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FINITE SYMMETRIES OF QUANTUM CHARACTER STACKS

CORINA KELLER AND LUKAS MULLER

ABSTRACT. For a finite group D, we study categorical factorisation homology on ori-
ented surfaces equipped with principal D-bundles, which ‘integrates’ a (linear) balanced
braided category A with D-action over those surfaces. For surfaces with at least one
boundary component, we identify the value of factorisation homology with the category
of modules over an explicit algebra in A, extending the work of Ben-Zvi, Brochier and
Jordan to surfaces with D-bundles. Furthermore, we show that the value of factorisation
homology on annuli, boundary conditions, and point defects can be described in terms
of equivariant representation theory. Our main example comes from an action of Dynkin
diagram automorphisms on representation categories of quantum groups. We show that
in this case factorisation homology gives rise to a quantisation of the moduli space of
flat twisted bundles.

1. Introduction

In this paper we extend the work on categorical factorisation homology by Ben-Zvi,
Brochier and Jordan [BZBJ18a, BZBJ18b] to (framed) Ejs-algebras with an action of
a finite group D. This leads to functorial invariants for manifolds equipped with an
SO(2) x D tangential structure, or in more geometric terms oriented 2-dimensional man-
ifolds equipped with principal D-bundles.

Factorisation homology [Lur, AF15] is a local-to-global invariant which ‘integrates’
higher algebraic quantities, namely disk algebras in a symmetric monoidal higher cate-
gory C, over manifolds. We will work with C = Pr,, the 2-category of k-linear compactly
generated presentable categories for k& an algebraically closed field of characteristic 0.
In the D-decorated setting, the coefficients A for factorisation homology are given by
balanced braided monoidal categories equipped with an additional D-action through bal-
anced braided monoidal automorphisms. Factorisation homology assigns to every oriented
2-dimensional manifold ¥ equipped with a principal D-bundle, described by its classifying
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map ¢: > — BD, a linear category

/ A€ Pr, .
()

This construction is functorial in the pair (X, ¢).

Our main example will be A = Rep,(G), the (locally finite) representation category of
a quantum group associated to a reductive group G and ¢ € C* (we assume ¢ is not a root
of unity), which admits a natural action of the group of outer automorphisms Out(G) of
G. We use these coefficients to construct a functorial quantisation of the moduli space
of flat twisted bundles related to finite Out(G)-symmetries in gauge theories. Before
addressing the role of symmetries, we give a brief overview on the factorisation homology
approach to the quantisation of moduli spaces of flat bundles.

For a reductive algebraic group G, the moduli space M(X) of flat principal G-bundles
over a Riemann surfaces X is ubiquitous in mathematical physics and symplectic geome-
try: For example, the symplectic volume of M () computes the topological limit of the
partition function of two dimensional Yang-Mills theory on ¥ [Wit91], the state space of
3-dimensional Chern—Simons theory on ¥ can be constructed by applying geometric quan-
tisation to M(X) [Hit90, ADPWO1], and deformations of the category of quasi-coherent
sheaves on M(X) describe boundary condition in the 4-dimensional Kapustin—-Witten
theory [KWO05, BZN16].

In [BZN13, BZBJ18a, BZBJ18b] it was shown that quasi-coherent sheaves on the
classical moduli space can be understood in terms of the factorisation homology of Rep(G):

QCoh(M(E))§/Rep(G)

by

The category Rep(() admits a well-studied deformation by the category Rep, (G) of (lo-
cally finite) U,(g)-modules. Thus, using the local-to-global property of factorisation ho-
mology, the quantum analog of the category of quasi-coherent sheaves on M(X) is defined
in [BZBJ18a, BZBJ18b] as the quantum character stack [ Rep,(G). This is a mathemat-
ical construction of the 2-dimensional part of the 4-dimensional Kapustin—Witten theory
as a topological quantum field theory, which assigns to an oriented surfaces > a quanti-
sation of the moduli space of flat G-bundles on ¥, where ‘quantisation’ is understood as
a deformation of the category of quasi-coherent sheaves on the moduli space.

To explain the physical role of the D-action, we turn our attention to symmetries of
quantum field theories, in particular to symmetries of moduli spaces of G-local systems.
One source for symmetries are automorphisms of the classical space of fields preserving
the classical action functional. In gauge theories the space of fields is most naturally
understood as a higher differential geometric object, namely a smooth stack, and au-
tomorphisms should take this higher geometric structure into account. Concretely, this
means that the action of a symmetry group D only needs to close up to gauge transforma-
tions. In the physics literature these are known as fractionalised symmetries [WWW18]
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and can be described by group extensions
1—G—G—D—1 .

where the group G encodes the non-trivial interaction of gauge transformations and the
symmetry group D. We refer to [FPSV15, MS20] for a detailed discussion of these sym-
metries in the case of discrete gauge theories.

We will restrict our attention to extension of the form

1 — G — GxO0uw(G) — Out(G) — 1

with D = Out(G).! An element k € Out(G) acts on a gauge field described by a
principal G-bundle with connection by forming the associated bundle along the group
homomorphism x: G — G. In [MSS22] these symmetries have been studied in the
context of 2-dimensional Yang—Mills theory. They restrict to an action of Out(G) on the
moduli space M(X). One motivation for developing the general framework presented in
this paper was to study these symmetries for quantum character stacks.

On the level of the local coefficients, i.e. for fEs-algebras, the symmetry is realised
through the Out(G)-action on Rep(G) by pullbacks. In Section 2.15 we show that this
action extends to Rep,(G) and hence we can compute the value of factorisation homology
for Rep,(G) on oriented surfaces with principal Out(G)-bundles. By evaluation on surfaces
with trivial bundles we get an action of Out(G) on the quantum character stack associated
to an arbitrary surface. This implements the action of the symmetry on the quantum
character stack.

Factorisation homology on surfaces equipped with non-trivial Out(G)-bundles has also
a natural field theoretical interpretation: The value of factorisation homology describes
the coupling of the quantum character field theory to non-trivial Out(G)-background
fields. In [MSS22] the topological limit of the partition function of 2-dimensional Yang—
Mills theory coupled to an Out(G)-background field ¢: ¥ — BOut(G) was related to
the symplectic volume of the moduli space of flat ¢-twisted G-bundles M, (X) [Meil7,
Zer21]. We will show the analogous statement for quantum character stacks, i.e. that they
provided a quantisation of the category of quasi-coherent sheaves on M, ().

Summary of results and outline. In Section 2 we review factorisation homology follow-
ing [AF15], with a focus on categorical factorisation homology on oriented 2-dimensional
surfaces with D-bundles for a finite group D. We will also allow for certain stratifications
along the lines of [AFT17], namely boundary conditions and point defects. The section
concludes with some details related to the algebraic quantities appearing in this paper.
In particular, we introduce the representation category of a quantum group Rep,(G), and
show that it is naturally endowed with an Out(G)-action.

After the setup is established, we compute in Section 3 factorisation homology with
coefficients in a rigid braided tensor category A with D-action 9 of an oriented punctured
surface ¥ equipped with a D-bundle. To that end we apply reconstruction techniques

ITo handle arbitrary extensions one could use non-abelian 2-cocycles.
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for module categories, following ideas presented in [BZBJ18a, Section 5]. We use a com-
binatorial description of the surface with decoration ¢: > — BD, namely a decorated
fat graph model (P, dy,...,d,), see Definition 3.6. From (P,ds,...,d,) we can define an

algebra
n
dl:“-7dn _ di
ap = Q) Fi
i=1

in A, where each F§ = [ VeempiA) v g J(d;1).V is a twisted version of Lyubashenko’s
coend [Lyu95] in A. We show in Theorem 3.7 that there is an equivalence of categories

A= a‘]i}"“’d”—ModA ,
(Z9)

identifying factorisation homology with the category of modules over an algebra which
can be described in purely combinatorial terms. This result is an extension of [BZBJ18a,
Theorem 5.14] to surfaces with D-bundles.
In Section 3.8 we explore the algebraic structure that arises on the collection of the
factorisation homologies
J

¢: SIxR—BD

for varying decoration ¢, which turn out to assemble into an algebra over the little bundles
operad [MW20b]. It was shown in [MW20b] that categorical little bundles algebras can
be identified with braided D-crossed categories, as defined by Turaev [Tur00, Turl0].
We compute the resulting D-crossed categories concretely in terms of bimodule traces
introduced in [FSS17].

The goal of Section 3.15 is to give an explicit description of the algebraic data de-
scribing boundary conditions and point defects in D-structured factorisation homology.
It is well-known that for oriented 2-manifolds without D-bundles, boundary conditions
are incorporated by algebras over the Swiss-Cheese operad, and point defects by Es-
modules [AFT17, Ginl5]. For algebras in linear categories, [BZBJ18b, Theorem 3.11]
shows that the latter coincides with the notion of a braided module category as intro-
duced in [Enr08, Brol2, Brol3]. In order to extend these algebraic structures to the
D-decorated setting, we will work with combinatorial models for the decorated Swiss-
Cheese operad and the operad of decorated disks with marked points respectively. If we
let A be a balanced braided tensor category with D-action, we find:

e Boundary conditions are given by a monoidal category C with D-action and a D-
equivariant braided functor A — Z(C) into the Drinfeld centre of C (see Proposi-
tion 3.16).

e Point defects are equivariant balanced right modules over A as given in Definition
3.21 (see Proposition 3.22).
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In Section 3.25.1, we treat the case of closed manifolds.

