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C*-algebraic factorization homology and realization of cyclic
representations

Lucas Hataishi

Abstract. We prove cocontinuity of the max-tensor product of C*-categories and develop a
framework to perform factorization homology in a C*-setting. In such context, we specialize
some results of D. Ben-Zvi, A. Brochier, and D. Jordan. As a consequence of our constructions,
we realize quantum Hamiltonian reduction in terms of bimodules over a factor N. We also
provide a GNS-type reconstruction theorem for C*-algebra objects in categories of bimodules
over a II -factor, enhancing a realization theorem due to C. Jones and D. Penneys.
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1. Introduction

This paper is an attempt at bringing ideas and techniques from geometric represen-
tation theory and topological quantum field theory (TQFT) to operator algebras. The
guiding principle is that many interesting algebraic structures arise as linear repre-
sentations of topological categories. A unital algebra, for instance, determines and is
completely determined by a functor from the tensor category of oriented intervals to
the category of vector spaces. Frobenius algebras are in bijection with tensor func-
tors from the category of 2-dimensional cobordisms to the category of vector spaces.
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Homology theories can also be placed into this picture by reading off the Eilenberg—
Steenrod axioms. It says that a homology theory is a tensor functor from the category
of CW-complexes to the category of chain complexes, satisfying the excision formula.
Every homology theory is determined by its value on a point, the simplest of all CW-
complexes. In particular, every chain complex defines a homology theory for which
its value on the point is the given chain complex.

Our goal in this work is to, following [3,6,7,21], produce homology-like theories
for surfaces. We will consider the tensor category Mfld, whose objects are compact
oriented surfaces, morphisms are smooth orientation preserving embeddings, and the
tensor structure is given by disjoint union. A homology theory for surfaces will then
be a tensor functor F : Mfld, — § taking values in a symmetric tensor category §,
satisfying an excision formula. In Mfld,, the simplest object is the disk D. It is proven
in [3] that if § is sifted cocomplete and the tensor structure is sifted cocontinuous, a
tensor functor F : Mfld, — § is determined by F (D). The difference, comparing
with classical homology theories, is that F'(D) is not merely an object in § but comes
with the structure of an E,-algebra in §: operations parameterized by the spaces of
embeddings DY <> D, where L denotes disjoint union. Ayala and Francis prove
in [3] the converse; that is, every [E,-algebra in § determines a homology theory
F : Mfld, — §. The procedure that takes an [E,-algebra and builds the tensor functor
F is called factorization homology. It was first sketched in [21], but the rigorous for-
mulation is due to Ayala and Francis, and it works in any dimension. We will however
consider just the 2-dimensional case. The value F(X) of factorization homology can
be computed as a colimit in terms of the E,-algebra € := F (D). For this reason, it is

F(2) = /ZE’,

a convention that we will follow in this paper.

usually written as

References [6, 7] considered the case when § = Rex, the category of cocomplete
linear categories with right exact functors as morphisms. The authors prove that it is
cocomplete and that the Deligne—Kelly tensor product is cocontinuous. Cocomplete-
ness and cocontinuity imply, respectively, sifted cocompleteness and sifted coconti-
nuity. They also establish several technical tools allowing for concrete computations.
In Rex, [E,-algebras are braided tensor categories. The main examples in their work
are the representation categories of quantum groups. By performing factorization
homology in this circumstance, they recover several objects related to the geomet-
ric representation theory of quantum groups.

We develop here factorization homology with target in a category of C*-cate-
gories. More precisely, we take § = C'lin, the category of Karoubi complete C*-
categories admitting finite direct sums. This category is cocomplete [2]. We prove the
following theorem.
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Theorem A (Theorem 3.8). The category C'lin has a cocontinuous tensor structure.

As a consequence, we can perform factorization homology with coefficients E,-
algebras in C"lin. Following standard arguments, we can also conclude the discussion
by the following theorem.

Theorem B (Proposition 3.10). E,-algebras in C'lin are unitarily braided C*-tensor
categories.

Many constructions in operator algebras can by now be interpreted in terms of uni-
tary tensor categories, also known as rigid C*-tensor categories. Examples include
actions of certain locally compact quantum groups [16, 23, 26], subfactors, and C*-
algebraic extensions [8, 18, 19,27]. We provide evidence that C*-algebraic factoriza-
tion homology bridges between geometry/topology and those constructions.

Given a unitary tensor category €, denote by Vec(€) the category of functors
€°P — Vec. In Vec(€), it makes sense speaking of C*-algebra objects (see Section 3
and [18]). By establishing unitary versions of technical results in [6, 7], we prove the
following theorem.

Theorem C (Theorems 4.5 and 4.9). Let € be a unitary tensor category with a uni-
tary braiding. If ¥ is a punctured surface, there is a C*-algebra object Ay, in Vec(€)
such that

/ € ~ Ag-MOd‘@ .
z

If ¥ is a closed surface, writing ¥° := X \ D, we have

/ € =~ (Ago-le)-Mod;, .
T

Unitary tensor categories can typically be represented as categories of finite index
bimodules over II;-factors, i.e., von Neumann algebras with trivial center and with a
faithful tracial state. By generalizing a realization procedure in subfactor theory and
combining it with factorization homology, we discuss how to produce extensions of
II; -factors endowed with actions of mapping class groups. Given a C*-algebra A4 in
Vec(€) (Definition 3.22), the vector space A(1¢) has a structure of a C*-algebra. We
prove the following generalization of [19].

Theorem D (Theorem 5.7). Let € C Bimg(N) be a unitary tensor category of finite
index bimodules over the 11i-factor N. There is a functorial construction taking a
C*-algebra object A € Vec(€) and a state w on A(1) and producing a von Neumann
algebraic extension

E
N C E(A, ),

where E : E(A, w) — N is a conditional expectation. E is faithful if and only if w is
a faithful state.
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Given a punctured surface X, Ay (1¢) comes with an action of the mapping class
group I'(X¥) of X by *x-automorphisms.

Theorem E (Corollary 5.13). Let € C Bimg(N ) be a unitary tensor category equipped
with a unitary braiding. Let ¥ be a punctured surface. Let Ax, € Vec(€) be the C*-
algebra object in Vec(€) corresponding to X via factorization homology. If @ is a
state on Ay (le) invariant under the induced action of I' (X), then there is an induced
action of T'(¥) on E(Aq, w) such that

N C (E(4q, »))T™®.

That is, N is globally invariant under the action of T'(X).

For the annulus, there is a canonical invariant state: the embedding Ann < D
induces, via factorization homology, a morphism of C*-algebra objects & : Aann —
Te. In particular, & : Aan(1) — C is a character of the C*-algebra Aan,(1). The
mapping class group I"(Ann) is isomorphic to Z.

Theorem F (Theorem 5.14 and Corollary 5.15). The character & : Aam(1) — C
is T'(Ann)-invariant. If € C Bimg(N) is a unitary tensor category with a unitary
braiding, there is a von Neumann algebraic extension N C E(Aan, €) such that 7, ~,
E (Aam, €) and N is globally invariant under the Z.-action.

We also analyze factorization homology with coefficients in braided fusion cate-
gories, i.e., finite unitary tensor categories. The compatibility of factorization homol-
ogy with unitary structures seems to yield interesting conclusions even in this case.
We remark that if € is a fusion category of finite index bimodules over a factor N
either of type II; or properly infinite, the algebra objects obtained through factoriza-
tion homology will in fact be objects of €. Hence, we can omit the dependency on
the state, and this construction is still functorial in the appropriate sense.

In the fusion case, we can give an interesting characterization of quantum Hamil-
tonian reduction, a procedure that is used to compute factorization homology on
closed surfaces. For every surface X, there is a unique orientation preserving smooth
embedding § — X. This gives a canonical functor in factorization homology

Hilb:/‘€—>/‘€,
o by

where Hilb is the category of finite dimensional Hilbert spaces, the unit in C’lin. The
image of C € Hilb under this functor, denoted by Oy, is called the quantum structure
sheaf of X.

Theorem G (Theorem 6.4). Let € C Bimgy(N) be a unitarily braided fusion category
of finite index bimodules over a factor N either of type 111 or properly infinite. Let ¥
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be the reflection equation algebra of €, and let
N C Mg :=E(F)

be the corresponding von Neumann algebraic extension. Given a closed surface 3,
we have the following characterization of the endomorphism of the quantum structure
sheaf of ¥:

Endj_ ¢ (0x) = Homgim(w)(£>(N), Axe 2 £2(N)),
F

where X° denotes X\ D, the surface X once punctured at its interior.

Another perspective is the construction of topological field theories. It was shown
in [30] that factorization homology can be used to construct fully extended TQFTs,
making no use of the cobordism hypothesis, see also [11]. The TQFTs obtained from
unitarily braided C*-tensor categories are manifestly unitary. The present paper is a
first step in the investigation of a class of C*-categorical valued TQFTs, with much
left to be discussed in future works. Operator algebraic aspects were also investigated
in the context of factorization algebras (see [15, 17]), a notion closely related to that
of factorization homology.

Let us discuss the organization of the paper. In Section 2, we describe factorization
homology as developed in [3], formulated in a lighter language due to the fact that our
target category will be a (2, 1)-category.

Section 3 is devoted to the categorical framework we are interested in. We recall
the (2, 1)-category of additive C*-tensor categories introduced in [2] and study the
X -symmetric monoidal product in this category, proving that it is cocontinuous.
This proves that factorization homology with coefficient in an E,-algebra in C*lin
is well defined. We focus later on unitary tensor categories, which are in particular
rigid. We spend the remaining of Section 4 specializing the results in [6,7] to the uni-
tary setting. The reader familiar with their work will certainly see repetition of their
arguments. However, in our case, extra care must be taken since we will be dealing
with categories and functors with further structure, namely, *-structures. Most of the
potential problems are solved by showing that adjoints of *-functors are *-functors,
but the proof of this is to some extent nontrivial.

In Section 4, we streamline the arguments of [6, 7], fitting them in our C*-setting.

In Section 5, we develop a theory of realization of cyclic representations for C*-
algebras internal to unitary tensor categories in terms of extensions N C M of von
Neumann algebras admitting a conditional expectation, where N is a II; -factor. The
strategy there is inspired by [19], and our results generalize theirs. Combining the
results in Section 6 with results in Section 5, we produce von Neumann algebraic
extensions from geometric and topological data.

In Section 6, we study quantum Hamiltonian reduction in the case of fusion cate-
gories using our formalism.
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This paper will consider the field C of complex numbers only, and hence, linearity
should always be understood as C-linearity.

2. Preliminaries on factorization homology

Factorization homology, as developed in [3,4,21], is a topological incarnation of the
notion of factorization algebras introduced in [5] and elaborated in the context of
perturbative QFT in [12, 13].

Generally, factorization homology is formulated in terms of functors between
higher categories. In this paper, the target of those functors will be (2, 1)-categories,
allowing us to simplify the exposition.

Let X1, ¥, be smooth oriented surfaces. Define Emb(X;, X,) to be the space of
oriented smooth embeddings of ¥, into X¥,. Consider it as a topological space, en-
dowed with the compact open topology. The fundamental groupoid IT(Emb(X;, 35))
is then the groupoid of isotopies between smooth oriented embeddings ¥; < 5.

Definition 2.1. Define Mfld, as the (2, 1)-category such that
* objects are smooth oriented surfaces;

* 1-morphisms are the spaces of smooth oriented embeddings between smooth ori-
ented surfaces;

* 2-morphisms are isotopies between smooth oriented embeddings.

In other words, Mfld, is the topological enriched category which associates to each
pair (X1, X5) of smooth oriented surfaces the topological groupoid [T(Emb(X1, X5)).
Together with the operation LI of disjoint union, Mfld, becomes a symmetric monoidal
(2, 1)-category having the empty set ¢ as the monoidal unit.

Generally, functors out of Mfld, can be thought of as invariants of oriented sur-
faces, but one usually wishes for a compatibility with respect to disjoint unions, i.e.,
compatibility with respect to the monoidal structure, and also some formula allowing
the computation of the invariant of a manifold, when it is obtained by gluing other
two, in terms of the invariants associated to each manifold in the gluing, i.e., an exci-
sion formula. Factorization homology will give a recipe to construct such functors.

