimension df. Then the cgllsiderations of [31, II] apply an/d\ we know

that Homg , 4(p, p) =7,(G,) where w is a 2-cocycle on G, and the
isomorphism intertwines the actions of G,. See [31, II] for the terminol-
ogy. This case seems, however, too special to deserve further analysis.

4. Given a rational BTC* & find a direct construction of the
3-manifold invariant arising from the modular closure %, bypassing the
construction of the latter.

5. There is an obvious connection between the crossed product
€& x9 and the “orbifold constructions in subfactors” [8, 33] which
deserves to be worked out.

6. Generalize everything in this paper to the non-connected case
where Hom(z, 1) #C id, and the compact (super)groups are replaced by
compact (super)groupoids [ 2]. The resulting Galois theory should resemble
the Galois theory for commutative rings instead of the one for fields.

7. Since Janelidze’s general Galois theory for categories [ 13] was
modeled on the Galois theory for commutative rings as expounded by
Magid, it should be possible to show that with the proper identifications
our Galois correspondence fits into Janelidze’s formalism, also after
extension to the non-connected case.
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