Lastly, Section 4 is devoted to our main application: the quantisation of the moduli
space of twisted flat bundles via Out(G)-structured factorisation homology with coeffi-
cients in Rep,(G). Recall that for a connected surface ¥ = %, . of genus g and > 0 bound-
ary components, together with a chosen point p on the boundary, the G-representation
variety is the affine variety Hom(m (X), G) of group homomorphisms. Since the funda-
mental group of 3 is free on n = 2g + r — 1 generators we have Hom(m (X),G) = G™.
Via the holonomy map, the G-representation variety is identified with the moduli space
M?e(X) of flat G-bundles on ¥ with a trivialisation over p € 9%, and there is an action of
G on M°(X) changing the trivialisation.

Now, given an Out(G)-bundle p: m1(X,,) — Out(G) described by a tuple (1, . .., kp)
of elements k; € Out(G), we can define the Out(G)-twisted representation variety

M5(%) = Hom,(m (), G)
for which the maps 71(3) — G are no longer group homomorphisms, but twisted by the
elements k;, see Section 4.1 for the formal definitions. The moduli space of flat p-twisted
bundles is the stacky quotient M5(X)/?G, with respect to the p-twisted conjugation
action, and we show that the category of quasi-coherent sheaves on this moduli space can
be computed via Out(G)-structured factorisation homology

/ Rep(G) = ® o (G)'MOdRep(G) )
1=1

p: Z—BOut(G)

where on the right hand side ®7_, O"(G) is the algebra of functions on M5 (%) = G™ with
the induced p-twisted action by G.

We then follow the approach of Ben-Zvi-Brochier—Jordan [BZBJ18a] to quantise these
moduli spaces by locally choosing coefficients in the representation category of the cor-
responding quantum group Rep,(G) and subsequently gluing this local data together via
factorisation homology over the surface ¥ decorated with an Out(G)-bundle:

/ Repq(G) = a?""’H"—MOdRepq(G)
p: X—BOut(G)

We then show by means of a direct computation that the above provides a quantisation

of the moduli space of flat twisted bundles. To that end, we present in Proposition 4.4 a

novel combinatorial formula for the Poisson structure on M7 (3) and in Theorem 4.6 we
K1;..yKn

prove that the algebra® aj is a deformation quantisation of the algebra of functions

on M5 (%)

Kn

2The algebra a}' " is the combinatorial algebra a5 """ in A = Repy(G).
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Relation to topological field theories. We conclude the introduction by briefly com-
menting on the relation to topological field theories. We restrict our discussion to framed
field theories since we want to highlight the additional structure coming from the bundle
decorations and because this is the case most studied in the literature on fully extended
field theories. In the undecorated setting, i.e. for manifolds without D-bundles, factori-
sation homology gives rise to fully extended topological field theories. More precisely, for
an E,-algebra & in a (nice) symmetric monoidal (oo, 1)-category C, Scheimbauer [Sch14]
explicitly constructed a fully extended framed topological field theory taking values in
the higher Morita category of E,-algebras [Sch14, Haul7, JFS17] in C via factorisation
homology for framed manifolds, assigning £ to the framed point. For n = 2 and C = Pr,
the Morita category is the 4-category BrTens of braided tensor categories with central
algebras® as 1-morphisms, central bimodules as 2-morphisms, and functors and natural
transformations as 3- and 4-morphisms, respectively [BJS21]. Every object of BrTens is
2-dualisable [GS18, BJS21] and hence by the cobordism hypothesis [BD95, Lur09] defines
a 2-dimensional framed topological field theory, namely the one explicitly constructed by
Scheimbauer.

If one adds decorations with principal D-bundles, the corresponding topological field
theories are known as D-equivariant field theories [Turl0]. Factorisation homology for E,,-
algebras with D-action is expected to provide examples of D-equivariant field theories with
values in the Morita category of E,-algebras. Our work can be understood as exploring
this (expected) equivariant field theory in the oriented setting and dimension n = 2 with
values in Pr.. As a complementary example it was shown in [MW20a] that equivariant
higher Hochschild homology, that is factorisation homology for E..-algebras with D-action
in chain complexes, gives examples of equivariant field theories in any dimension n.

D-equivariant field theories can also be studied through the cobordism hypothesis,
which implies that 2-dimensional framed fully extended D-equivariant field theories with
values in BrTens are described by functors BD — BrTens. Such a functor is described
by picking out an object A € BrTens, together with a central algebra M, for every d € D,
a central My, o My,-Mg,q4,-bimodule for every pair dy,ds € D and furthermore 3- and
4-morphisms for all triples and quadruples of group elements, respectively, satisfying a
coherence condition involving five group elements. This data can be constructed from an
Es-algebra in Pr, with D-action by setting My = A, seen as an E;j-algebra in bimodules
over itself, where the left action is twisted by acting with d. The coherence isomorphisms
for the D-action induce the additional data. However, this is only a special case for the
data classifying equivariant framed field theories according to the cobordism hypothesis
and situations outside this class do not seem to be accessible using factorisation homology
with values in Pr,.

The type of factorisation homology we compute in this article is a special case of
equivariant factorisation homology for global quotient orbifolds [Wee20]; namely the case
of free actions. The general case, which requires additional input data, should give rise
to field theories defined as functors out of the bordism category introduced in [GS21].

3For A, B € BrTens a central algebra is an E;-algebra in A-B-bimodules.
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Hence, our results provide a first steps towards computing this field theory.

2. Setup

In this section we review some of the necessary mathematical background and introduce
the main example of Out(G)-actions on the representation category of a quantum group
Rep,(G) leading to a coherent quantisation of moduli spaces of twisted flat bundles in
Section 4.

2.1. REVIEW OF FACTORISATION HOMOLOGY FOR MANIFOLDS WITH G-STRUCTURES.
Let Man,, be the topological category of n-dimensional manifolds which admit a finite good
open cover with embeddings as morphisms. The morphism spaces are equipped with the
compact-open topology. The disjoint union of manifolds equips Man,, with the structure
of a symmetric monoidal category. Let G be a topological group and p: G — GL(n) a
continuous group homomorphism. A G-structure on a manifold M is a homotopy lift

BG

|

M —— BGL(n)

of the classifying map for the frame bundle. These homotopy lifts correspond to a re-
duction of the structure group of the frame bundle to G. There is a space of tangential
G-structures on M, given by the mapping space Spaces/BGL(n)(M7 BG). This space is a
model for the co-groupoid of tangential G-structures on M. Homotopies in this space lead
to a natural notion of morphisms of tangential structures.

2.2. ExaMPLE. We list some important examples of G-structures.

e For G = «, a G-structure is the same as the choice of a framing on M.

e For G = SO(n) — GL(n) the canonical embedding, a G-structure is the same as
the choice of an orientation.

Prso(n)

e For G = SO(n) x D and p: SO(n) x D ——— SO(n) — GL(n), a G-structure is
the choice of an orientation on M together with a map M — BD, i.e. a principal
D-bundle. This is the example considered in this paper.

To construct the co-category Mang of manifolds with G-structure we proceed as follows:
there is a symmetric monoidal functor 7: Man,, — Spaces gy, of co-categories sending
a manifold M to the classifying map M — BGL(n) of its frame bundle [AF15, Section
2.1]. The category Man? of manifolds with tangential G-structure is defined as the pullback

Man¢ — Spaces) pg

! |

Man,, —— Spacespar,n)
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Denote by Diskg C Mang the full symmetric monoidal subcategory whose objects are
disjoint unions of Euclidean spaces. Let (V,®) be a symmetric monoidal oco-category. A
DiskY-algebra in V is a symmetric monoidal functor A: Disky — V.

2.3. REMARK. For the tangential structures of Example 2.2, disk algebras have a de-
scription in terms of more classical objects:

e A Disk’-algebra is an E-algebra, see for example [AF15].
e A Disk’©™_algebra is a framed E,-algebra, see for example [AF15].

o A Disk,slo(”)XD -algebra is a framed E,-algebra equipped with a D-action, see for
example [Wee20, Proposition 4.6].

2.4. EXAMPLE. In Figure 1 we give a sketch for n = 2 of the disk operations in Diskg,
for the tangential structures of the previous remark, and the corresponding algebraic
structures on A: Disk§ — (V, ®).

id
Q - Q ~ dd): A— A
e
BD

Figure 1: First row: Disk embeddings (or isotopies thereof) in Diskj that give rise to the
multiplication m and the braiding o in the Ej-algebra A. Here 7: A® A — A® A denotes
the braiding in V. Second row: On the right, the additional operation in the oriented
case given by a loop in the space of disk embeddings in Diskg’o(Q), rotating the disk by
2m. Together with the operations in the first row, this endows A with the structure of
a framed Ej-algebra. On the left, the additional operation in the D-decorated oriented
case, given by the identity disk embedding in Diskgo(z)XD with homotopy d: id*(e) = e,
inducing an automorphism of A for each d € D, i.e. a D-action on A.

From now on we assume that the symmetric monoidal co-category (V, ®) admits sifted
colimits and that ® preserves them in each component. Factorisation homology f. A with
coefficients in the Disk-algebra A is the left Kan-extension [AF15]:

Disk9 —4 V

| A

g
Man;/
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N

[ —
Mo

Figure 2: An example of a collar-gluing.

The condition that ® preserves sifted colimits makes factorisation homology into a sym-
metric monoidal functor. Hence, the value of factorisation homology on any manifold M
is naturally pointed by the inclusion () — M of the empty manifold:

0 M

2.4.1. Excr1sioN. The main tool for computing factorisation homology will be ®-excision.
Excision allows one to reconstruct the value of factorisation homology from a certain
decomposition of M, namely from a collar-gluing [AF15, Section 3.3]. We recall that a
collar-gluing of a G-structured manifold M is given by a smooth map

f:M—[-1,1] ,

) is a manifold bundle. If we define M_ = f~![—1,1),
1(—1,1), we will often denote the collar-gluing by M =

such that f~'(-1,1) — (=1,1
M, = f7}(=1,1) and My = f~
MUy, My

We can choose an equivalence 8: My — N x (—1, 1) in the co-category of G-structured
manifolds, where NV is the fibre over an arbitrary point in (—1, 1), as illustrated in Figure
2. The object fo(—l,l) A has a natural E;-algebra structure in V, which gives rise to an
Ei-algebra structure on | Mo A. We fix oriented embeddings

po: (=L, ) U(=1,1] — (—1,1] po: =1L, 1)U (=1,1) — [-1,1) ,
which are the identity in a neighborhood of the boundary. Using the equivalence 6, we
lift these embeddings to maps act_: M_ U My — M_ and act,: My U M, — M, of
G-structured manifolds, see Figure 3 for a sketch.