Suppose that (§, X) is a symmetric monoidal (2, 1)-category whose objects are
certain linear categories, and the 2-morphisms are natural isomorphisms, and suppose
that F : Mfld, — (8, X) is a monoidal functor. Let D C R? be the disk. Observe
that the value € := F(D) € § comes equipped with certain operations €% — €
which are images of the oriented smooth embeddings D"" < D under F. Isotypic
embeddings are sent to natural isomorphic functors. Such a structure is known as an
[E,-algebra in §. In the following, Disk; is the full monoidal subcategory of Mfld,
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generated by the disk D. Being singly generated as a monoidal category, any strict
monoidal functor out of Disk, is determined by its value at D.

Definition 2.2. Let § be a symmetric monoidal (2, 1)-category. An E,-algebra in § is
amonoidal functor F : Disk, — §. Generally, an [E,,-algebra in a symmetric monoidal
category § is a monoidal functor Disk,, — §.

With some abuse of language, F (D) itself will be referred to as an [E,-algebra.

Let F : Mfld, — § be a monoidal functor. Then, € = F(D) is an E,-algebra.
Given an oriented surface X, F'(X) has the following property. In the figure below, any
commutative diagram as in the left side induces through F a commutative diagram as
in the right side:

(D)Lln (D)le '€®n N ~€®m

T T

F(2)

If § is cocomplete, then F(X) is the universal object having this property. In this case,
one usually writes

F(X) = colim €& =:/‘€,
(D)Hn—x =

the integral notation at the right-hand side indicating that F' can be computed via a
“passage from local to global” procedure. Thus, when € is cocomplete, F is com-
pletely determined by its value at D.

Definition 2.3. In the above, f(_) € = F is called the factorization homology with
coefficients in € and with values in §.

In what follows, we will write / for the oriented unit interval. Let X be a surface
obtained by a collar gluing of the surfaces ¥; and ¥, along a 1-dim. manifold X¢:

Y>3 U X,
E()XI

There is an embedding o x I U ¥y x I < 3¢ x I by stacking cylinders. By func-
toriality, there is an induced functor

/ € &/ € — C.
ToxI YoxI YoxI

This gives a monoidal structure to the factorization homology over X¢ x I.
Also, there are embeddings

S1UXogxI =31 and Xogx I Uy 3,
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providing factorization homology over ¥; and X, with a right module structure and
a left module structure over fzox ; €, respectively. A monoidal functor F = [ - €
as above is said to have the excision property with respect to collar gluing if

[e=[e m [
= S Jzgx1 €%

Theorem 2.4 ([3]). If (§,X) is a cocomplete symmetric monoidal (2, 1)-category
and X is cocontinuous, then, for any E,-algebra € in S, factorization homology with
coefficients in € is well defined and has the excision property with respect to collar
gluing.

3. C#*-categorical framework

In this section, we establish the categorical framework for C*-algebraic factorization
homology. We will write Vec for a choice of a small category of vector spaces and
linear maps, Vecy for its full subcategory of finite dimensional vector spaces, Hilb
for a choice a small category of Hilbert spaces and bounded linear maps, and Hilbg
for its full subcategory of finite dimensional Hilbert spaces. The choices are made so
that the categories support all constructions we will be interested in: in particular, we
assume that they are equipped with the canonical tensor structures, and that they are
closed under finite direct sums.

3.1. C#*-categories

A linear category is a small category € enriched over Vec: for any pair (X, Y) of
objects in €, Home (X, Y) is a vector space, and the composition of morphisms is
bilinear. A *-structure on a linear category € is a contravariant endofunctor * : € —
€ which at the level of objects is the identity map Obj(€) — Obj(€) and which
is involutive at the level of morphisms: * o % : Home (X, Y) — Home(Y, X) —
Home (X, Y) is the identity for all X, Y € Obj(€). *-structures are also known as
dagger structures. Write X € € if X € Obj(€). The definition below follows [2, 18].

Definition 3.1. A x-category € is a C*-category if

(1) forevery X,Y € €, every f € Home (X, Y), there exists g € Ende (X) such
that f*o f =g*og;
(2) forevery X,Y € €, the function || - | : Home (X, Y) — [0, +00) given by

IF11? := sup{|A| = 0| 3( f* o f — Aidx) ™"}
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makes Home (X, Y') into a Banach space, with the additional properties

lgo £ =lgllf

for every pair ( f, g) of composable morphisms, and || f* o f || = || £ for all
morphisms f.

In particular, a C*-category is a category enriched over the category of Banach
spaces, where the morphisms in the latter category are the contractive linear maps,
such that every endomorphism algebra Ende (X)) is a C*-algebra. We will consider
only categories with direct sums. In this case, condition (1) in the above definition is
redundant, since it can be derived from the C*-identity together with an amplification
trick.

In a C*-category €, a morphism f is said to be unitary if f* = f~1 If f is
an endomorphism, it is said to be self-adjoint if f* = f and a projection if f =
f* = f2. A morphism f such that f/* is a projection is called a partial isometry,
and in this case, it also follows that f* f is a projection. Given two C*-categories €
and €', a x-functor from € to €’ is a linear functor F : € — €’ which commutes
with the respective *-structures: F(f)* = F(f*) for every morphism f in €. If F
and F’ are *-functors between C*-categories, a natural transformation n : F — F’ is
called a unitary natural isomorphism if every component nxy € Home/ (F(X), F'(X))
is unitary.

Definition 3.2. Define C'lin to be the (2, 1) category consisting of
» objects: Karoubi complete C*-categories with finite direct sums;
* l-morphisms: *-functors;

* 2-morphisms: unitary natural isomorphisms between functors.

Remark 3.3. In [2], the authors make a distinction between categories with or without
units, but we will deal only with unital categories.

3.2. The monoidal structure of C'lin

In [2], it is shown that C'lin is cocomplete; i.e., it has small colimits. This category

has at least two monoidal products X and X, induced by the min and max tensor
min max

products of C*-algebras, respectively [22]. The main result of this section is that X is
max

cocontinuous. This monoidal structure is an operator algebraic version of the Deligne—
Kelly monoidal product.

Let € and O be C*-categories with direct sums. We first introduce an intermediate
category € X D and then define € X D to be its Karoubi completion. Objects in

max
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€ K D are pairs (X, Y) € Obj(€) x Obj(D); they will be denoted by X X Y. Define

Endemo (X XY) := Ende(X) ® Endgp(Y),

the max tensor product of the C*-algebras Ende(X) and Endgp(Y). Given objects
X XY and X’ X Y’, there is an inclusion

Home (X, X/) ® Homg (Y, Y/) — Endegp (X X Y) & (X/ X Y’)).
C

Then, Homeggp (X XY, X/ X Y') is defined as the closure of the image of this inclu-
sion. Direct sums of objects are defined coordinate-wisely and extended to morphisms
in an obvious way.

Definition 3.4. Define € X D to be the Karoubi completion of € X D.

max
Now, we move towards showing that X is cocontinuous. We follow the terminol-
ogy in [2]. -
Let I be a small category, and let V = (V;);¢; be an I -shaped diagram in C’lin.
That is, V : I — C'lin is a functor. The colimit h_r)n V; is characterized by a C*-
categorical equivalence

[1.Clin]((Vy)ier. AW) = C'lin(lim V;, W)

for all W € C"lin, where [/, C"lin] denotes the category of I -shaped diagrams in C"lin
and AW is the constant /-shaped diagram with essential value W.

Lemma 3.5. For A, B € C'lin, let A0 B : C*lin — Cat be given by
(AE B)(C) := C'lin(4, C'lin(B, C)).

Then, A B is represented by A X B, i.e.,

max

C'lin(A X B,C) ~ C'lin(4,C’lin(B,C)) VC,

as C*-categories.

Proof. This is [2, Proposition 3.8]; we will give just a complementary remark. Given
F : A — C'lin(B, C) and objects (a,b) € A x B, F induces x-homomorphisms

End4(a) —> Endc (F,(b)) <= Endg (b),
given, respectively, by

ma(@) = Fy(b), mp(¥) = Fa(¥).
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By definition, F,(¢) is a natural endomorphism of the *-functor F, : B — C. Natu-
rality then implies

Fg(b) o Fa(Y) = Fa(¥) o Fy(D),
which implies in turn, together with the universality of the max tensor product, the
existence and uniqueness of a x-homomorphism

Endg(a) X Endp(b) — Endc (F, (b)),
max
which restricts to w4 and wg. From this construction, we obtain a x-functor

f:AX B—C. [

Corollary 3.6. There are equivalences of C*-categories
C'lin(A4 n%{11_rr>1 Vi, B) ~ C'lin(4,C hn(h_r)nV,-, B))
~ C'lin(4, [I,C1lin]((V;)ier. AB)).
Lemma 3.7. There is an equivalence of C*-categories

C'lin(4, [I,C1lin]((V;);, AB)) ~ [I,Clin]((4 X V)i AB).

Proof. Let F € C'lin(A, [I, C*lin]((V;);, AB)). Then, for every a € A, there is a
family {F(a); : Vi — B}; of linear *x-functors satisfying relations dictated by the
category /. Linearity of F means that, for all i,

F(-) :AxV; > B

is bilinear and hence induces a linear x-functor E A EX V; — B, and it must be
shown that {E} is a transformation from (A X V;); to AB. Write (V;)jer =t: 1 —
C'lin, ie., V; = (i) Vi € I. The I—Shapedmfixiagram (A EX Vi)ier is then idyg X ¢.
{f,-},-e 7 is a transformation of /-shaped diagrams iff for all morphisms i — j in [ it
holds B B
Fi = Fjo(idg Xi(i — j)).
Observe that
Fi = Fjo(da R — )
I3
Fi(a®-) = Fj(a®-)o (ida X (i —~ j))
8i3
F(a)i = F(a)j ou(i — j)

for all @ € A, the last condition being one of the defining conditions for F'.
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The correspondence
F—F

gives a map 6 from the objects of C*lin(A4, [/, C*lin]((V;);, AB)) to the objects
of [1,C"lin]((A ® V;);, AB). Given two objects F and G in the former category,

assume that I' : F — G is a natural transformation. By definition, I'(a) : F(a) = G(a)
is a modification of transformations for alla € A. Define I' : F — G by

Ti(a ®v) := T'(a);(v).

The commutativity of

F L yer
F(i—)) GGi—j)
)
Fyo(ida Rl — ) —— > Gj o (ida Bl — /)
is equivalent to the commutativity of
F(a); i » Gla)
F(@)(i—j) U G(a)(i—J)
F(a)jou(i — j) @) G(a)joti — j)

for all a € A, which is a defining condition for I". In the diagrams above, I'; * id
means the natural transformation given by

Lj(a)
F(@);(v) = G(a); (v).

This finishes the construction of the functor

® : C'lin(4, [I, C1lin]((V;)ier, AB)) — [1,C’lin]((A B V;)ier, AB).

Reversing the arguments, given F € [I, C'lin]((A ® V;);er. AB), one sees that, for
eacha € A, -

{F(a); := Fi(@®~): Vi > Bic
defines an element of [/, C*1in]((V;)iez. A B). Naturality of F implies that F extends

to a functor
F:A— [I,C'lin]((V;)icr, AB).
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The construction of a natural transformation
':F—-G

from a modification I' : F — G follows the same reasoning. It is straightforward to
see that these constructions are mutually inverses. |

Theorem 3.8. The monoidal structure X on C*lin is cocontinuous.
max

Proof. The lim(A X V;) is determined up to equivalence by
—> max
C*lin(li_n)lA X V;, B) >~ [I,C'lin]((A X V;);es. AB)
for all B € Clin. Then, using the previous lemmas, one concludes

C*lin(lir_>n(A X V;), B) ~ [I,C'lin]((A ® V;)icr, AB)

~ C'lin(4, [1,C"lin]((Vi)ier, AB))

~ C'lin(4, C*lin(li_r)n Vi, B))

~ C'lin(4 K lim V;, B) "
—_—

By [3], factorization homology is well defined in C"lin.

Definition 3.9. A C*-tensor category in C'lin is a C*-category € in C’lin with a
monoidal structure (®, 1, , A, p), tensor product, unit object, associator, left and
right unit structure morphisms, respectively, such that ® : € x € — € is a *-functor
and the structure morphisms are all unitary.

Proposition 3.10. In C'lin, E-algebras are C*-tensor categories; E-algebras are
unitarily braided C*-tensor categories, and for n > 3, K, -algebras are unitarily sym-
metric C*-tensor categories.

Proof. The analogous statement in Cat(C), the symmetric category of linear cate-
gories, is well known. The proof of the proposition is identical to that case, and thus,
we just sketch it. For every n > 1, an embedding of two disjoint n-dimensional disks
into a third one gives to any [E,-algebra € a monoidal structure. For n = 2, there
is a nontrivial orientation preserving isotopy that exchanges the positions of the two
small disks inside the bigger one. This corresponds to a 2-morphisms in Clin between

fli
exedeamdere SermeS €, which is exactly a braiding. Since 2-

max max max
morphisms in C'lin are unitary natural isomorphisms, the braiding must be unitary.

For n > 3, the isotopy exchanging the positions of the two small disks is trivial, mean-
ing that the braiding must be symmetric. ]
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Definition 3.11. Given a linear category <+, an object X € +4 is said to be compact
iff the functor Hom 4 (X, —) : € — Vec preserves filtered colimits. The category « is
compactly generated iff any one of its objects is a filtered colimit of compact objects.

The terminology in the above definition agrees with [6]. In [2], compact objects
are called finitely presentable.

Definition 3.12. The free cocompletion of a linear category + is the category Vec(+4)
of linear functors A°° — Vec and natural transformations.

Remark 3.13. When + is semisimple, the free cocompletion is equivalent to the ind-
completion, which is the cocompletion of 4 with respect to filtered colimits. We will
soon restrict our attention to unitary tensor categories, and those are automatically
semisimple. See Definition 3.9 and Remark 3.15.

The Yoneda lemma says that +4 is identified with a full subcategory of Vec(4)
by means of X — Homy(—, X). A linear category + is compactly generated iff it is
equivalent to the algebraic ind-completion of its full subcategory of compact objects.

For simplicity, we will often write X instead of X .
max

Definition 3.14. A unitary tensor category € is a rigid C*-tensor category in C'lin
(see [25)).

Remark 3.15. If € is a UTC, it can be shown that Ende (X) is a finite dimensional
C*-algebra for all X € €. Every finite dimensional C*-algebra is a direct sum of full
matrix algebras. From this, one can deduce that € is semisimple.

Example 3.16. Let N be a factor either of type II; or type III. By an N-N bimod-
ule we will mean a Hilbert space J together with two commuting normal actions
N ~ H o« N. Given two N-N-bimodules #; and #5, let Homy.-y (#1, #>) be
the space of bounded N-N -bimodular linear maps from #; to #,. The category
Bim(N) of N-N-bimodules with morphism spaces, the spaces Homy -y (H1, #2),
can be endowed with a monoidal structure, the Connes fusion of bimodules

(1, 32) 1> H1 @ s,

making Bim(N) a C*-tensor category. There is a full subcategory Bimg(N) of
Bim(N), consisting of the bimodules having finite left and right coupling constant,
also known as Jones index. Then, Bimg (V) is a unitary tensor category.

Example 3.17. Let N be a type III factor. Denote by End(/N ) the monoid of normal
x-endomorphisms of N. Defining, for 8, p € End(N),

Hom(8, p) = {x € N | x6(n) = p(n)x Vn € N},
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End(N) becomes a C*-tensor category: the tensor product of endomorphisms is given
by composition, while for morphisms x € Hom(6, p) and y € Hom(#’, p’),

X®y:=x0(y) € Hom(# o &', pop).

It follows from the spatial theory of A. Connes that, as C*-tensor categories,
End(N) >~ Bim(N) (see [20]). The full subcategory Endg(N) corresponding to the
spherical N-N -bimodules is then a unitary tensor category.

For more details on the above example, we refer the reader to [1,8,20].

3.3. Module categories

If M is a linear category, the endofunctor category End(.M), objects being endofunc-
tors and morphisms natural transformations, has a canonical structure of monoidal
category: the tensor product is given by composition, the unit is the identity functor
id 4, and all the structure morphisms are strict; i.e., they are all identity morphisms.
When M is a C*-category, we denote by End(-M) the C*-category of *-endofunctors
of M, with completely bounded natural transformations as morphisms. More pre-
cisely, a natural transformation n : F — F’ between two *-functors is determined by
a natural collection (ny € Homy(F(X), F'(X)))x e, and we ask for

sup [Inx || < oo.
X

Definition 3.18. Let € be a C*-tensor category. A right €-module category is a cate-
gory M with a tensor functor €°° — End(M). If M is a C*-category and the functor
€ — End(M) is a x-tensor functor, we say that M is a €-module C*-category.

Let (M, F : € — End(M)) be a €-module C*-category as in the above defini-
tion. We will write

F(X)(m)==m<X, VmeM, VX €€,

and will often omit F. Then, the unitary tensor structure of F says that there are
natural unitary isomorphisms

maX)<Y 2m<a(XQ®Y),

m<le ~m,

with further compatibility conditions.
Here is a way of constructing module categories. Given an algebra object A €
Vec(€), let M4 be the category of free left A-modules: it has

{A® X | X € €} C Vec(€)
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as objects, and the morphisms are A-linear morphisms. Let M4 be the Karoubi com-
pletion of M. Then,
(AR X)<Y =AQX QY

extends to a right €-module structure on My4.
There is a converse construction: an object m € M determines a functor

Homy¢(m < (=), m) : € — Vec,

i.e., an element of Vec(€).

Definition 3.19. The internal endomorphism algebra of m € M in €, defined uniquely
up to isomorphism when it exists, is an object Ende (m) in Vec(€) representing the
functor Hom ¢ (m < (=), m). That is, there is a family of natural isomorphisms

Hom,y (m < X, m) >~ Homvyec(e) (X, Ende (1))

indexed by X € €. Internal endomorphism algebras are always algebra objects in
Vec(€).

Proposition 3.20 ([28]). If € and M are semisimple, internal endomorphism alge-
bras always exist.

This is so because the functor X — Hom(m < X, m) is exact.

In the semisimple case, the two constructions presented above, passing from alge-
bras to module categories and back, are not equivalences. The module categories
obtained from algebra objects are generated, as module categories, by one element.
One says that a module category M with a generating object is cyclic, and when
restricted to such, there is an equivalence.

Proposition 3.21 ([28]). Suppose € is semisimple. Then, the category Alg(Vec(€))
of algebra objects in Vec(€) is equivalent to the category {(M,m)} of cyclic €-
module categories with a distinguished generating object. For A € Alg(Vec(€)), the
corresponding cyclic module category is the Karoubi completion (My, A) of the cate-
gory of free A-modules. Starting with a cyclic module category (M, m), the associated
algebra object is the internal endomorphism End(m).

Definition 3.22. Let € be a UTC. A x-structure on an algebra A € Vec(€) is a
family {(—)* : A(X) — A(X)} of conjugate linear maps which is conjugate natu-
ral, involutive, unital, and monoidal. The *-structures on an algebra A € Vec(€) are
in bijection with the dagger structures on (Mg, A). An algebra object A equipped
with a *-structure (—)* is said to be a C*-algebra object in Vec(€) if (My, A), with
the corresponding dagger structure, is a €-module C*-category. There is a category
of C*-algebra objects in Vec(€), denoted by C*Alg(Vec(€)).
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C*-algebras objects are discussed more thoroughly in [18]. See also [16] for an
intrinsic definition, without reference to module categories.

The next theorem might be known among experts in C*-categories, but I could
not find a proof of it anywhere.

Theorem 3.23. Suppose that F : € — D is a x-functor between C*-categories admit-
ting a right adjoint FR. Then, FR is automatically a *-functor.

Proof. In any *-category #, the involution provides anti-linear isomorphisms
Homy (X, X’) ~ Homy (X', X)

for all X, X’ € ». This is quite a strong feature about *-categories, which implies,
for instance, that if a *-functor F' : € — £ admits a right adjoint F R then FR is
also a left adjoint for F. Indeed, if the adjunction F <> F® is witnessed by a natural
transformation ¥ = {Wy y : Homg (F(X),Y) — Home (X, FR(Y))}, then

® := {®y.x : Home(FR(Y), X) — Homgp (Y, F(X))}

defined via the commutativity of the diagram

Home (FR(Y), X) —X* 5 Homg (Y, F(X))

Home (X, FR(Y)) —= Homg (F(X),Y)

witnesses an adjunction FX < F.From this fact, we will deduce the theorem.

The strategy to prove that F® is a s-functor goes as follows. Since € is a C*-
category, the space Home (X, FR(Y)) has a canonical structure of a right Hilbert C*-
module over Ende (X ), where the action is given by f <a := f oa, and the €(X)-
valued inner product is given by (f, g) := f* o g. We define a Hilbert C*-module
structure, over Ende (X)), on Homgp (F(X), Y) such that Wy y is a isomorphism of
Hilbert C*-modules. Then, a morphism 7 € Homg (Y, Y”) defines an adjointable lin-
ear map between the Hilbert C*-modules Homg (F(X), Y) and Homg (F(X), Y’),
which corresponds to the adjointable linear map

FR(T) o (=) : Home (X, FR(Y)) — Home (X, FR(Y")).

The theorem is then obtained by observing that both F&(T)* o (=) and FR(T*) o (—)
are adjoints of this map and therefore must coincide. Let us check this.
The Ende (X)-action of Homg (F(X), Y) is given by

f<a:= \I’;’ly(\I’X,Y(f) oa),
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and the Ende (X )-valued inner product is given by

(f.g) =¥xy(f)" o¥xy(g).

By construction, Wy y is an isomorphism of Hilbert C*-modules. In particular, there
is an identification

Lex)(D(F(X),Y), D(F(X),Y")
= Uyl Leo(CX, FR(Y)). e(X, FR(Y)uxy.

Given T € D(Y,Y'), themap FR(T)o () : €(X, FR(Y)) - €(X, FR(Y")) is
adjointable, the adjoint given by F®(T)* o (—). From the above equality, 7 o (—) :
D(F(X),Y) - D(F(X),Y’) is adjointable. One has

(Tofg)=Yxy(Tof) oWxy(g)
= Uxy (T o /)*™) " ¥x,y/(g)
= Oy x(f" o T*)Wx,y(g)
= Oy x(f ) FR(T)Vx,y(9)
=Wy y (/)" Uxy(T"0g),

by naturality of ®. The last expression is ( f, T* o g), showing that FR(T*) o (-) is
the adjoint of FR(T) o (-). ]

Putting together Theorem 3.23 and Proposition 3.11 in [6], we obtain the follow-
ing corollary.

Corollary 3.24. Let € be a unitary tensor category, M and N be €-module C*-
categories. If F - M — N is a €-module %-functor admitting a right adjoint FX,
then FR : N — M has a canonical structure of a ‘€-module %-functor.

3.4. Reconstruction theorems

In [6,7], the authors explicitly computed factorization homology for punctured, closed,
and marked surfaces through monadic reconstruction theorems. Those theorems pro-
vided them with canonical identifications between linear categories, allowing the
computation of the topological invariants. In this subsection, we will obtain analo-
gous results in (C*lin, &I ). Many of the arguments here follow the same reasoning as
in [6,7]. Some, howevlcl,llirl,X are approached differently.

Let € be a unitary tensor category. As stated in Proposition 3.21, cyclic €-module
categories can be described internally to €. Recall in particular that if M is a cyclic €-
module C*-category, with distinguished generator m, then End, (m) is a C*-algebra
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in Vec('€), and there is an equivalence of €-module C*-categories
M =~ End (m)-Mode .