Evaluation of factorisation homology on act_ and act,. equips [,, A and | M. A with
the structure of a right and left module over | My A, respectively. At this point we want
to highlight that the module structures depend on the chosen trivialisation 6; see Section
2.12.1 for an example. The value of factorisation homology on M can be computed as the
relative tensor product [AF15, Lemma 3.18]

JA4=]A® ),

Jag A
defined through the bar construction in V.
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-

Figure 3: The map which induces the right [, A-module structure on [, A. Here, the
green collar depicts the manifold N x (—1,1).

2.4.2. POINT DEFECTS AND BOUNDARY CONDITIONS. Factorisation homology admits
a natural extension to stratified manifolds [AFT17], which in more physics oriented lan-
guage corresponds to incorporating defects in the field theory that we wish to study
via factorisation homology. For us, only two types of defects will be relevant; namely
point defects and boundary conditions. Instead of going through the heavy machinery of
stratified manifolds, we only mention the concrete examples studied in this paper follow-
ing [BZBJ18b].

We fix G = SO(2) x D and define the co-category Mang’* whose objects are oriented
2-dimensional manifolds ¥, together with a collection of marked points py,...,p, € ¥ and
a continuous map ¢: X\ {p1,...,p.} — BD. Morphisms are embeddings of manifolds,
mapping marked points bijectively onto marked points, which are compatible with the
morphisms into BD. We denote by Diskgj* the full subcategory whose objects are disjoint
unions of disks with one or zero marked points. Notice that we do not require the D-
bundles to extend to the whole of ¥. As for smooth manifolds, factorisation homology
can again be defined by left Kan extension:*

Disk§, —— V

|

Mangﬁk

The second type of defects we want to study are boundary conditions. To that end, we
define the category Mangy o of oriented 2-dimensional manifolds ¥ with boundary 9% and
continuous maps > — BD. We denote by Diskgﬁ the full subcategory with objects
disjoint unions of disks and half disks, by the latter we mean manifolds diffeomorphic to
R x R>o.

We will adopt the following terminology:

2.5. DEFINITION. By point defects in G = SO(2) x D-structured factorisation homology
we mean a symmetric monoidal functor F: Diskg’* — V. Similarly, by a boundary

4The slice categories appearing in the coend formula for the left Kan extension are not sifted. Hence,
here we need to assume that V is tensor cocomplete.
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condition we mean a symmetric monoidal functor F: Diskga — V.

In Section 3.15 we will give an algebraic characterisation of point defects and boundary
conditions.

2.6. REMARK. Unless otherwise stated, we will usually work with trivial boundary con-
ditions in this paper, meaning that we use the same disk algebra for a disk with empty
boundary, as for a disk with non-empty boundary.

2.7. THE CATEGORICAL CASE. From now on we specialise to 2-dimensional manifolds and
tangential structures of the form D x SO(2), where D is a finite group. Throughout this
paper we will work with factorisation homology with values in the (2, 1)-category Pr.. of k-
linear compactly generated presentable categories with compact and cocontinuous functors
and natural isomorphisms between them, meaning that we will not use any non-invertible
2-morphisms. For us k will always be an algebraically closed field of characteristic 0,
usually £ = C. Recall that an object ¢ in a k-linear category C is compact if the functor
Hom(c, —) preserves filtered colimits. A category C is compactly generated if every object
can be written as a filtered colimit of compact objects and a functor is compact if it
preserves compact objects. We refer the reader to [BZBJ18a, Section 3| for more details
on Pr..

Every oo-functor from Manfxso@) to Pr. will factor through its homotopy 2-category
which admits the following concrete description.

2.8. DEFINITION. We denote by D-Many the (2, 1)-category with

e Objects: Oriented 2-dimensional manifolds X2 equipped with a continuous map ¢: ¥ —

BD.

e 1-Morphisms: Smooth embeddings f: 31 — Yo together with the choice of a ho-
motopy h: o1 — f*p2.

e 2-Morphisms: A 2-morphism (f1,h1) — (f2, he) is given by an equivalence class
of isotopies x: fi — fa, together with a map v: 1 x A2 — BD filling

J3p2
NG
Y1 ™ > fip2

Two such pairs (x,7) and (x',7') are equivalent if there exists an isotopy of isotopies
from x to X' (i.e. a map 2: ¥y x A?> — Yy filling the bottom in Diagram (1)) and
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f 2¥2

f2902

amap I': ¥ x A3 — BD filling

where the faces are labeled with the various maps which are part of the morphisms.

We denote the corresponding disk category by D-Disk,.

2.9. REMARK. Similarly, there are truncated versions D-Many, and D-Many s of the

xSO(2 DxSO(2)

categories Man2 . ) and Man, 5 introduced above.

One reason to work with Pr, is that it is a closed symmetric monoidal (2, 1)-category
under the Deligne—Kelly tensor product X. In particular, the tensor product X preserves
sifted colimits in each variable, see [BZBJ18a, Proposition 3.5]. For any two objects
C,D € Pr,, the Deligne—Kelly tensor product C XD € Pr. of C and D is characterised via
the natural equivalence

Pr.[C R D,&] = Bil[C, D; €]

where Bil.[C,D;&] is the category of k-bilinear functors from C x D to &, preserving
colimits in each variable separately.

2.10. DEFINITION. A tensor category A in Pr. is rigid if all compact objects of A are
left and right dualisable.

2.11. DEFINITION. A balancing is a family of natural isomorphisms (6y : V. — V)yeu,
such that 01, = id; ,, and so that it is compatible with the braiding o of A:

Ovew = owyvoby @Oyooyw : VW — VW .
Graphically we depict this compatibility as follows

|| <

\\e = [o]¢] )
VoW VoW
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A balanced tensor category is then a braided tensor category equipped with a balancing.

By a result of Salvatore and Wahl [SW03], the 2-category of framed Es-algebras (or
equivalently Diskgo(z)—algebras) in Pr. can be identified with the 2-category of balanced
braided tensor categories bBr. We also recall that a ribbon category in Pr, is a rigid
balanced braided tensor category so that the balancing maps satisfy 0yv = (6y)Y. One
can show that in this case giving a balancing is equivalent to giving a pivotal structure,
see e.g. [HPT16, Appendix A.2]. Finally, a D-Disks-algebra is described by a balanced

braided tensor category with D-action.

2.12. DEFINITION. Let A be a balanced tensor category. A D-action on A is a (2-)functor
V: x J/D — x//Autpg,(A) from the category with one object and D as automorphisms
to the 2-category with one object, balanced braided automorphisms® of A as I-morphisms
and natural transformations as 2-morphisms. In more details, the action consists of an
auto-equivalence ¥(d): A — A for each d € D, and for each composable pair d;,d; € D
we have a natural isomorphism c;;: ¥(d;d;) = ¥(d;)9(d;) satisfying the usual associativity
azxiom.

Our main example will be constructed from Dynkin diagram automorphisms acting
on the representation categories of quantum groups, see Section 2.15.

2.12.1. EXCISION FOR MANIFOLDS WITH D-BUNDLES. Consider an object (X, ¢) in
D-Many, where X is an oriented 2-manifold and ¢: ¥ — BD a continuous map. Let
Y. =X¥_ Uy, X be a collar-gluing and 0: ¥y = N x (—1,1) a diffeomorphism of oriented
manifolds. Notice that when using excision to compute factorisation homology on (%, ¢),
the restriction ¢|nx(—1,1) is not required to be constant along the interval (—1,1), though
it will be homotopic to the constant map. For the cases of interest to us, making this ho-
motopy compatible with the collar-gluing will introduce a D-twist in the action featuring
in excision. We illustrate this last point with an example which will be relevant later on:

2.13. EXAMPLE. Assume that the map ¢ is such that its restriction ¢|s_\5, as well as
¢|s,\5n, agree with the constant map to the base point * of BD. Furthermore, let us fix a

diffeomorphism 6: ¥ = N x (—1,1) of oriented manifolds. Here, N is the codimension 1
submanifold determined by the given collar-gluing, see Figure 2. We choose ¢ such that
its pullback to N x (—1,1) is given by

01 p(n,s) = { * for s ¢ (—1,

Ya-1(s +3), forse (-3,

)
)

for all n € N, as illustrated in Figure 4a. Here, y4-1: [0, 1] — BD is the loop correspond-
ing to the inverse of a given group element d € D. We then extend 6 to an equivalence of
D-manifolds, where the collar N x (—1, 1) is equipped with the constant map to BD. The
equivalence is established using a homotopy H: (67!)*p|s, = *, which is given by ;-1

DO [0 | =
N[N | —

5A braided automorphism is balanced if it preserves 6.
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for every point in N x (—1, —%], continues the loop 7v4-1 to its end point on N x (—%, %)
and is constant on N X [%, 1), as sketched in Figure 4b. Hence, we get an equivalence

/ A= A=2¢C
(20780|EO) NX(_lvl)