The following is the C*-version of [6, Theorem 4.6].

Lemma 3.25. Let M and N be € -module C*-categories in C'lin, and let F : M —
N be a €-module x-functor. Then, for every m € M, there is a canonical x-homomor-
phism of C*-algebra objects

PF : Me(m) - @e(F(m))-

Proof. Let A := End(m), and let B := End(F(m)). Consider the €-module C*-
subcategories My and Np of M and N, respectively, generated as modules by A
and B, respectively. F restricts to a linear €-module *-functor F : M4 — Np, which
corresponds to a x-natural transformation pr between the C*-algebra objects A and
B; see [18]. Concretely, pfr is constructed as follows: let Irr(€) be a choice of max-
imal family of pairwise non-isomorphic irreducible objects of €. Writing A(X) :=
My(A <X, A)and B(X) := Np(B < X, B), one has

A~ P AX)®X and B~ P BX)®X,
Xelr(€) Xelr(€)

and pr is induced by the maps
Fx1®idy : Mg(A<X,A)®@ X > Ng(B<X,B)® X. ]

In case M and N are cyclic with respective generating objects m and n, then
FR: N — M is naturally isomorphic to the pullback functor along pr.

Lemma 3.26. Right cyclic €-module C*-categories are left dualizable, while left
cyclic €-module C*-categories are right dualizable.

Proof. Let A be a C*-algebra object in €, and consider its associated cyclic €-
module C*-category M4. Associated to A is also a cyclic left €-module C*-category
4 M, generated under idempotent completion by the category of free right A-modules
in €. We will show that ,M dualizes M 4. Let the coevaluation ¢ : Hilb — M4 |§ AM

be defined by
c(C)=(4®1) % 1®A),
and the evaluation e : ;M X M4 — € be given by

((U®ARMUARV)) :=UQRV.
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Then, the composition

Xid
My ~ Hilb B My —— A (M B oM B M = MO (MR M)

lid'MA Xe

My R E >~ My
€

is equal to the identity functor, as witnessed by the following computation:
A®Ur—>((A®]1)§(]1®A))XI(A®U)
2(A®11)§((]1®A)|Z(A®U))
—(A®1) %1 U
~AQU.

Both e and ¢ are *-linear functors. Therefore, ,.M is the dual of M4 as a €-module
C*-category. [

Lemma 3.27. Let A be a C*-algebra object in Vec(€), and let (M4, A) be the right
cyclic €-module C*-category of left A-modules in €. If N is a left €-module C*-
category, not necessarily cyclic, then

MAgeN ~ A—Modw.

Proof. Let Fune(4M, N) be the category of linear €-module *-functors from ,M
to N . Observe first that

My % N >~ Fune(4M, N).

Indeed, the equivalence is implemented by the functors

F(.) . MA % N — Fune(AM,.N),

which sends x to the functor

idX Xi
Fx:A,MgA,MﬁmAgave—iw,

and its quasi-inverse x(. : Fune (4 M, N) — My % N, which sends the functor F to

the image xr of C under the composition

idX
Hilb&MAgAMﬂMAgdv.
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The last morphism in the above composition only makes sense for €-module func-
tors F.
Now, let G : My g N — Fune (M, N) — N, where the first arrow is the equiv-

alence just described and the second is the evaluation e4 at A € , M. G has a left
adjoint GL, given by GL(n) = 4 % n. Both G and G are *-linear functors. Since

A generates M, the evaluation map is conservative, i.e.,
eq(F)=F(A) =0 < F=0.

Consequently, G is also conservative. The Barr—Beck monadicity theorem then im-
plies
My % N >~ A-Mod y

linearly. The equivalence is implemented by the functor

MgRNSAX N +— A>n,
€ €

which is a unitary functor, and thus, the linear equivalence is also a unitary equiva-
lence. ]

Corollary 3.28. Suppose that D is another C *-tensor category and that T : € — D
is a unitary tensor functor. If My is a cyclic right €-module C*-category, then

My % D >~ T(A)-Mody .

Proof. In the above expression, D is regarded as a right €-module, the action being
induced by T'. The claim is then a direct consequence of the previous lemma. |

It follows from Corollary 3.28 that M4 % D can be endowed with a canonical left
D-module structure, which will have A % 19 =~ T(A) as cyclic generator. Special-
izing in the case when T : € — D is dominant, i.e., when 1 o is a generating object
for the induced action of € on D, we get the following Lemma.

Lemma 3.29. Let M be a €-module C*-category with a generatorm. If F : € — D is
a dominant x-tensor functor, then m % 1o is a generator for the D-module category
M %] D, and it holds

M % D ~ F(End(m))-Modyp .

So far, we have considered the categorical constructions which will be used in
the computation of the factorization homology for punctured surfaces. Now, we move
on to the constructions needed in the computation of the factorization homology for
closed surfaces. This is the content of [7], which we adapt to our C*-framework.
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3.5. Reconstruction for tensor functors

Recall that a tensor functor F : € — B between tensor categories endows the target
category B with the structure of both a left and a right €-module category. When €
isa UTC and 8 is a C*-tensor category, the internal endomorphism algebra End(1 g)
comes with an additional structure, that of a braided commutative Yetter—Drinfeld
C*-algebra object in €. The terminology is reminiscent from the theory of quantum
group actions. In Appendix A, we present a systematic discussion of such structures,
elaborating on the idea that such Yetter—Drinfeld C*-algebra objects are C*-algebra
objects in Z(Vec(€)).

Now, we deduce a unitary analogue of [7, Theorem 4.1] by means of a unitary
version of [10, Proposition 5.1].

Theorem 3.30. Let € be a unitary tensor category, not necessarily braided. Suppose
that F : '€ — 8B is a unitary tensor functor to a C*-tensor category B such that 1 g
is a generator for the induced €-action. Then, Mp := End(1 g) has a half-braiding
which makes it a commutative C*-algebra object in Z(Vec(€)) (see Appendix A and
Definition A.4). Moreover, there is an equivalence of C*-tensor categories

B ~ Bime(End(13)),

where Bime(End(1g)) denotes the Karoubi completion of the C*-category of
End(1 g)-bimodules of the form End(1g) ® U ® End(1g), with U € €.

Proof. Since F is a unitary tensor functor, we have the identifications
Xplg=FX)Qlg~F(X)>x1g® F(X)=1g < F(X)

implemented by canonical unitary morphisms. There are also further compatibility
conditions with the tensor structure of € such that, by [16], Mg = End(1p) is a
C*-algebra object in Vec(€) with a unitary half-braiding

B=1{Bx:Mp®X ~X Q® Mp}xce

(see Definition A.6) which we now describe. FR has a canonical structure of a €-
bilinear module functor. Note that F' is unitarily equivalent to the functor

actj, 1 X —> lg <X =18 ® F(X),
and thus, FR ~ actR - Laking all this into account, § is computed as follows:

Mp® X = actffﬁ(]lg«;) X ~ actfﬁ(]lg <X)= actfi@(F(X))
~actf (F(X)®1g) =acty (X >1g) ~ X Qacty,z(lg) = X ®Mp,

where all the isomorphisms are canonical, unitary, and natural in X .
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The multiplication m : Mp ® Mp — Mp is provided by the adjunction data
between acty , and act® 8"

Mp @ Mp = athB(]ljg) ®actf$(]l£)

~ acty 4z (1g < actff@ (1))
R actR (e1g) R
= acty g (acty g acty (1g)) ——— acty’, (1g) = M3,

where ¢ : acty 4 o actR s — 1dg is the counit of the adjunction.
To show that Mp is commutative is to show that m = m o By, . If B was strict,
the equality would be tautological since we would have

act1R£ 1g) ® actﬁ, (1g) ~ actﬁ, (1g« actﬂRj), (1g)) = actffﬁ (actfi@ (1g)>1g).

Since every monoidal category is equivalent to a strict one, the claim about the com-
mutativity of Mp follows.
If X is aleft Mg-module in Vec(€), define X ® Mp — X as the composition

ﬂ_l
XQ@Mg > Mzg®X — X.

It defines a right Mp-module structure on X . The commutativity of Mp implies that
the left and right Mp actions commute so that X becomes an Mp-bimodule. One has
Mp-Mode >~ Mp-Bime, and the composition

B ~ MB—MOd‘e ~ MB-Bim‘e

becomes an equivalence of C*-tensor categories, where in Mp- Bimge the monoidal
structure is given by

XXY - X ® Y,
Mp

and the unit is Mp. [

Remark 3.31. When € = Rep;,(G) for a compact quantum group G, the authors in
[26] identified the category unitary tensor functors F : Repg(G) — B having 1 g as
a generator with the category of unital braided-commutative Yetter—Drinfeld G-C*-
algebras. As a corollary of Theorem 3.30 and its proof, we conclude that in this case
the category of unital braided-commutative G-C*-algebras is equivalent to the cate-
gory of C*-algebras in Vec(€) equipped with a half-braiding making it a commutative
C*-algebra in Z(Vec(€)).

Definition 3.32. A Yetter—Drinfeld C*-algebra A € Vec(€) is braided-commutative
if it is commutative in Z(Vec(€)).
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The following proposition and also its proof are unitary versions of [29, Proposi-
tion 3.7].

Proposition 3.33. Let €, 8, Mp = Ende (1 8), and B be as in Theorem 3.30. There
is an equivalence between the category of C*-algebras in Vec(8B) and the category
of C*-algebras A in Vec(€) equipped with a x-algebra homomorphism u : Mp — A
such that

Mg A4 2% 404

Ba A

AQ® Mp WA(@A

commutes.

Proof. The category of C*-algebras in Vec(8) is equivalent to the category of C*-
algebras in Vec(M g-Bimy), which is in turn equivalent to the category of C*-algebras
in Vec(M g- Mode). In this latter category, the monoidal structure is the one intro-
duced in the proof of Theorem 3.30. A C*-algebra A4 in Vec(M g- Mode) is in partic-
ular a C*-algebra in €. Since the unit object in M g- Modg is Mg, the unit map of
A is a x-homomorphism u : Mg — A. Now, the functor M g- Mode < M g-Bime
implementing the equivalence is the one which endows every left M g-module with
the right M g-module structure using 8. This means exactly the commutativity of the
above diagram. |

Using again the fact that the adjoint of a *-functor is itself a x-functor, we obtain
the C*-version of [7, Theorem 4.3]. Let M be a B-module C*-category. If m € M
is a generator for the induced € -action so that M ~ End(m)- Modg, by Proposition
3.33, there is a *-algebra homomorphism p : End(1 g) — End g(m).

Theorem 3.34. The B action on M, under the above identifications, is given by

MRB>nKb—n & b.
End(13)
The generator m under the € -action is also a generator under the B-action, and the
functor M >~ End g(m)-Modg — Ende(m)- Mode is an equivalence of B-module
C*-categories.

Applying Theorem 3.34 and Lemma 3.25, we obtain the C*-version of [7, Corol-
lary 4.4].
If A and A" are C*-algebras in Vec(8B), we denote by

(A-A')-Bimg
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the C*-category obtained as the Karoubi completion of the category of free A-A’-
bimodules A @ U ® A’, with U € B.

Corollary 3.35. If M is a right B-module C*-category with a generator m and N is
a left B-module C*-category with a generator n, w.r.t. the €-actions, then there is an
equivalence of C*-categories:

M % N =~ 1End(m)-M(n))— Bim@(ﬂﬂ)_Modf .

Suppose now that € has a unitary braiding 0. We will apply the previous results
later in the case 8 = [, € =: U(€). Here, the unitary tensor functor € — U(€)
will be reminiscent of a stronger structure, which allows a strengthening of the above
constructions.

4. Computations in factorization homology

In this section, we streamline the computations in [6,7], pointing out the compatibility
with the unitary structures.

Remark 4.1. In the purely algebraic setting of linear categories, one has to distin-
guish between factorization homology for framed surfaces and factorization homol-
ogy for oriented surfaces. This is so because for the latter the [E,-algebra needs an
extra structure, that of a ribbon/balancing structure. Every braided unitary tensor cat-
egory has a canonical ribbon/balancing structure [25], so a framed theory canonically
descends to an oriented theory in our framework.

4.1. Punctured surfaces

Punctured surfaces are obtained by collar gluing of handles into a disk along marked
intervals on the boundary of the disk. The gluing is described by a combinatorial data
called gluing pattern, a bijection P : {1,1,...,n,n'} — {1,2,...,2n}, from which the
surface is obtained as follows. Take n handles with ends indexed as {1,1’,...,n,n’}
such that (i, ") are the ends of the i-th handle. On the boundary of a disk, mark 2n
intervals, indexed by {1, ..., 2n}. To obtain the associated surface X p, glue the ends
(i,1’) of the i-th handle to the disk along the respective intervals (P (i), P(i’)).

Examples.

(1) The gluing pattern P : {1, 1’} — {1, 2} associated to the annulus is given by
P(l)=1and P(I') = 2.

(2) The gluing pattern P : {1,1’,2,2'} — {1, 2, 3, 4} associated to the punctured
torus is given by P(1) = 1, P(1') = 3, P(2) = 2,and P(2') = 4.
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<Pp o

Figure 1. Gluing pattern associated to the annulus.

< <
<’ *

Figure 2. Gluing pattern associated to the punctured torus.

We will assume from now on that € € C"lin is a unitary tensor category, therefore
rigid and semisimple. Remember the pointed structure of factorization homology:
given an oriented surface ¥, the unique oriented embedding @ < M induces a functor
Hilb — [;, €. The quantum structure sheaf @5 of X is the image of C under this
functor.

If P is a gluing pattern, the presence of a boundary component in Xp gives to
pr € a €-module structure. It is induced by a choice of a collar in the boundary of
¥ p and an embedding Xp LI D — X p, where X p is embedded outside the collar and
D is embedded in the interior of the collar. In Figures 1 and 2, we illustrate choices
of such collars.

Let Ap = End(Osx ), the internal endomorphism of the quantum structure sheaf
w.r.t. the action of €. We will prove, in analogy to [6], that there is a canonical equiv-
alence of €-module C*-categories

/ € ~ AP—MOd*@.
Zp

We start by computing factorization homology for the annulus. A unitary braiding
on € gives to it left and right €®” actions, which we will call regular actions. The
braiding being unitary implies that the tensor functors €®” — End(€) are unitary
tensor functors. The monoidal unit 1 is a generator for the regular actions. A related
observation is that if 7 : € X € — € is the monoidal structure on €, a unitary braiding
on € gives to T a unitary tensor structure. Notice that € X € is also a UTC, and as
a € X €-module C*-category, (€, 1) is cyclic. Hence, the internal endomorphism
Endege (1) exists, and € ~ Endege (1)- Modexe as a module.
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Consider the gluing pattern of the annulus. The handle H is isomorphic to the
disk, but the marking of the interval at the ends of it gives to [, € ~ € aright € X €-
module structure. Similarly, the marking of the two intervals on the disk along which
the collar gluing is performed (Figure 1) gives to [, € ~ € a left € K €-module
structure. Both of them are induced by 7', and from the gluing pattern, one concludes

/ €c~¢ X €.
Ann exe

Definition 4.2. The reflection equation algebra of € is defined to be
F := T (Endem: (1),

A simple computation, using the cocontinuity of the functor X — Vec(€)(X, ),
shows that

Endesx(1) >~ P ¥R X,
Xelr(€)

Notice that, for each U K V € € K €, there are finitely many X € Irr(€) for which
€XEeU KV, X K X) is non-zero.
The monoidal unit ¢ is a generator for the €®2-action,

Cexe Endflzz (1)- Modfgz .
Since T is a dominant tensor functor, there is an equivalence

€ f%f € ~ T(Endfxz (1))-Mode = F-Mode

of €-module C*-categories.

Proposition 4.3. Let € be a UTC equipped with a unitary braiding. Then,

co
F = @ X®X;
Xelr(€)

i.e., as a functor ¥ : €°? — Vec(€), we have
€0 _
FU)= @ eWw.Xex).
X elr(€)

Proof. Let us denote by [ the Deligne—Kelly tensor product of linear dagger cate-
gories, and let us write F, for the algebraic version of the reflection equation algebra;
it is the x-algebra object in Vec(€) representing

€ Oe
ere
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as a cyclic €-module dagger category. The ground *-algebra F,,(1) has a canonical
C*-norm given by
| Rx ]| = dy'>.

Passing from [ to ®= X corresponds to taking the completion F (1) of Fy, (1) w.r.t.

max

to this norm and completing each fiber F,,(X) to a Hilbert C*-module over ¥ (1).
Such completions are given exactly by the co-direct sums (see Appendix in [16]). m

We will use the reflection equation algebra to compute factorization homology for
general punctured surfaces. We say that a gluing pattern

P:{1,1,....nn"Y = {1,...,2n}
has rank n.

Definition 4.4. Let P be a gluing pattern of rank n. The i-th and j-th handles, H;
and H;, respectively, 1 <i < j <n, are

» positively linked < P(i) < P(j) < P(i’) < P(j'),

* negatively linked < P(j) < P(i) < P(j') < P(i’),

» positively nested & P(i) < P(j) < P(j') < P(i'),

* negatively nested & P(j) < P(i) < P(i") < P(j'),

* unlinked < H; and H; are neither linked nor nested.

For simplicity, the braided tensor product (Appendix B) of the reflection equation
algebra with itself will be denoted by ¥ ® ¥ . Consider the following automorphisms
of ¥ @ F:forU and V in Irr(€), let Ly, v, Ny,v,Uy,v : UUV®V be given
by

Lyy :=(® U;j ®u)o(ogy®ouy)o(t®ayy®u),
Nuy :=(®oy;®1)0 (0} 5 ®ouy)e(t®oyy®u),
Uvy = ogguiev:

They induce, respectively, automorphisms
L=@Lvy. N=FNvy. and U=EPUuy
uyv uv A%

of ¥ ® ¥ . They will be associated with linked, nested, and unlinked handles of the
gluing patterns, respectively.

Let P be a gluing pattern of rank 7, and let ap := F®”. Let @) be the image of
F under the embedding ¥ < ap into the i-th factor. Consider the function

C :N, xN, — {L*! N*' U}
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given by C; ; = L*!if H; and H; are positively/negatively linked, C; ; = N*! if
they are positively/negatively nested and C; ; = U if they are unlinked. Give to ap the
algebra structure such that the embeddings ¥ — ¥ @ are algebra maps and, when
restricted to .’Féi) ® ?éj ) itis given by

) 1QC;; ®t
_

) @ 70) g 7.0 g U ) @ 70) @ 70D @ () 8™ 2-G) o - (/)
Fe @F @ Fe @ Fe 7 @F @ F @F — F'®@F¢

By construction, if P; and P, are two gluing patterns and P; LI P; is their disjoint
union, then
apup, = ap, X ap,

is the braided tensor product of ap, and ap, (see Appendix B).

Theorem 4.5. For a gluing pattern P and its associated punctured surface X p,
/ € ~a P- MOd‘@ .
Zp

Proof. Consider the disk D marked with 2n intervals on the left and one marked
interval on the right. These markings induce the €®2" — € bimodule structure on
€= p € given by tensoring on the corresponding sides. On each handle H;, the
factorization homology gives € with the right €¥2-module structure also giving by
tensoring on the right. All actions are implemented by unitary tensor functors. Thus,

eP :=/ e
LI'—y H;

is the C *-category €% with a €®2”_module structure given by

(a1 &---&an)q(bl &&bzn)
= (a1 ® bp1) ® bp1y)) W -+ X (an @ bpn) ® bpw)).

By the excision property of factorization homology,
c~ef ® e
Tp 8&2)1

\CﬂZ2n

There is a permutation tp € S», such that the -module structure of €% is

given by
P X2 — eRn g eR2n (Xzp s eXn g eX2n

< RTE"

O

'€P — f&n y ~€IZIn X f:&n
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and in terms of this permutation,
€? ~ tp (Endege (1)™")- Mod ez -

Letdp = tp(Endege (1)®"). By Lemma 3.27,

e~ ® €~ T?(@p) Mode,
=p eX2n
co
T"@p)~ P Xepw)®Xepa) ® - ® Xep) ® Xepr)-
X1iseees X, ()

Let 7 @) denote the image of Ende> (1e) inside 72" (Gp) under the map which
places X; and X; in the factors 75'(i) and r;l(i "), respectively. Then, & @i for
1 <i <n, are subobjects of Gp, and to determine the algebra structure m of T2"(Gp)
is to determine the multiplication between the different factors 72" (F @) and
727 (% >1"). From the unitary tensor structure of 7 : € K € — € and from the
multiplication law of % ®” it follows that

720 (F G @ FUI)Y = 72 (700 @ F i)

—

commutes, proving that ap ~ T?"(ap).
We now argue that Ap ~ ap. Observe first that Ende (Op) = Op = l¢, with no
extra identifications. Now, for a gluing pattern P of rank n,

FOFW m FDF®

T*"(ap)

@(OEP) = m((9|J;’=l Hi) g%n '6

~ (End(Op)®" X €
eX2n

~ (Endege(Te)® X €. "
eX2n

4.2. Closed surfaces

To compute factorization homology of a closed surface, we can first puncture it, com-
pute the factorization of the new punctured surface and then use excision to obtain
the computation for the original surface. The gluing happens along a circle boundary
component, i.e., along S! x I ~ Ann. We explain now how this computation is done.
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For this, we need to present the annulus category U(€) := [, € as a C*-tensor
category.

Denote by €2 the category € equipped with the braiding 6~ = ¢*. There are
functors € — Z(€) and €°? — Z(€) givenby X — (X,0x—) and X — (X, af’X),
respectively. Combining them, we obtain a functor € X €?°? — Z(€) such that its
composition with the forgetful functor Z(€) — € is the tensor product functor

1

T:EXC€ — €.

Actually, the data of € X €9 — Z(€) is equal to the data (€ X € — €, t), where
TX,KX,,v 18 the unitary natural isomorphism

(0x,.y ®idy,) o (idy, ® oy x,) : T(X1 K X2) ®Y
S X, QX QY Y ®X,® X, =Y @T(X; B Xo).

Observe that 7 has a unique extension to the algebraic ind-completion of € X €.

The structure coming from the functor € X €°°P — Z(€) is a particular exam-
ple of a quantum Manin pair studied in [29]. There it is proven, in the algebraic
setting, that End(1e) is a commutative algebra in Vec(€ X €°°P), and since TX,
the right adjoint to the unitary tensor product functor 7 : € K€ — €, is a € K
€-bimodule functor, the canonical equivalence € K €°°P ~ End(1¢)- Modege is
indeed an equivalence of monoidal categories [29, Proposition 2.16]. Since T & is also
a unitary functor, this is an equivalence of unitary tensor categories in our case. Using
monadicity for base change (Lemma 3.29), we obtain the following proposition.

Proposition 4.6. There is a unitary monoidal equivalence

€ X €~ ¥F-Mode,
EREop

where in the right-hand side the monoidal structure comes from the half-braiding

o~
TEindeZIZQ_ Off .

We will write € to denote the category € with the opposite tensor product. The
canonical braided structure of € is given by

oyx  X®Y >V ®X
€ €

Then, the identity functor on € becomes a braided monoidal equivalence €°P ~ e
when endowed with the monoidal structure

Jxy = cr;'i’X:X‘et?inY —>X(§Y.

Note that this monoidal structure is unitary so that we have a unitary equivalence of
braided C*-tensor categories.
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co—0

Figure 3. Tensor structure of the annulus category.

O—-O

Figure 4. Decomposition of the annulus.

Corollary 4.7. There is an equivalence of C*-tensor categories

€ X_€ >~ F-Mode.
tXE
The factorization homology over the annulus is, in fact, a C*-tensor category,
where the monoidal structure is the one induced by embedding two annuli inside a
bigger one (Figure 3).