Given a balanced tensor category A with a D-action, we now want to deduce the module
structures featuring in the excision formulae for fmw A. Denote by ¥* and X% two
objects in D-Many, whose underlying manifolds agree with >_ and ¥, , but whose maps to
BD are assumed to be constant. The value of factorisation homology on these manifolds
naturally defines module categories M_ and M over the E;-algebra C. In order to
obtain an explicit description of the module structures obtained by excision, note that

the homotopy H from above can be used to construct an equivalence 6, : >, = X%
with homotopy Hi: (071)*p|s, = = in D-Man,. We use this equivalence to identify
f A= f . A as categories. This equivalence can be promoted to an equivalence
(Z+7LP|Z+) E+

of module categories, i.e. the following diagram commutes:

Nx(-1,1)US; — 5,
idu(0+7H+)l l(g-ﬁ-vH-‘r)
Nx(-1,1)U%: — 5%

We can see that the action of C on | (= ols) A is precisely given by the C-module structure
+PI5y

of M. On the contrary, the situation is a bit more involved for the C-module structure
of f(z_ ols )A3 We cannot simply identify ¥_ = ¥* via H since the homotopy is not

constant near N x {—1}. However, we can construct an equivalence _: ¥ _ = ¥* from
a homotopy H_, which is defined by using the loop 7,4 similarly to how we used 41
above. This gives rise to an identification f(z, ol )A = fz* A together with a weakly

commuting diagram

Ya-1(t > to)
N X e— , H{(s,t0) = Y1 (to)
-1 L L 7
2 2 v
N x (—-1,1)
(a) The map ¢ on a collar-gluing. (b) Sketch of the homotopy H for some fixed
to € [0, 1].

Figure 4
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S UNx(=1,1) —— ¥
(e_,H_)u(id,ml lw_,fm
S*UN x (<1,1) — =*

in D-Many. From the horizontal maps we deduce that the module structure relevant for
excision is obtained by twisting by the D-action on C:

idag_ IZlﬁ(d) act_
acty : M_XC — M_XC —— M_

We write M_ ; for this module category. Combining everything we arrive at

Ag M_ydl%lM.k

(Z0)

2.14. REMARK. Notice that alternatively we could have chosen a trivialisation of X
which extends to X_, instead of ¥, which would have resulted in a twisting of M, by
d~!. In this sense the module structures featuring in excision for D-structured oriented
2-manifolds are not unique, though the value of the relative tensor product is.

2.15. ACTIONS OF DIAGRAM AUTOMORPHISMS AND THEIR QUANTISATION. For appli-
cations to quantum physics, we will be mostly interested in factorisation homology for the
ribbon category Rep,(G). In this section we will show that Rep,(G) admits an Out(G)-
action, which can be seen as a quantisation of the Out(G)-symmetry in gauge theory.

The outer automorphism group Out(G) of G is finite and can be identified with the
group of Dynkin diagram automorphisms. Concretely, one finds for the non-trivial outer
automorphism groups

Type || A, ., n>2| D, ,n>4| D, | Eg
Out(G) Zo Loy Ss | Zy

The identification of outer automorphisms and Dynkin digram automorphisms provides
an explicit splitting Out(G) — Aut(G) and allows us to write down the short exact
sequence

1 — G — G xO0ut(G) — Out(G) — 1

containing the semi-direct product.

The category Rep(G) of G-representations is a symmetric monoidal ribbon category
and hence in particular a framed Es-algebra. The finite group Out(G) acts naturally
on the category Rep(G) by pulling back representations along the inverse and this sym-
metry extends to the representation category of the corresponding quantum group, see
Proposition 2.16 below.

We will use the following notation and conventions. We consider a finite-dimensional
simple complex Lie algebra g with Cartan matrix (a;;)1<;j<n. We fix a Cartan subalgebra
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h C g and select a set of simple roots IT = {ay, ..., a,}. We write A for the weight lattice
and we choose a symmetric bilinear form (-,-) on A such that (a;, ;) = a;;. For the rest
of this paragraph we will restrict our attention to Lie algebras with Dynkin diagrams of
type A, (n > 2), D, (n > 4), or Fg, since these are the only cases for which we have
non-trivial Dynkin diagram automorphisms.

The formal quantum group Uy(g) is a Hopf algebra deformation of the universal en-
veloping algebra U(g) over C[[A]] with generators {Ha,, X }a,em, subjected to certain
relations, see for example [CP95, Section 6.5] for details. In order to define positive and
negative root vectors, we fix a reduced decomposition wy = s;,5;, - . . S;, of the longest el-
ement wy in the Weyl group of g. The positive and negative root vectors are then defined
as

X, =T,T,..T, X,

irfl (67 7%
in Up,(g) by acting on the generators with elements 7; € B of the braid group associated to

g [CP95, Section 8.1]. The formal quantum group Uy(g) is quasi-triangular with universal
R-matrix given by the multiplicative formula [CP95, Theorem 8.3.9]

~ —1 ~ ~
R e QR’ Q e ehz'y]' aij Ho‘i®Ho‘j’ R e HRﬁ’I‘ ,
Br

where the order in the second product is such that the 5,-term is to the left of the J-term
if 7> s, and Ry, = exp, ((1—¢?) X} ® X ) for ¢ = exp(h). It is shown in [CP95,
Corollary 8.3.12] that R is independent of the chosen reduced decomposition of wy. We
denote by Rep,(G) the category of topologically free left modules over Uy(g) of finite rank.
This tensor category comes with a braiding defined via the universal R-matrix R of Uy(g).

2.16. PROPOSITION. The braided tensor category Rep,(G) admits a left action of Out(G).

PROOF. The outer automorphisms Out(G) can be identified with the automorphism group
Aut(IT) of the Dynkin diagram of g. An element x € Aut(Il) acts on the generators of
U, h(g) via

H, — H, Xt — X*

w(i)? Qg Qi)
We thus get an action p of Out(G) on the tensor category Rep,(G) defined by pulling
back a representation along the inverse automorphism, i.e. p(k)(X) = (k71)*X, for any
X € Rep,(G). It is left to show that the action preserves the braiding. The action of &
on a positive, respectively negative, root vector is given by
+ +

K'Xﬁr = Tﬁ(ir) . Tf'ﬁ(irfl)XOéK(iT)
We now make use of the following explicit expressions for wy, details can be found for
example in [Hum90, Section 3.19]. First, divide the vertices of the Dynkin diagram into
two nonempty disjoint subsets S and S’, so that in each subset the corresponding simple

reflections commute. Let a and b be the products of the simple reflections in S and 5,
respectively. For A, (n odd), D,, (n > 4) and Es we can set wy = (ab)", where h is the
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respective Coxeter number. Whereas for A,, (n even), wy can be represented either as
wo = (ab)za or as wy = b(ab)z. We thus see that x sends a given reduced decomposition
of the longest Weyl group element wy to another reduced decomposition of wy. But since
the R-matrix is independent of the chosen reduced decomposition the result follows. =

2.17. PROPOSITION. The action of Out(G) on Rep,(G) is compatible with the balancing
automorphism of Rep,(G).

PROOF. The balancing in Rep,(G) is given by acting with the ribbon element ¢; =

exp(hH,)uy of Uy(g), see [CP95, Section 8.3.F]. Here, H, = > " | pt;H,, with coeffi-

cients p; = Z?Zl a;jl and uy = mp(Sy ® 1d)Ra1 with my; and S, the multiplication and

antipode in Uj(g) respectively. It follows from Proposition 2.16 that a Dynkin diagram

automorphism x € Aut(Il) preserves the element u;. So it is left to show that x pre-

serves the element H,. Since the Cartan matrix is invariant under the Dynking diagram
no 1

automorphism, we have p; = Y77 a;; = Y0 a;(li) ) = > a;(li)j = fux() and thus

k.H,=H,. [

Let ¢ € C* be a non-zero complex number which is not a root of unity and let U,(g)
be the corresponding specialisation of the rational form of Uy(g). A precise definition
of Uy(g) can be found e.g. in [CP95, Section 9]. We denote by Rep, () the category of
locally finite U,(g)-modules of type 1. Strictly speaking, U,(g) is not quasi-triangular.
However, it’s representation category admits a braiding [CP95, Section 10.1.D]. On a
representation V@ V' € Repq(G), the braiding is defined by the so-called quasi R-matrix

Ovy = 7o Eyy/Ryys, where 7 is the map swapping the tensor factors and Ey -/ is an
invertible operator on V ® V' acting on the subspace V) ® V;: by the scalar ¢, for
A, o € A. Moreover, the standard ribbon element for U,(g) acts on V) as the constant
g~ MV7200) with p the half-sum of positive roots, giving rise to the balancing in U,(g).
Hence, we get the g-analog of Proposition 2.16:

2.18. PROPOSITION. The braided balanced tensor category Rep,(G) admits a left action
of Out(G).

2.19. RECONSTRUCTION THEOREMS FOR MODULE CATEGORIES. The following is a brief
recollection of [BZBJ18a, Section 4] which will allow us to compute the value of factori-
sation homology explicitly in terms of module categories over certain algebras in the next
section. We start by recalling that the inclusion () —— X of the empty manifold into a
surface Y induces a canonical functor 1p,, = Vect, — fz A on the level of factorisation
homology, see Section 2.1. We thus have a distinguished object Disty € fz A, given as
the image of k£ under this functor. If we assume that > is not closed and we choose
a marked interval in its boundary, there is a natural A-module structure on fz A, in-
duced by embedding a disk along the marked interval. In order to study the factorisation
homology of the surface ¥, we wish to describe the entire category sz internally in
terms of A. To that end, following [BZBJ18a], we will apply techniques from Barr—Beck
monadic reconstruction to monads arising from adjunctions of module functors of the
form actpisy 1 A — fz A.
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Applying monadic reconstruction techniques to module categories was first done for
fusion categories in the work of Ostrik [Ost03], and later in the setting of finite abelian
categories in [DSPS20]. Here, we will recall its further generalisation to categories in
Pr., as developed in [BZBJ18a, Section 4]. For the remainder of this section, let A be
an abelian rigid tensor category in Pr, and M an abelian right A-module category with
action functor act: M X A — M. For each m € M, the induced functor

acty,: A — M, actp(a) =m®®a

admits a right adjoint which we denote act’t. For any pair of objects m,n € M, define the
internal morphisms from m to n as the object Hom 4(m, n) = actZ(n) € A representing
the functor a — Homp (m ® a,n). Then, there is a natural algebra internal to A given
by End 4(m) := Hom ,(m,m), which is called the internal endomorphism algebra of m.
For each m € M, we get a functor

—~—

actf: M — (act? o act,,)-Mod 4

sending an object n € M to Hom 4(m, n) with canonical action act o act,, o act? (n) —
act? (n) given by the counit of the adjunction. The monadicity theorem (see Theorem 2.21
below) then tells us when this functor is an equivalence. In order to state the theorem,
we adopt the following terminology.

2.20. DEFINITION. An object m € M is called
e an A-generator if act? is faithful,
o A-projective if act® is colimit-preserving,
e an A-progenerator if it is both A-projective and an A-generator.

2.21. THEOREM. [BZBJ18a, Theorem 4.6] Let m € M be an A-progenerator. Then the
functor

act? : M = End ,(m)-Mod 4,
is an equivalence of A-module categories, where A acts on the right by the tensor product.

When computing factorisation homology of a surface, we will make extensive use of
®-excision, as explained in Section 2.4.1. On a categorical level this means that we wish to
apply monadic reconstruction to the relative Deligne—Kelly tensor product of two module
categories. For this, notice that if M is a left A-module category and A an algebra in
A, one can use the A-action on M to define the category of A-modules in M, which we
denote by A-Mod .
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2.22. THEOREM. [BZBJ18a, Theorem 4.12] Let M_ and M, be right-, respectively left
A-module categories. Assume that m € M_ and n € M, are both A-progenerators.
Then there are equivalences

M % My = End 4(m)-Moda, = (End 4(m), End 4(n))-Bimod 4

of categories.

The following special case will be of particular interest for us: We assume that M is
itself a tensor category and that the A-module structure on M is induced by a tensor
functor F': A — M, which is such that every object in M appears as a subobject, or
equivalently a quotient, of an object in the image of F'. Tensor functors with this property
are called dominant. When in this setting, we have the following base-change formula:

2.23. COROLLARY. [BZBJ18a, Corollary 4.13] Let F': A — M be a dominant tensor
functor and m € M_ an A-progenerator. Then there is an equivalence of M, -module

categories
M_ % M, = F (End 4(m))-Modu, .

3. Factorisation homology for surfaces with D-bundles

In this section we use excision and reconstruction theorems to compute factorisation
homology of an abelian rigid balanced braided tensor category A equipped with D-action,
for D a finite group, over a surface ¥ with principal D-bundles and at least one boundary
component.

Furthermore, we study the algebraic structure corresponding to the evaluation on
annuli, boundary conditions and point defects.

3.1. RECONSTRUCTION FOR RIGID BRAIDED TENSOR CATEGORIES WITH GROUP AC-
TION. For d € D, consider the right A*2-module category My, whose underlying category
is A and the action is

regd: MyRARA DY mARA — T M, (3)

where T? is the iterated tensor product functor t Xy Xz — 2@y ® 2.

3.2. LEMMA. 14 is a progenerator for the twisted reqular action reg?.

PROOF. The unit 14 is a progenerator for the right regular action (see [BZBJ18a, Propo-
sition 4.15]). Since 9(d) is an automorphism of A, it is also a progenerator for reg?. =



70 CORINA KELLER AND LUKAS MULLER

The internal endomorphism algebra End 4z»(14) can be explicitly described by the

coend
Veemp(A)
/ VVRId .V,

where V'V is the dual of V' and the colimit is taken over compact objects in A. To derive
the above expression it is enough to note that the action is given by pre-composition of
the regular action with the automorphism id X ¥(d) with adjoint id X 9(d~!) and use
Remark 4.16 of [BZBJ18a]. Applying the tensor product functor 7: A K A — A to
End 42(14) we get the object

Veemp(A)
F ::/ VVedd .V . (4)

Notice that for the identity element e € D, this is Lyubashenko’s coend [ VY ®V [Lyu95],
which in particular is a braided Hopf algebra in A.

3.3. EXAMPLE. Let H be a ribbon Hopf algebra with D-action, meaning that an element
d € D acts on H by Hopf algebra automorphisms, the universal R-matrix is D-invariant,
i.e. R € (H® H)P and the ribbon element is preserved by the H-action. Let Rep(H) be
the braided tensor category of locally finite left modules over H on which the elements
d € D act through the pullback of representations along d~1. It is a well-known result that
at the identity element e € D, the algebra Fg., g 18 identified with the braided dual of H,
also known as the reflection equation algebra (REA), equipped with the coadjoint action.
Its underlying vector space is given by the matrix coefficients H° of finite dimensional
H-representations. As an algebra, the REA can be obtained from the so-called Faddeev—
Reshetikhin—Takhtajan (FRT) algebra via twisting by a cocycle given in terms of the
universal R-matrix [DM03]. In more detail, the FRT algebra is identified with the coend

VeRepd(H)
FFRT = / VYRV € Rep(H)™ K Rep(H) ,

where Rep(H )™ is the category with the opposite monoidal product, with multiplication
mypgrr induced by the canonical maps

VVRV) @ (WYRW) = (VY WR((VoW) = (WeV)'’B(WeV) X% Furr
The REA is then given by the image of the FRT algebra under the composite functor

Rep(H)™ K Rep(H) 27" Rep(H) K Rep(H) —L— Rep(H) | (5)

where (id, o) denotes the identity functor, equipped with a non-trivial tensor structure
given by the braiding o in Rep(H).

In the decorated case, we precompose the functor in (5) with the automorphism (1 X
9¥(d)). Then, for any d € D, the underlying vector space of ]:Eziep( iy is identified again
with H° via
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VVedV Y H° (o @) =d(—v (d1)*v) |

for any V € Rep™(H), but H® is now equipped with the twisted coadjoint action ad}(h®
¢)(v) = ¢(S(hay)(—)d.h@) > v). The multiplication on the coend algebra is defined in
terms of its universal property. Concretely, consider the following dinatural map

W Taxv,WV d* W
%

fow: VVedVeW'ed VVeWYedW e d'V

> (WeV)edWeV) = Fl_

Then there exists a unique multiplication map ]-"gep(H) ® Fgep(H) N fgep(H) such that
fvw =mo (ty ® ty). Explicitly, the product of ¢, € .Fgep(H) is given by

Mipa (¢ ® ¥) = mere(9(R1(=)d.R) ® $(S(Ry)Ra(-)) -

In the language of [DMO03], we thus find that Fgep( my 18 obtained by twisting the module
algebra (H°,ad};) by the cocycle R1 ® d. R} ® RoR), ® 1, where we write R = Ry ® R
and we use primes to distinguish different copies of the R-matrix.

3.4. ExAMPLE. The category of finite-dimensional U,(g)-modules of type 1 is a semisim-
ple braided tensor category via the quasi R-matrix ©. The quantised coordinate algebra
O,(Q) is then defined as the algebra of matrix coefficients of objects in this category.
Given an automorphism xk € Out(G), the twisted coend algebra defined in Equation 4
takes the form T(MRepq(G)xz((C)) = P, VY ® x*V, where the sum runs over the sim-
ple objects. By a quantum version of the Peter—Weyl theorem (see for example [Ganls8,
Proposition 4.1]) we get an identification @, V" ® v*V = O,(G) as vector spaces, and
by the previous example, we thus find that the coend algebra is isomorphic to O,(G) with
r-twisted multiplication.

3.5. COMPUTATION ON PUNCTURED SURFACES. Throughout this section we consider
connected oriented surfaces with at least one boundary component. We can pick a ciliated
fat graph model to describe the surface ¥ we want to work with, which in [BZBJ18a]
is conveniently defined via a gluing-pattern, that is a bijection P: {1,1’,...,n,n'} —
{1,...,2n}, such that P(i) < P(:'). Here, n is the number of edges of the fat-graph
model of . Given a gluing pattern P, we can reconstruct > as depicted in Figure 5b,
namely by gluing n disks D, with two marked intervals each to a disk 42»ID, with 2n + 1
marked intervals, thereby gluing the intervals i and i’ to P(i) and P(i’), respectively.

3.6. DEFINITION. A D-labeled gluing pattern is a gluing pattern P: {1,1',...,n,n'} —
{1,...,2n} together with n elements dy,...,d, € D.

Notice that the fundamental group of a genus g surface with 741 boundary components
is free on n = 2¢g + r generators. This implies that a D-labeled gluing pattern determines
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a principal D-bundle on the surface constructed from the gluing pattern. Furthermore,
up to equivalence all principal D-bundles on surfaces with at least one boundary arise in
this way.

AV iy iy N

Vol <

P(1) P(1) P(r) P(') P | P@D
P((n—1)")

[PYdl ] ['Ydr] ['Ydr+1} ['Ydr+2} [’de 1 ] [’de]

(b) Gluing a surface from a decorated gluing
(a) Generators of the homotopy group m1(X). pattern.