Theorem 4.8. There is a unitary monoidal equivalence
/ C~F- MOd‘e .
Ann

Proof. Consider the following decomposition of the annulus (Figure 4).

Let Y be the bottom surface at the right-hand side of Figure 4. As an oriented
surface, Y is equivalent to the disk together with a prescribed embedding of D LI D
into it. This corresponds via factorization homology to € with a right action of € X C.
Similarly, Figure 5 below corresponds via factorization homology to a left action of
€R€ont. By excision,

tx~x€ X €
Ann tXE
as C*-categories. The decomposition Figure 4 is compatible with the embedding in
Figure 3: decomposing two annuli as in Figure 4 and then embedding as in Figure 3 is
equivalent to embedding first and then decompose. Therefore, the above equivalence
is also monoidal. |

Starting with a closed surface ¥, fix an embedding D — S. Then, £° := X \ D is
a punctured surface, with respect to which factorization homology can be computed as
in the previous subsection. The factorization homology of the punctured surface has,
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I il — N

Figure 5. € X €°P-module structure of €.

along with a €-module structure, an U(€)-module structure, induced by an embed-
ding of the annulus along a collar of the boundary of D C X.
To recover X from X° is to perform the collar gluing

Y~ uD~%X U D,
Ann Six7J

and by excision,

/ € ~ €t X € / €~ € X €.
= ze U® Jp o UE)
Theorem 4.9. There is an equivalence of U(€)-module C*-categories:
/ €~ (AZO']IE)'MOd.Tf-MOd*@~
z

Proof. Tt follows from Corollary 3.35. |
Using again Theorem 3.23, we can prove the unitary version of [7, Theorem 5.4].

Proposition 4.10. Let Ox be the quantum structure sheaf of |, s, C. Then, the endo-
morphism C*-algebra of Ox can be described by a quantum Hamiltonian reduction:

End;_¢(0x) >~ Home(le, Aze 3@ Te),
€

where Ase = Ende(Ox0).
Notice that if . 5, € had a €-module structure, Proposition 4.10 would mean that
the internal endomorphism algebra of the quantum structure sheaf were Axo ® Le.
F

This is not the case, since generally there is no way of embedding ¥ LI D into X.

5. Realization of cyclic representations

Let € be a UTC, and let A € Vec(€) be a C*-algebra object. We show here that,
assuming that € acts on a II; factor N, there is a way of realizing the cyclic repre-
sentations of A in terms of N. More precisely, we construct a functor from a category
of cyclic representations of C*-algebra objects to a category of extensions of N. At
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the end of this section, assuming in addition that € has a unitary braiding, we derive
consequences of this realization functor in the context of factorization homology.
Suppose that € acts on a II;-factor N. Denote by H : € — Bimg(N) the action
functor; i.e., H is a fully faithful unitary tensor functor from € to the category of
finite index Hilbert bimodules over N. Let H° : € — Vec be the space of bounded
vectors functor:
H°(X) :={€ € H(X) | £ is N-bounded}.

Proposition 5.1 ([19, Proposition 2.18]). H° is a W*-algebra object in Vec(€°P).

Definition 5.2. An algebra object A € Vec(€) is called compact if A € €, that is, if
A is an algebra in €. An algebra A € Vec(©€) is called connected iff A(1e) is one
dimensional.

Below, if N is a II; factor and M is a von Neumann algebra, with N C M, we

E
will write N C M if E is a normal conditional expectation £ : M — N.

Proposition 5.3 ([19, Corollary 5.14]). If A is a compact connected C*-algebra
object in Vec(€), then H°(A) is a Il -factor having N as a subfactor

N ECA H°(A).

Definition 5.4. A subfactor N g M with a faithful conditional expectation
E:M—N

is said to be irreducible iff N N M ~ C, and it is said to be discrete iff, for ¢ := 70 E,

vEEM)y ~ P nxX,
X eBimgp(N)

with ny € N for all X and ng2(y) # 0.

The last proposition is a piece of an equivalence, the main result of [19], between
the category of connected C*-algebra objects in Vec(€), with ucp maps as morphisms,
and the category DisIncy(NV) of irreducible discrete subfactors {N C M}, where the
morphisms between N C M and N C M’ are ucp maps M — M’ preserving the
corresponding conditional expectations. This section provides a generalization of this
result in one direction. Let us first recall how they construct the functors witnessing
the equivalence.

Given a C*-algebra object A € Vec(€), its algebraic realization relative to H° is
given by

Al:=|H° @ Al= @ H°(X)® AX).
X elrr(€)
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which has a canonical *-algebra structure. Similarly, if K € Hilb(€), then its Hilbert
space realization relative to H is given by
62
K|:=|H®K|l= @ HX)®K(X).
Xelr(€)

where in the summand corresponding to X € Irr(€) the inner product is normalized
by a factor of dgl.

Theorem 5.5 ([19, Theorem 4.11]). Let A € Vec(€) be a C*-algebra object, and
let K € Hilb(€). If ® : A — B(K) is a representation of A, then there is a unital
x-algebra homomorphism |x| : |A| — B(|K]).

Let 14 be the unit of the ground C*-algebra A(1¢) of A. Note that there is always
an inclusion
N~ H°(le) @ Cly C |Algeo.

The homomorphism |7| : |A] — B(|K]) is induced by the map
H°(X)®@ A(X) > f ® g f®mx(g) € BUK]).

and there its restriction to N is always faithful. Thus, if M4 , := (|7|(]A4]))”, there is
a von Neumann algebraic inclusion N C M4, . We obtain the following proposition.

Proposition 5.6. There is a correspondence which associates to each representation
7 of a C*-algebra object A € Vec(€) a von Neumann algebraic inclusion N C Mg z,
where My 5 acts on the Hilbert space realization of the representation .

For a C*-algebra B, we will write S (B) for its state space. We state now the main
theorem of this section.

Theorem 5.7. Let C*Algq (€) be the category whose objects are pairs (A, w) con-
sisting of a C*-algebra object A € Vec(€) and a state w € S(A) := $S(A(1l¢)), and
the morphisms between two objects (A, wq) and (B, wp) are ucp maps ¢ : A — B
mapping the state w4 to the state wg, i.e., such that w4 = wp © ¢1. Let DisInc™(N)

E
be the category of subfactors N C M such that Nfz (M) lies in the unitary ind-
completion of Bimy(N), morphisms being N -bimodular ucp maps. There exists a

functor
E : C"Algg (€) — DisInc®(N).

E
If8(A,w) = N C My, E is faithful if and only if o is faithful.
We divide the proof into several lemmas and propositions. Let

(A, ®) € C"Algg (€).
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Associated to w, there is Hilbert space object £2 (A) and a representation 7, : A —
B(£2(A)) (see [18]). Then, Proposition 5.6 gives a von Neumann algebraic inclusion
N C My, =: E(A,0) CB(£2(A)).
On |A|, there is a canonical state 7, := [7| ® |w|: given a = Y y ey e ag) ®
(2) € 1l 1 1
(@) 1= 1(ag)) - o).
There is also the GNS-map A — £2(A), which induces a linear map
At Al = [£5,(A)].
Proposition 5.8. Fora,b € |A|, 1,(b*a) = (Ay(b), Ap(a)).
Proof. Let (-)": A(X)—A(X) be the involution on A. Then, denoting by I(Z, X ®Y)

a choice of maximal set of mutually orthogonal isometries Z — X ® Y,

ba= Y S B udy 0F ®al )@ Aty (bE) ®aly).
X,Y,Zelr(€) yel(Z,XQY)

We assume that /(1, X ® ¥V) =~ SX,Y(d;UzRX). One then has

G'a)t = Y de' HO(Roul y (0F) ® aXa) ® ARG o (0F)" ® afy)
Xelrr(€)
—1/.X _X \H°®
Z Xm(b(l)’a(l))N ®
Xelr(€)

(bé)’ aé))A(x)-

Therefore,

w(b*a) = (1 ® w)((b*a)') = Z (b(l)’a(1)>H(X) (b(z)’“(z));cM(X)
Xelr(€)

= (Aw(b),Aw(a))|H®$3uAl' )

Construction of the conditional expectation. The Hilbert space £2(A)(1e) has a
cyclic vector A, for the A(1¢)-action. Consider the orthogonal projection

e:|H®L2(A)| — £2(N) ® CA, ~ £2(N)

given by projection onto the direct summand indexed by 1. Under the identifica-
tion £2(N) ~ £2(N) ® CA, C |H ® £2(A)|, given x € My 5, , € 0 (|22
is bounded and commutes with the right N -action; i.e., it lies in N” = N. Therefore,

A E(x) € N; exe = E(x)e.

Proposition 5.9. Let £, |A| be the GNS-construction w.r.t. the state t, on A. There
is a unitary isomorphism U : éﬁ%w |A] = |£2 Al
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Proof. Let A : |A| — $3w|A| and A : |A| — |£2 A| be the GNS-maps. Define, for
a € |A|, U(A(a)) := A(a). Then,
(UA (@), UAD)) = (A(a), A(b)) = t0(a*b) = (A(a), A(D)).
The second equality follows from Proposition 5.8. Since A (|A|) and A(|A4]) are dense

in £,,|A| and | £, A, respectively, one concludes that U extends to a unitary opera-
tor. (]

Suppose now that w is faithful. It follows then from Proposition 5.8 and Propo-
sition 5.9 that, for a € |A|, 7yp(a*a) = 0 = a = 0, since the GNS-map A, : |[A]| —
|£2 (A)| is injective.

To prove faithfulness of E, we verify that

ToE=(()2Q Ap,2Q Ap).

In other words, we verify that t o E = 7.
Observe first that

E()e =e()e = E() =e()e",

where e* : £2(N) < |H ® £2(A)| is the embedding e*(nQ2) = nQ ® A,,. There-
fore,

T(E(x)) = (E(x)$2, Q)
= (exe*Q, Q)
= (xe*Q,e*Q)
— (X(Q® Ay), 2 ® A)

forall x € My e.

Lemma 5.10 ([19, Lemma 5.17]). Let Ky, K, € Hilb(€), and suppose that v : K —
K> is an isometry. Then,

o] : HX)® K1(X)2EQn—>E® (von)
defines an isometry | K| — | K>| such that |v|* = |v*|, where |v*| is defined similarly.

Proof. Given any Hilbert space object K, if § @ n € H(X) ® K(X) and £’ ® 1/ €
H(Y)® K(Y), then

(N0 &) o () o™ e C(X)

and

(" @n.E@n) =tre(((n)" on) o () 0§™).
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Thus, for K, K>, and v as in the lemma, § ® n; € H(X;) ® K{(X;),

HM(;& ® 77i)H|2K2‘ = H Xi:‘?i ® (voni) \2K2|

=Y _tre ((nfv*vm) o (E7&))
i,j

= > () o (EE)™)

i,j
ZE;‘ ® ni
i

Proof of Theorem 5.7. It remains to prove functoriality. Let 8 : (A, w4) — (B, wp) be

2
|K|

a morphism in C"Algg (€). From wp, we construct the Hilbert space object £2 5 (B)
and a *-representation 7, : B — B(£2 5 (B)). Then, the composite

Twg ©0 1 A— B(L2, (B))

is a ucp map. By the Stinespring dilation theorem in € [18, Theorem 4.18], there is a
Hilbert space object K € Hilb(€), a representation 74 : A — B(K), and an isometry
v: &2 (B) — K such that 6“5 := 7,, o 6 = Ad, omrA.

Define also |6| : |A| — |B] and |0®8] : |A| — B(|$foB|) by

f®g e H(X)®A(X) = |0](f®g)=/f®0x(g) and |0°Z|(f ®g)=f 0" (g).

By construction, |03 | = |m4,| o |0]. Then, with the isometry |v| : |$§)B| — | K| of
the previous lemma,

1098 | = Adjy) o| ] : 4] = B(|Lwy ).

Applying [19, Corollary 4.13], one concludes that |6®3| satisfies Kadison’s in-
equality: for all x € |A],

(101C™)161(x)) = 10](x"x).

Denote by 74, and 7,, the canonical states on |A| and | B|, respectively. Being a
vector state, 7., extends to a normal state on B(|&£2 , |) (more precisely, first descends
to the quotient | B|/ ker(|7,, |) and then extends to B(|£2 »1))- We claim that |6 and
|0“E | map the state 7, t0 Ty, Indeed, foranya = )y a()g) ® aé) € |Al|,

Top <|9|<;a5) ® aé))) = (T ® a)B)(a}S X 9]1*6 (azlz‘C;))

1 1
= (t®@wa)(a; ®ag),
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by the assumption that 6 maps w4 to wp. The last expression is exactly t,,(a), and
one concludes then that t,,, o || = 1,,. Similarly, one has 7, o |0“8| = 1,,.

Asin [19, Corollary 5.23], we can show now that |#| induces a contraction £2|0] :
|£2 L |£2 , |- Indeed, it follows from Proposition 5.9 that these Hilbert space real-
izations have cyclic vectors 24 and Qp, respectively. Define, for x € |A4],

£210](xQ24) = 10](x)25.

Then, for all x € 74(|A]),

1£216](xRa)[* = [16](x)R25]?

Ty ((19](x*))(10](x)))
< 7wy (10](x*x))

= Ty, (X" x)

= |xQul*.

Leta € |A],b,b" € My, . It follows that
sWB

wpap.brag (1097 ](x) = (092 |(x)bQ2p.b'Qp)

= (b16“%|(x)25.b'Q5)

= (£216°5| (x4 (x)Qu), b*b'Qp)
= (m

A(x)Qu, L20F|* (b*D'Q2p)).

Now, (MB ;) 2 is dense in |£4,| ~ L4, |B|. It follows [19, Proposition

Twg
4.15] that |6| and |#“B | extend to normal ucp maps which can be put in a commutative

diagram as follows:

6
MA,a)A 9 7 MB,(UB
\ U ]
|0¥B | [Twg
B(£2,)

Remark 5.11. Given a C*-algebra object A, its state space S(A) = S(A(lg)) is in
bijection with the space of ucp multipliers M4 — € in the sense of [16].

5.1. Actions of mapping class groups on the realizations

Let now € be a unitarily braided unitary tensor category. Let X be an oriented surface
of genus g and with n 4 1 boundary circle components. Each boundary component
gives to fz € the structure of a €-module C*-category. Fixing one of the boundary
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O—-O

Figure 6. Generator of Fg.

components B, there is a C*-algebra object Ay in Vec(€) such that, w.r.t. the corre-
sponding module structure,

/ € ~ AE-MOd‘e .
z

Let 'S be the group of orientation preserving diffeomorphisms of ¥ fixing B
pointwise, module isotopies. Automatically, we have the C*-algebraic version of [6,
Proposition 5.19].

Proposition 5.12. There is a canonical action of T on Ax by x-algebra automor-
phisms.

Assume now that € acts on Bimg (V) as in the previous section. The action Ff,l ~
Ay induces an action Ff’l ~ S (Ap). Applying Theorem 5.7 gives then the following
corollary.

Corollary 5.13. Given w € S(AZ;)F'% , the action of T on Ay induces an action
[s ~ My, o by normal x-homomorphisms such that N C (MAU,w)Fﬁ )

5.2. Extensions associated to the reflection equation algebra

The following theorem points out to the possibility of existence of canonical invariant
states for the actions of mapping class groups.

Theorem 5.14. Let € be a unitary tensor category equipped with a unitary braiding.
Let & be the corresponding reflection equation algebra. Then, the counite : ¥ — 1
induces a 1"3 -invariant state on ¥ .

Proof. The mapping class group Fg of the annulus is isomorphic to Z; a generator
is given by &, represented in Figure 6. The counit ¢ corresponds under factorization
homology to the embedding of the annulus into the disk. This embedding induces
a group homomorphism Fg — F? from the mapping class group of the annulus to
the mapping class group of the disk. The latter is however trivial. Hence, there is
an isotopy of the embedding Ann <> D completing the diagram in Figure 7 to a
homotopy commutative diagram, showing that & must be Fg -invariant. |

Corollary 5.15. Let N be all;-factor, and let € C Bimy(N ) be a unitary tensor sub-
category of finite index bimodules over N. Assume that € is equipped with a unitary
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Figure 7. Proof of invariance of the counit.

braiding. There is an associated extension
E (g
N C E(F,¢),

where & is the reflection equation algebra of € (associated to the given unitary braid-
ing). Moreover, the conditional expectation E is faithful.

Proof. The existence of the extension follows from Proposition 5.12, Corollary 5.13,
Theorem 5.14, and Corollary 5.15. Regarding faithfulness, recall that

F(1) ~ QO} CR;.

ielr(t)

Notice that, since ¢ is a character of ¥, the induced state on ¥ (1) is also a character,
which we still denote by ¢. Explicitly,

£ = Z di'RY.

ielr(t)

Hence,

(X ) (5 ) =( 5 ) (5 30

i€lr(€) i€lrr(€) i€lrr () i€lrr(€)

the equality holds only if all coefficients A; are zero. By Theorem 5.7, the conditional
expectation associated to ¢ via the realization functor is faithful. |

Remark 5.16. Let G be a second countable compact group. In [14], it was proven
that there exist a II;-factor M and a minimal action G ~, M such that the category
Bim(M ©) of finite index bimodules of the fixed point II;-factor MG is unitarily
monoidally equivalent to Rep G. It is known that Rep G has unitary braidings coming
from non-degenerate abelian subgroups of G; see [24]. Through the unitary monoidal
equivalence Bim(M @) ~ Rep G, we can transport unitary braidings on the latter to
unitary braidings on the former.
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5.3. Representation categories of compact quantum groups

Suppose now that G is a compact quantum group and that R is a unitary R-matrix,
giving a unitary braiding on Rep G. Let us write @(G) for the coordinate Hopf -
algebra of G, C(G) = O(G) for the C*-algebra completion of @(G) in the GNS-
representation associated to the Haar state of G, and U(G) for its dual-multiplier
Hopf x-algebra
UG)~ [] BH.
i€lr(G)

where Irr(G) is an index set for a maximal family of pairwise non-isomorphic finite-
dimensional irreducible representations of G, and H; denotes the underlying Hilbert
space of the irreducible representation U; of G. One has

R € UG x G) := [ [B(H; ® H,)).
i,j

Associated to G is a unitary fiber functor F : Rep G — Hilby; i.e., F is a uni-
tary faithful tensor functor. F is in general not full, but it was shown in [23] that,
interpreting F as an action of Rep G on C, it is possible to realize C*-algebra objects
in Vec(Rep G) w.r.t. F. Moreover, realization provides an equivalence between the
category of C*-algebra objects in Vec(Rep G) and the category of continuous G-C*-
algebras. (Neshveyev’s results were phrased in terms of cyclic module C*-categories
over Rep G, instead of C*-algebra objects.)

Combining the equivalence between C*-algebra objects in Vec(Rep G) with the
category of continuous G-C*-algebras with Proposition 5.12, one obtains the follow-
ing corollary.

Corollary 5.17. Let G be a compact quantum group, and let R € U(G x G) be a
unitary R-matrix. Given a punctured surface g 5, there is a unital C*-algebra By 5,
a continuous coaction Bgn : Bgn — C(G) ® Bgn, an action of T on Bg n by *-
automorphisms such that, for all y € T'8 n,

:Bg,n oy=(d®y)o ﬂg,n-

As already mentioned, the C*-algebra B, , is the realization of the C*-algebra
object Ay, , € Vec(Rep G) with respect to the fiber functor F : Rep G — Hilbgy. We
recall from [23] that, as a functor (Rep G)°P — Vec,

Az, (U) = (Bgn ® H)®

dim Hy/ . dim Hy
:={ Z b ®EY, € B® Hy | B(br) = Z L‘tk1®bl},
k=1 I=1
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where Hy := F(U), {£€Y ) is an orthonormal basis of Hy, and
dim Hyy _
U= > mf @i €B(Hy)® CG).
k,l=1

For y € T, from its G-equivariance stated in Corollary 5.17, we deduce

dim Hy/ dim Hyy

Br)= Y au @b = By = Y iix @ y(by).

=1 =1
That is,
dim Hy o dim Hy/ .
V( Z b ®§Uk) = Z y(br) Yy, vy eT]
k=1 k=1

defines an action of ['; on (Bg n ® HU)G.
Suppose now that we have a fully faithful unitary tensor functor H : Rep G —
Bimg(N), where N is a II;-factor. Consider the x-algebra

Az, = P H°U)® As,,, (U).
ielr(G)

Considering the discussion above, we can write

|Azg,n| = @ HO(Ui) ® (Bg,n &® Hﬁi)G,
ielr(G)

and the action of y € I'g , on |Ax, | is given, on a simple tensor
N®E € H(U;) ® (Bgw ® Hy )€,

by
yn®§) =n®y@).

For the punctured torus X1, a description of the algebraic part of B; 1, i.e., the
subalgebra consisting of those x € By ; such that B;1(x) € O(G) ® B;,1 can be
alg

found in [9]. Recall that the algebraic part of a continuous G-C*-algebra is a dense
*-subalgebra.
6. Hamiltonian reduction in the fusion case

We now interpret quantum Hamiltonian reduction in terms of von Neumann algebras.
Let € be a unitary braided fusion full subcategory of Bimg(N), N being either a
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type II; or a type III factor. Denote by H : € < Bimgy(/N) the inclusion. Given a
C*-algebra A € €, the space of bounded vectors H°(A) in the bimodule H(A) has a
canonical structure of a von Neumann algebra: for the type II; case, see the previous
session for further discussion and references, and for the type III case, note that, for
every X € €, H(X) ~ £%(N) by means of an endomorphism py of N, £%(N)
being constructed using a faithful normal semi-finite weight. Therefore, H°(X) ~ N
as Banach spaces. We will denote H °(X) identified with N as Ny. Hence, there is a
linear isomorphism

HA) = P HX)@EX. A= P Ny ®CX. A,
Xelr(€) Xelrr(t)

each € (X, A) being finite dimensional and Irr(€) being a finite set. Define a map
Nx ® Ny — Nxgy by the formula

n @ m — npx (m).
Then, the algebra structure of H°(A) is determined by the maps
Nx ® €(X,4) ® Ny  €(Y, A) > Nxgy @ C(X ® A),
n® fe®m®gr nox(m)@mao(f®g),
together with decomposition of tensor products into irreducible objects. Here,

my:AQA— A

is the multiplication morphism of A.

Remark 6.1. The passage from a C*-algebra A € € to the inclusion N C H°(A)
is essentially the Q-system reconstruction theorem, phrased in terms of bimodules
instead of sectors [8].

We will however use the description

HA)~ P H(X)®C(X. A).
X el ()

under which the multiplication becomes
ER NN~ pnERN @ma(f ®g)

for @ fe H°(A)®E(X,A)andn® g€ H°(Y) ® €(Y, A), n being the monoidal
structure of H : € <> Bimg(N). Writing

H(X)={&|£ e HX)},
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the *-structure of H°(A) is given by
E® [ E® fF
forE ® f € €(X, A), () e(X,A) > €(X, A) being the *-structure of A.

Proposition 6.2. Let A be a C*-algebra object in €, and suppose that € : A — le
is a x-homomorphism such that H°(e) : H°(A) — N is surjective. Suppose that X
is a right A-module in €. Given another object Y, consider the left A-action on Y
inducedbye: AQY > le ® Y >~ Y. Then,

HX®Y)~HX) ® H(Y)
A H°(A)

as N -N -bimodules.