Figure 5
dy

For a D-labeled gluing pattern (P, d; ... d,) we are going to define an algebra ap €
A. As an object in A, it is defined by the tensor product

n
diye.dn . d;
ap "= QFU
=1

where the fji are defined by the coend (4). The gluing pattern can be used to define an
algebra structure on this object in complete analogy with [BZBJ18a]. To that end, we

will use the following terminology: Two labeled discs D% and DY with i < j are called

o positively (negatively) linked if P(i) < P(j) < P(i') < P(j)) (P(j) < P(i) <
P(j') < P(i"))

e positively (negatively) nested if P(i) < P(j) < P(j') < P(i') (P(j) < P(i) <
P(i') < P(j"))

e positively (negatively) unlinked if P(i) < P(i') < P(j) < P(j') (P(j) < P(j) <
P(i) < P())

To each of the above cases, we assign a crossing-morphism as depicted in Figure 6 be-
low. Notice that the crossing-morphism in the nested case differs from the one given in
[BZBJ18a, Definition 5.8].

Now, for each pair of indices 1 < i < j < n, the restriction of the multiplication to
Fh @ FY C ab™ is defined by

ideC®id

FloFi @ Fh e Fy FloFlieoFiieFy 220, Fho i
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N T T
N N /

[ [ [

e S

+-linked +-nested +-unlinked

Figure 6: Definition of crossing-morphisms LT, N*, U™ : ]:ji ® ]:jj — fij ® Fff( for
positively linked, nested and unlinked decorated discs. Notice that we read the diagrams
from bottom to top.

where C' is either L*, N* or U*, depending on whether the decorated discs D% and DY
are +-linked, +-nested or +-unlinked.

Finally, given a D-labeled gluing pattern, we wish to describe the module structure
induced by gluing the marked disks D% to the disk ,2.DD, as sketched in Figure 5b. To
that end, we look at the example of a sphere with three punctures (S?)3 and a D-bundle
described by the map ¢: m;((S?)3) — D sending the two generators of the fundamental
group to dy and dy, respectively. The corresponding gluing pattern is P(1,1’,2,2") =
(1,2,3,4), decorated by the tuple (di,ds) € D x D. We then choose a collar-gluing
(S?)3 = ¥_ Us, X, for the punctured sphere, as sketched on the right hand side of Figure
7, and an equivalence in D-Mansy, so that the maps to BD are constant on ¥_ \ ¥y and
¥\ Xg and are given by the loops 74 and 4, on fixed open intervals in Y4, which are
depicted by the red and blue intervals in Figure 7. We immediately see that we are in
a situation similar to Example 2.13: The right A X A-module structure on foi A, for

i = 1,2, is the twisted regular action reg? defined in (3). The module structure for more
general decorated gluing patterns can be worked out analogously.

QN | ()

——
2o
Figure 7: Example: sphere with three punctures.

3.7. THEOREM. Let ¥ be a surfaces with at least one boundary component. Fix a principal
D-bundle ¢: ¥ — BD on ¥ and a corresponding D-labeled gluing pattern (P, dy, ..., d,).
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There is an equivalence of categories

A gt Nod .
(Z0)

PROOF. The following is an extension of the proof given in [BZBJ18a, Theorem 5.14] to
surfaces with D-bundles. We have seen that for a d-labeled disk D?, with two marked
intervals we have fDd A = A as plain categories, with the markings inducing the structure

of a right A¥2- module category with module structure given by the twisted regular action
reg?. Now, f i >~ A¥n has the structure of a right A¥?"-module category. Indeed,
using the decorated gluing pattern (P, dy,...,d,) we have an action

regdpl""’d": (xR, ) K (yy K-+ - K yy,)
— (21 ® ypay @ V(d1).ypary) B - - - B (2, @ Ypm) @ I(dn).ypm))

We denote the resulting right module category by ./\/ldl’ K
On the other hand, we have the disk 421D, with 2n marked intervals to the left and
one marked interval to the right. This turns [ 5 A= Ainto a (A%2" . A)-bimodule via

the iterated tensor product
(e X g, Ry z— 21 ® -+ @ 29, QY ® 2.

We denote the resulting bimodule category by 4m2n.A4. Using excision, we then have

o A qd1sedn
A == MPl IE A@%LA_A .
X2n
(Z) A

Let 7p: {1,...,2n} — {1,...,2n} be the bijection given by postcomposing the map
defined by 2k — 1 — k, 2k — k' with P. Notice that the inverse of this map is part of
the action reg) el Applylng monadic reconstruction as in Theorem 2.21, together with
Lemma 3.2, we can 1dent1fy ME® with modules over an algebra End szn(l =
A¥2n - obtained from End jg» (1 A)dl X .- X End 4z(14)% by acting with 7p. Applying
Corollary 2.23 to the dominant tensor functor T : A* — A, we thus get

/ A= T2 (End oo (1) )-Mods
by

as right A-module categories.
Let us write 72" (End ymen (14)5 ) = @p for brevity. To finish the proof, we want
to show that there is an isomorphism of algebras ap = adpl"“’d". Consider the subalgebras

Fi' =End,, & A, (L)" € A7

and their images under the tensor functor FX) = TQ”(FX’i/)) € A. By embedding each
}"ﬁf) into ap we get a map
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mp: Fy) @ @ FY — a3 —" @p

where m is the multiplication in @p. This map establishes the isomorphism on the level
of objects in A. The restriction of the multiplication to the image of one of the .7:2)
agrees with the multiplication m in }"ji. So it is left to show that for each pair of indices
1 <1 < 7 <n the composition

F 0 FD o FD @ FY M8, 70 ¢ 70 g 7O @ 7 mEm, 50 o £ e, G

for C being L*, N* or U*, agrees with mp| ( . To that end, consider the following

FYerQ)er

diagram
TFY @ FLT) = THFELD @ FLY)
J =T ¥ee J
7,] - *\\\\\]\\
FRoFP 7 (m) FQeFY
p p
ap

where the label T%(m) on the vertical arrow means applying the tensor functor to the
multiplication in End 4m2n (1 A)jl;l""’d”. The dashed arrows, making the above diagram com-
mute, can be described by exhibiting the tensor structure of the iterated tensor product
furlCtOI‘ . . .. .. ~ .. ..

Jiy: FQ @ FP = THF) @ THFPT) S TFY © FII)
given by the shuffle braiding®. As an example, consider the gluing pattern P(1,1’,2,2') =
(1,3,4,2) describing positively nested handles. The corresponding shuffle braiding is

Jig=(1®1®0)o(l®o®l), Ji1=(®1®1)oc(1l®rxl),

and we observe that the composition J; , 0 Jo1 agrees with the nested crossing morphism
fo o ]:ff ® }"jl — Ffll ® ]-"fff. From commutativity of the above diagram, we then get

that mp| Fiag ph = Mp| iy 4, 0 N, which finishes the proof for the positively nested
A BF 4 FAOF4 '
case. The other five cases can be worked out analogously. [

3.8. LITTLE BUNDLES ALGEBRAS AND BRAIDED D-CROSSED CATEGORIES. The value of
oriented factorisation homology of a rigid balanced braided category A on S! x R is given
by the Drinfeld centre Z(A) of A. In [BZBJ18b, Remark 3.2] it is observed that [, A
carries two natural monoidal structures induced from the topology of genus zero surfaces;
one is induced by stacking annuli in the R-direction, which we will denote ®g, and the

6The shuffle braiding J: a1 @ -+ ® ap @ b1 @ - -+ @ by, =N b ®--®a, b, is given by J =
Oy bn1 O O Oag@--®an,bs © Tas®---®an,b;» Where o is the braiding of A.
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other one is induced by embedding annuli into the pair of pants and will be denoted
®pants- Lhe monoidal structure coming from the pair of pants requires some explanation:
Evaluating factorisation homology on the pair of embeddings sketched in Figure 8 gives
rise to the cospan

(e1le2)« (tout )
S AR Joi .z A — Jpants A ¢ t Jsiur A

in Pr.. Using the right adjoint” Lot 10 Loutx We get an induced tensor product @pants,
which agrees with the usual tensor product on the Drinfeld centre. We refer to [Was20]
for a detailed algebraic discussion of the type of interaction we expect between these two
monoidal structures in the case of fusion categories.

Figure 8: The maps inducing the monoidal structure ®papts.

For the case of interest in the present work, i.e. in the case that A is equipped with a
D-action, the situation is slightly different since the annulus S' x R can be endowed with
different maps into BD. We can assume that, up to homotopy, every map ¢: S' x R —
BD is constant in the R-direction and hence we still find an E;-algebra structure ®g on
f(Slme A. On the other hand, the pair of pants only induces an Ej-algebra structure
in the case that all maps into BD are chosen to be constant. The non-constant maps
into BD induce instead another interesting algebraic structure on the collection of values
taken by factorisation homology on all possible maps ¢: S! xR — BD, a little D-bundles
algebra [MW20Db)].

The operad EP of little D-bundles is coloured over the space of maps from S' to
BD. To describe the space of operations we need to introduce some notation: For a disk
embedding f € Es(r) we denote by C(f) the complement of the interior of all embedded
disks. Let ¢ = (¢1,...,¢,) be an r-tuple of maps ¢;: S' — BD and t: S' — BD
another map. The space of operations EY (Zﬁ) consists of pairs of an element f € Ey(r)

together with a map ¢: C(f) — BD whose restriction to OC(f) is given by (0,%). By
construction we have the following:

"Note that the right adjoint ¢ is again in Pr, since Loy is given by acting on the distinguished object
in fpants A which is a progenerator.
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3.9. PROPOSITION. The value of factorisation homology on St equipped with varying D-
bundle decorations has the structure of a little D-bundles algebra.

The main result of [MW20b, Theorem 4.13] identifies algebras over EY inside the 2-
category Cat of categories with braided D-crossed categories as defined by Turaev [Tur00,
Turl0] and recalled below. The proof directly carries over to Pr..

3.10. DEFINITION. A braided D-crossed category is a D-graded monoidal category
AP = @Ad, such that ®@: AqgW Ay — Aga

deD

together with a D-action on AP, which is such that the image of the action by an element
h € D on Ay is contained in Apgp—1, and natural isomorphisms cxy: X®Y — d.Y @ X
for X € Ay, satisfying natural coherence conditions [Gall7].

We call the braided D-crossed category assigned to A by factorisation homology the
D-centre ZP(A) of A. The d-components ZP(A) are given by factorisation homology on
wa: S' x R — BD, where ¢4 corresponds to the loop d € m(BD) = D and is constant
in the R-direction. To compute the D-centre explicitly, we recall the concept of bimodule
traces and twisted centres from [FSS17, DSPS20]. Let A € Pr. be a monoidal category
and M be an A-bimodule category. The bimodule trace of M is

Trg(M) = MK g A

where A™" denotes the category A with the reverse multiplication. Assume now that
F: A — Ais a monoidal functor and denote by (5 M the (A, A)-bimodule whose left
action is pulled back along F. Similarly, we will denote M) the bimodule whose right
action is pulled back along F. The F-twisted centre Z7 (M) is then the Drinfeld centre
of the bimodule category M z.

3.11. PROPOSITION. Let d be an element of D. There is a natural isomorphism
Z7(A) = Tra(Ma)

where My is the bimodule constructed in Section 3.1 via the twisted regular action.
Moreover, one can identify the bimodule trace Tr (M) with the twisted Drinfeld cen-
tre Z°W@)(A).

PROOF. The first statement follows directly from applying excision to the cover sketched
in Figure 9 combined with the results of Section 2.12.1. Note that here excision is not
used as in the proof of Theorem 3.7. For the second statement, recall that since A is rigid
we can apply Theorem 2.21 to identify My = End(14)"@-Mod 4z grev, where End(1 4)%(@
is the endomorphism algebra of 14 in AKX A" with respect to the ¥(d)-twisted regular
action. Then, we have equivalence

Tra(Mg) = End(14)"“-Mod 4 2 Hom gz arev ((9(a-1)yA, A)

where the first equivalence is Theorem 2.22 and the second one is due to a categorical
version of the Eilenberg—Watts theorem [BJS21, Lemma 5.7]. But, by [FSS17, Lemma
2.13] this is precisely the J(d)-twisted Drinfeld centre of A as claimed. =
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Figure 9: Collar-gluing for the annulus with a map to BD.

Let us introduce the following bimodule category A x D := @, ., Mg4. This category
has the structure of a D-graded monoidal category via

®A>4D:Md&Md’—>Mdd’ s JTX’l‘ll—)l’@ﬁ(d)JT, s

as indicated by the notation.

3.12. COROLLARY. The trace Tr (A x D) of the bimodule Ax D agrees with the D-centre
ZP(A) and is a braided D-crossed category.

3.13. REMARK. In [GNNO09], the graded centre of a D-graded fusion category C =
D cp Ca is defined to be Z¢, (C) = Tre, (C) and equipped with the structure of a braided
D-crossed category. In the case that A is a braided fusion category with D-action, the
D-centre ZP(A) agrees with the graded centre of A x D. A careful comparison of the
two little bundles algebra structures would take us too far from the content of the paper.

3.14. REMARK. We also leave a detailed study of the interaction of the monoidal structure
®gr induced by stacking annuli in the R-direction with the D-crossed braided structure as
an interesting open question for further research.

3.15. ALGEBRAIC DESCRIPTION OF BOUNDARY CONDITIONS AND POINT DEFECTS. In
Section 2.4.2 we explained that boundary conditions and point defects for D x SO(2)-
structured factorisation homology with values in Pr. are classified by symmetric monoidal
functors from the categories of stratified disks D-Disks 5 and D-Disk, . to Pr., respectively.
In this section we will describe the algebraic structure classifying these functors. Our
strategy will be the following: The source categories can naturally be identified with
the envelope of the coloured operads D-fSC, a framed and D-equivariant version of the
Swiss-Cheese operad [Vor99], and D-fE}, a framed and D-equivariant Es-operad with a
frozen strand [CG20], respectively. Hence, defect data corresponds to algebras over them.
Both operads are aspherical, meaning that all the homotopy groups of the operation
spaces vanish in degree higher than 1. For this reason we can work equivalently with the
groupoid valued operads II;(D-fSC) and II,(D-fE}), instead of topological operads. We
extend existing combinatorial models [Idr17, CG20] in terms of generators and relations
to the situation at hand. The results will be combinatorially described groupoid valued
coloured operads D-fPeBr and D-fBr! equivalent to IT;(D-fSC) and I, (D-fE3).



FINITE SYMMETRIES OF QUANTUM CHARACTER STACKS 79

We will work within the 2-categorical framework for operads, see for example [MW22,
Section 2|. The advantage of this is that all structures will automatically be coherent in
the appropriate sense. Alternatively, one could work with Y-cofibrant models, similar to
the parenthesised braid model for the Es-operad [Frel7-I, Chapter 6], at the categorical
level [CG20, Idrl7].

3.15.1. BOUNDARY CONDITIONS. We briefly recall the situation without principal bun-
dles [BZBJ18b]. The category Diskg’a is equivalent to the envelope of the topological
Swiss-Cheese operad SC with its two colours D and Dy, corresponding to the standard
disk and the half-disk. The spaces of operations are given by rectilinear embeddings. In
particular, one has that

SC(DvaID)vD) = E2(n)7 SC(Daa"'aID)a;Da) = El(n>
—————

n n

In Figure 10 we sketch an operation with different colours and in Figure 11 we list the
generators® for the corresponding combinatorial model PeBr of permutations and braids,
constructed in [Idrl7], together with the respective topological operations.

®
o G
AWA

Figure 10: An example of an operation in SC(Dy, Dy, D, D, D; Dy).

The relations for PeBr are such that an algebra over SC corresponds to a braided
monoidal category A, a monoidal category C and a braided functor 4 — Z(C) into the
Drinfeld centre of C. For a complementary physical perspective on the correspondence
between boundary conditions and maps into Z(C) we refer the reader to [FSV15].

To study boundary conditions for oriented manifolds, one works with the framed Swiss-
Cheese operad fSC where embeddings are allowed to rotate the disks . In the respective
combinatorial model fPeBr for the framed Swiss-Cheese operad this is incorporated by
introducing one additional generator in fPeBr(DD; D), the balancing, and imposing the
relation corresponding to Equation 2 inside fPeBr(ID,D; D), see also Figure 11. Hence, we

8We refer [MW20b, Section 4.1] for more details on generators and relations for groupoid valued
operads.



Generating objects:

80 CORINA KELLER AND LUKAS MULLER
A A
b

@ @
9
Generating morphisms:

XA—A — @69
CATA T @6
O-0C

I

2>

I

7| —]

Figure 11: Generating operations for fPeBr and their image under the equivalence fPeBr =
I1; (fSC). The arrows indicate the paths in the space of embeddings. If we ignore the last
generating morphism, we recover the generators of PeBr.

see that in order to extend an algebra (A, C) over SC to an algebra over fSC, we need to
equip A with a balancing.

Finally, we turn our attention to the D-equivariant version D-fSC of the framed Swiss-
Cheese operad, together with its combinatorial model D-fPeBr, whose envelope is equiva-
lent to D-Disksy 5. We can assume without loss of generality that all bundles are trivial and
hence the colours of the operads do not change. However, for every group element d € D,
we get an additional arity one operation in both D-fPeBr(DD; D) and D-PeBr(Ds; Dy) cor-
responding to gauge transformations of the trivial bundle, which ‘commute’ with all the
other generators. Hence, we can identify D-fPeBr with the Boardman—Vogt tensor prod-
uct fPeBr ®gy D, where we consider the group D as an operad concentrated in arity one.
On the level of algebras this implies Alg(D-fSC; Pr.) = Alg(fPeBr; Alg(D;Pr.)). But a
D-algebra is just an object of Pr. equipped with a D-action, and so we can summarise
our discussion in the following proposition.

3.16. PROPOSITION. Let A be a balanced braided category with D-action. Boundary
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conditions for A in D x SO(2)-structured factorisation homology are given by a monoidal
category C € Pr. with D-action and a D-equivariant braided functor A — Z(C) into the
Drinfeld centre of C with its induced D-action.

3.17. EXAMPLE. The trivial boundary condition, corresponding to simply removing the
boundary and computing factorisation homology on the resulting manifold without bound-
ary, is given by taking C = A together with the canonical embedding A — Z(.A) induced
by the braiding on \A.

3.18. EXAMPLE. The sources for boundary conditions from [BZBJ18b, Section 2.3] have
natural generalisations to the equivariant setting:

1. Let A be a balanced braided category with D-action and denote by FEy(A) the
category of commutative algebras in A, which comes with an induced D-action. For
every homotopy fixed point? A € E5(A)P, the category A-Mod inherits a natural D-
action and provides an example for boundary conditions of the bulk theory described

by A.

2. Consider the quantum Borel algebra U,(b) — U,(g), which is the subalgebra gen-
erated by the elements {K7, X[ },,cn, following conventions from [CP95, Section
9.1.B]. We get a forgetful tensor functor Rep,(G) — Rep,(B). Moreover, as noted
in [BZBJ18b, Section 2.3], the R-matrix provides a central structure on this forgetful
functor. We observe that we have an Out(G)-action on U,(b), given on generators
by KI — K;t(ai) and HY — H:(ai) for any x € Out(G). We conclude that we get
an Out(G)-equivariant functor Rep, (G) — Z(Rep,(B)).

3.19. REMARK. There is another generalisation of the Swiss-Cheese operad to the equiv-
ariant setting with operations consisting of an element in SC equipped with a map to BD
on the complement of the embedding. This is similar to the generalisation of the little
disks operad given by the little bundles operad. We also expect this operad to play an
important role in the description of boundary conditions for equivariant field theories.