Proof. The object X ® Y is defined as the colimit of the diagram
A

XR®AQY — =X XQY,

where one of the arrows is the action of A on X and the other the action of A on Y.
Since H is full, H(X ® Y) is the colimit in Bimy (/) of the diagram
A

HX)Q HA)QH(Y) —= HX)® H(Y).
The action of H°(A) on H(Y) is defined through the *-homomorphism
H(e): H°(Y) — N,

which is surjective. Therefore, the space of H°(A)-bounded vectors in H(Y) coin-
cides with the space of N-bounded vectors. Thus, there is an idempotent N-N -
bimodule intertwiner

P HX)® HY)— HX) ® H(Y).
N H°(A)

If X € Bimg(N) is such that the diagram

H(X) (1%) H(A) (1%) H(Y) —————— H(X) % H(Y)

N,
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commutes, define
T'"¢ ® n:=TE®n.
HO(A) N

Then, T’ has a unique extension to an N -N -bimodule intertwiner

HX) ® HY)—> X
Ho(4)

such that
H(X)® H(A) ® H(Y) § H(X)® H(Y)
N N N
P
H(X) ® H(Y)
H°(4)
T
K

commutes. ]

Recall the reflection equation algebra ¥ . Our goal now is to understand better
the realization H°(¢) of the counit ¢ : ¥ — 1 in order to prove a statement about
quantum Hamiltonian reduction.

Recall that the counit ¢ is explicitly given by

Y dx'Ry EPX®X > le.
X elr(®) X

Givena € H°(¥"), write

X X
a= ) aly®apy
Xelr(€)

Note that, in the fusion case, the vector space
F(le) =C(le, ¥)
is the linear span of {Rx | X € Irr(€)}. Thus, fora € H°(¥) as above,

agll) ®a?2) = Z ay ® Ry, ay € N.
Y elrr(€)

Therefore,

Ho@)@) = H@) (Y af, ®af)) = Y ak.
X X
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Proposition 6.3. Let ¢ : ¥ — le be the counit homomorphism. Then,
H°:H°(¥)— N
is a normal *-homomorphism.

Proof. We have to show that, with the notation used above, if a; — a weakly in the
unit ball of H°(¥), then

Z(ai)}} — Za}l} in N
X X

Step 1. A net (a;); C H°(¥), a; = ) altX(l) ® al.X(z) converges weakly to a =
dx a()i) ® aé) if and only if
H X Y ¥ X Y z z
Y 2 W@y ® 8L ® T @kn) ® §6)).16) @ 1)
X,Yeln(€) Z<X®Y

converges to

H X Y F . X Y VA z
Yo Y W6 @8l @ nF el ® EL)nf, @ 1G)).
X.Yeln(€) Z<XQY

Step 2. In Step 1, taking Y = Z = 1, the only nontrivial summand is X = 1¢, and
then it reads

H F
(n" (@5 ®565) ® n” (4 © ® £65))- 11, ® 13)
H
= (1 (a5 ®55) ® nF (agy ®E65). 165 © 0l
Step 3. One has
g(ﬂ]) ® S(]lz) = ZE% ® Ry,
Y
Ny ® Nl = D1z ® Rz.
Z

Thus, the convergence in Step 2 becomes

Yoo W@y ®Ep).nz) = D H(ay ® &y).n%).
X, Y

X, Y Z<XQ®Y Z<X

i.e.,

> @y ey - Z an%,ng),

XY Z<X®Y Z<X

><
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Step 4. There are inclusions
£2(N) = L2(N)® F(1) — H(¥F),
where a vector § € £2(N) corresponds to the vector

Zg(}i) ® E()5) =£Ly ®&y = Zg} ® Ry,
X X

and where in the last expression the only non-zero factor is when X = 1, in which
case & = £. Then, Step 3 reduces to

Yol@k )= fax > &) .

X X

Given a closed surface 3, we were able to describe factorization homology over
3 in terms of Axo, the C*-algebra in Vec(€) representing factorization homology of
3°: ¥\ D, and the reflection equation algebra ¥ . Observe that since here € is a
fusion category, both Ayo and ¥ are compact; i.e., they are C*-algebras in €. Using
H, we can also realize the quantum Hamiltonian reduction of Proposition 4.10 using
Proposition 6.2.

Theorem 6.4. There is an isomorphism
End;_¢(Ox) ~ Hompinv) (£*(N), H(Axo) ® £2(N))
F

between the endomorphisms of the quantum structure sheaf on ¥ and the central
vectors in H(Aso) ® £2(N).
He (%)

Proof. By Proposition 4.10, and since H is a fully faithful *-functor, there is an iso-
morphism

End_¢(Ox) ~ Homginv) (£>(N). H(Axo K £2(N))).

The result follows now from Proposition 6.2. |

A. Yetter—Drinfeld C*-algebras and centrally cyclic bimodule
C*-categories

This appendix gives a characterization of certain bimodule C*-categories over a given
UTC € in terms of internal C*-algebra objects. Among the examples are C*-tensor
categories B for which the bimodule structure is induced by a unitary tensor functor
F:¢— 8.
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Definition A.1. Let € be a UTC. A centrally pointed €-bimodule C*-category
(M, m, ) is a €-bimodule C*-category M together with a distinguished object m €
M and a unitary natural isomorphism

a={oy :m<U ~Uvbv>mlyece

which is coherent w.r.t. the tensor structure of €. If (M, m, ) is a centrally pointed
€-bimodule C*-category such that m is cyclic, we say that (M, m, ) is a centrally
cyclic €-bimodule C*-category.

When € = Rep G is the representation category of a compact quantum group G,
it is shown in [16] that the category of centrally pointed bimodule C*-categories is
equivalent to Yetter—Drinfeld G-C*-algebras, i.e., the category of continuous actions
of the Drinfeld double DG of G on unital C*-algebras. This will justify Defini-
tion A.4 below.

Up to unitary equivalence of €-module C*-categories, we can assume that (M, m)
is, as a cyclic right €-module C*-category, of the form (M4, A), where A = (A4, u)
is a C*-algebra object in Vec(€) and My is the Karoubi completion of the full sub-
category of free left A-modules of the form A ® U, with U € €.

Lemma A.2. Let (My, A) be a cyclic right €-module C*-category as above, and
let € x M4 — My be a left €-module C*-structure on My4. Suppose that there is a
unitary natural isomorphism

a:CrA>~AE€
which is coherent w.r.t. the tensor structure of €. Then, there are unitary isomorphisms
UrA>~U®R®A,

natural in U.

Proof. Since the right €-module structure is givenby A <U = A ® U, we have
agyo(-)
MA(U>A,A) =~ My(AQ U, A) ~ Vec(€)(U, A).

Hence, the internal endomorphism of A w.r.t. the left € action is A itself. ]

Since every object of My is a subobject of one of the form A ® U, the lemma
above says that the left €-action on My is unitarily equivalent to V> (A @ U) =
V ® A ® U. Under this identification, the unitary isomorphismay : AQ U ~ U 1> A
becomes an isomorphism oy : A @ U >~ U ® A, coherent w.r.t. the tensor structure of
€. This means exactly that 0 = {0y }yee is a half-braiding on the object A € Vec(€).
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Moreover, each component oy is a morphism of left A-modules (i.e., a morphism in
M4,), where the object U ® A has the left A-module structure given by

idg®o;;! i
AQURA '~V AeAeU % sgeu % U A

Equivalently,
oy (n ®idy) = (idy ® p)(ov ®idg)(ids ® ov).
This equation characterizes the multiplication
nH:ARA— A
as a morphism
(A,0)® (A,0) — (4,0)
of half-braidings in Vec(€).

Remark A.3. In the above, objects of the form U ® A, endowed with the left A-
module structure induced by the half-braiding o, are strictly speaking not objects in
the category My but isomorphic as left A-modules to objects of that category. We will
however abuse notation and write, for example, M4(U ® A, A ® V). This will not
cause any trouble since we are always considering full subcategories of the category
of left A-modules.

Observe that, starting with a centrally cyclic €-bimodule C*-category of the form
(M4, A, @) and considering the induced half-braiding (A, o), the unitarity of

oy € My(AQ U,U > A)
corresponds to the unitarity of oy as an element of M4(A ® U, U ® A).

Definition A.4. Let € be a UTC. A C*-algebra object in Z(Vec(€)) is an algebra
(A, u,0) € Z(Vec(€)) together with a x-algebra structure j such that, w.r.t. the cor-
responding dagger structure on (My4, A), the components oy € M4(A Q U,U ® A)
of o are unitary and such that the x-algebra (A4, i, j) in Vec(€) is a C*-algebra. A
Yetter—Drinfeld C*-algebra in Vec(€) is a C*-algebra object in Z(Vec(€)).

The discussion preceding Definition A.4 proves the following theorem.

Theorem A.5. Let € be a UTC. Then, the category of centrally cyclic €-bimodule
C*categories is equivalent to the category of Yetter—Drinfeld C*-algebras in €.

Definition A.6. Let € be a UTC and A = (A4, i, j) a C*-algebra object in Vec(€).
A unitary half-braiding o on A is a half-braiding on A such that (4, u, 0, j) is a
Yetter—Drinfeld C*-algebra in Vec(€).
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B. Maximal braided tensor product

A prominent construction in factorization homology is the braided tensor product
of module categories. In this section, we provide a concrete description of maximal
braided tensor products between cyclic €-module C*-categories. The discussion how-
ever makes sense in a more general context; we do not need to assume that € has a
braiding, and the braided tensor product will still make sense as long as the alge-
bras representing the module categories possess Yetter—Drinfeld algebra structures.
We will discuss such structures shortly.

Let € be a unitary tensor category, M4 a cyclic €-bimodule C*-category, and
Mp a cyclic left ©-module C*-category, corresponding to the C*-algebras A and
B, respectively. Write My I? Mp for their maximal, relative tensor product (see [2,
Section 5]). To define a left action of € on M4 I% Mp is the same as defining a tensor

functor € — End(My4 g Mp). This is the same as defining a *-functor:
€ — Bale(My K Mp, My X Mp).
max €

Denoteby y : My X Mp — My % Mp the canonical €-balanced *-functor. For
max
U €€, let

UV(—)IZ)/O(UD(—)&idMB):MA X MB—>MA§MB.

Ifﬂ = {IBXA,YB;V : )/(XA AV X Yp) ~ )/(XA XV YB)}XA,YB,V is the balancing
structure of y, then

BY :={Busxsvpy :Um (Xa<aVRYp) ~Uw» (XaBVp YB)lx vy v

is a balancing structure on U » (—). If T € Home (U, U’), a natural transformation
from U » (—) to U’ » (—) is given by y(7 > (—) X id 4, ). We obtain thus an action
€~ My % Mp, and the same reasoning, exchanging left and right actions, gives a
left action My % Mp v €. We will denote these action by > and <, respectively.

We claim that if A and B are Yetter—Drinfeld C*-algebras in Vec(€), the C*-
algebra object representing M4 @ Mp is also a Yetter—Drinfeld C*-algebra.

Suppose now that M and N are cyclic bimodule C*-categories, with central gen-
erators m and n, respectively. That is to say, End(m) and End(n) are Yetter—Drinfeld
C*-algebras in Vec(€). As a direct consequence of the definitions and the above con-
structions, we see that there is a canonical unitary natural isomorphism

UrymB®n)~ymKn)<U,
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with respect to the variable U € €. That is, the object y(m K m) € M Ke N is central
with respect to the bimodule structure. Any functor M X N — D, D being another

max
C *-category, is completely determined by its restriction to objects of the form U >

mKXn <V, for UV € €, and the morphisms between them. This holds in particular

for the canonical balanced functor y : M K N — M % N, which corresponds to
max

the identity endofunctor of M X N . Together with the centrality of y(m X n), this

implies that this element is a generating object for the relative tensor product. The

following theorem summarizes the discussion.

Theorem B.1. Let (M, m) and (N ,n) be as above, corresponding to Yetter—Drinfeld
C*-algebras A := End(m) and B := End(n), respectively. For the universal relative
tensor product M % N, one has canonical left and right €-actions and a canonical
object myamp such that (M %I N, muaxB) is a cyclic €-bimodule C*-category with

central generator. It is defined to be the maximal braided tensor product of (M, m)

and (N, n).

The C*-algebra object in Vec(€), together with the Yetter-Drinfeld structure
coming from the cyclic €-bimodular structure of M @ N, is called the braided tensor
product of the Yetter—Drinfeld C *-algebra objects A and B.
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