3.19.1. POINT DEFECTS. We again start by recalling the framed result from [BZBJ18b]
in the language of coloured operads and then gradually build up to the oriented and
D-equivariant setting. The disk category Diskg’* can be described as the envelope of a
topological operad with two colours, D and D, corresponding to a disk and a marked
disk, respectively. The spaces of operations are given by rectilinear embeddings which
map marked points bijectively to marked points. The concrete structure of this coloured
operad makes it into a moperad as defined in [Will6, Definition 9]. A combinatorial
model for this topological operad is given in [CG20] in terms of parenthesised braids with
a frozen strand. In Figure 12, we give a strict version of this combinatorial model, which
will be denoted Br'. The description in terms of generators and relations allows us to read
off the corresponding algebraic structure which was introduced in [Enr08, Brol2, Brol3].

9Here a homotopy fized point is a commutative algebra A together with algebra isomorphisms
74: d. A= Aforalld € D such that 7y od' .7y = Tq4.
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3.20. DEFINITION. Let A be a braided category. A braided module over A is a right
module category <: M X A — M equipped with a natural isomorphism E: <1 = <
satisfying (suppressing coherence isomorphisms)

Em<m:,y - <1dm < U;;) © (Emay < ldl’) ° (1dm d 0-;7!1/) ’

and
Ensoy = (Bmg <idy) 0 Epgpy 0 (idp, <(0y2 0 05y))

for allm e M and x,y € A.

The framed version fBr', giving a combinatorial model for the envelope of Disks..,
can be described by an extension of Br' obtained by adding two additional generating
morphisms 6 € fBr'(D; D) and 6, € fBr'(D,,D,), corresponding to rotating the disks by
27. Furthermore, we need to include Relation (2) for # and Relation (R4) from Figure 12
for 0,.

We note that the system of relations is over-determined: To see this, note that Relation
(R4) allows one to rewrite Ep, p in terms of the balancing ¢ and 6,. Inserting this into
Relation (R3) in Figure 12, we find that this relation is automatically satisfied and hence
obsolete. To show that the combinatorial description is correct, it is enough to note
that the operation spaces in fE} can be identified with the ones of fE;. Reading off the
corresponding algebraic structure from the combinatorial model, one finds an equivalent
reformulation of the braided balanced modules introduced in [BZBJ18b, Theorem 3.12].
The only additional structure to the one described in Definition 3.20 is that of a balancing
Oprg: idyy = idyg on M compatible with E.

Finally, we move on to describe point defects in the D-equivariant setting, which is
slightly more subtle than the boundary conditions described in the previous section. The
reason for this is that the disk with one marked point D, is replaced by a collection of
marked disks D¢ equipped with a map to BD with holonomy d. The combinatorial model
for D-fE} can be derived from the model for the framed version of the little bundles operad
given in [Woi20, Section 5.4.2] similar to the derivation of the model for fE} from the one
for fE5. It is important to note here that we only consider configurations where the map
to BD has non-trivial holonomy around the frozen strand. We list the generators and
relations for the combinatorial model D-fBr! in Figure 12. The corresponding algebraic
notion is:

3.21. DEFINITION. Let A be a balanced braided category with D-action. An equivariant
balanced right module over A is a D-graded category M = @ ., Ma equipped with

e a D-action act™: x /D — x//Aut(M) such that the image of My under the action
of d € D is contained in My gz-1,

e an equivariant right A-action <: MX A — M |

e natural isomorphisms 6%: idy, = act)! and E: 9« = <o (idp, Wacty!) for all
deD
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Generating objects:
dhd—1

@ 1@ A (3

Generating morphisms:

‘/ d d

K:A*Ad - °9)—(

N d

%I ’ — +d — @—)@
d d

Relations:

AA L= (= amd

Figure 12: Generating operations and relations for D-fBr! and their image under the
equivalence D-fBrl = II;(D-fEL). Notice that we did not depict the relations related to
the D-action. The d-labels on the disk for the first two generating objects mean that the
map to BD is the loop d in radial direction. In D-Many this embedding is isomorphic
to the identity embedding equipped with the homotopy corresponding to d. If we ignore
the D-labels, we get generators and relations of fBr!. If we furthermore drop the second
generating morphism as well as relation (R4), we get a combinatorial model for E2.

such that (suppressing coherence isomorphisms)
o forallme Mg and z,y € A
B, = <1d e ) o (B <id,) o (idy a07)
e and for allm € My and x € A
(‘97\4)qu = E:ctévl(m)w © ((951\/1),71 < (QA)1>

We can summarise our discussion in the following proposition.
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3.22. PROPOSITION. Point defects in D x SO(2)-structured factorisation homology are
equivalent to equivariant balanced modules.

3.23. EXAMPLE. Let C be a boundary condition for a bulk theory A. We can form
a point defect from this boundary condition by removing a small circle around every
marked point and inserting C. On the algebraic level, the map from boundary conditions
to point defects sends C to the D-centre ZP(C) with the A-action induced by the functor
A— Z(C) C ZP(0).

3.24. REMARK. In [BZBJ18b] a different approach to the description of point defects
is taken: They are identified with modules over the value assigned to the annulus by
factorisation homology equipped with the stacking tensor product. The same approach
should work in the situation considered in this section, hence we expect that equivariant
balanced modules over A can equivalently be described by graded modules over the graded
centre Z”(A) equipped with the stacking tensor product.

3.25. EXAMPLE. Here we set D = Out(G). For each element x € Out(G), let h € G
act via r-twisted conjugation Ady(g) = hgr(h™') on G. Denote C* C G the orbits
of this action, i.e. the k-twisted conjugacy classes of (G. For each k-component of the
Out(G)-centre of Rep(G), we thus get a tensor functor

/(S1 | Rep(G) = QCoh(G/G) — QCoh(C*/G)

where the G acts by k-twisted conjugation.

3.25.1. CLOSED SURFACES AND MARKED POINTS. We first compute the value of factori-
sation homology on a closed, unmarked surface Y equipped with a map ¢: ¥ — BD.
We use a decomposition of ¥ into a surface Y, with one boundary component and a disk

D, see Figure 13.

Figure 13: The surface ¥, obtained from ¥ by removing a disk D.

We denote by ¢, the restriction of ¢ to X, which has trivial holonomy around the
boundary 0%, since the bundle extends to ¥. Excision now implies that the value of
factorisation homology on ¥ is given by the relative tensor product

/ A= A B A, (6)
(=) (Zowpo)  Jistxme) A
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where *: S' x R — BD is the constant map at the base point. Given a decorated gluing
pattern for ¥,, we showed in Theorem 3.7 that one obtains identifications

/ A= b Mod g, / A= FS-Mody
(Zo,0) (ST xR,x)

via monadic reconstruction in A. Now in order to compute the relative tensor product
(6), we have to describe the categorical factorisation homology internal to the annulus
category fSlxR A. The techniques to do so were developed in [BZBJ18b, Section 4], and
we will briefly review the main results that will be used to compute factorisation homology
on closed surfaces with D-bundles.

We first recall the notion of a quantum moment map, see [Saf21, Section 3| for more
details. For every V € A we have a natural isomorphism, the so-called “field goal”
isomorphism [BZBJ18b, Corollary 4.6]:

V Fa

\
Tv: FaQV —VRF4 71vi= K\J : (7)
-
Fa V

Now let A be an algebra in A. A quantum moment map is an algebra map p: A — F4
in A such that it fits into the following commutative diagram

AR Fu 2 A9 A

TX 1 A

A

Fio A9 Ag A

It is shown in [BZBJ18b, Corollary 4.7] that algebras A € fSlxR A amount to the data of
a quantum moment map p: F§ — A.

As mentioned in Remark 3.24, braided modules are identified in [BZBJ18b] with mod-
ule categories over F4-Mod 4, where the latter is equipped with the tensor product ®g
induced by stacking annuli in the radial direction. Let now M be a braided module
category and assume there is a progenerator m € M for the induced A-action. In the
situation at hand, M = f(zo,%) A and the progenerator is the distinguished object given
by the pointing via the inclusion of the empty manifold. The following reconstruction
result for M is proven in [BZBJ18b, Theorem 1.1]: There is an equivalence

M= AMody, 4, A=End,(m)

where the endomorphism algebra comes with a canonical quantum moment map py, : Fq4 —
A. The right action of F4-Mod4 on M is then given by [BZBJ18b, Corollary 4.7] :

A-Mod ® Fy-Mod — A-Mod, VX +—V®sr, X |
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where the algebra homomorphism py, and the field goal transformation (7) are used to
form the relative tensor product.

3.26. REMARK. Conversely, given an algebra A € A and a quantum moment map
w: Fq — A, the category M = A-Mody is equipped with the structure of a braided
module category. We refer to [BZBJ18b, Section 4.3] for an explicit description of the
braided module structure that one obtains from the given quantum moment map p.

Applying the above reconstruction result to the situation at hand, we get quantum
moment maps
s, Fa s
which endow adpl"“d” and 14 with the structure of algebras in F4-Mod 4. Finally, by [BZBJ18b,
Corollary 4.8|, we get:

and pup: Fq— 1y

3.27. PROPOSITION. The factorisation homology on a closed decorated surface (X, p) is
given by

/Ag(Clcllahm7dn‘MOd'1A)]:A-M0dA ’

(Z9)

the category of acllgl""’d"—lA—bimodules mside F4-Mod 4.

3.28. REMARK. Let {z1,...,2,} C ¥ be a collection of marked points on the surface
and ¢: X\ {z1,...,2.} — BD a continuous map. Let X, be the surface obtained
from ¥ by removing a small disk D% around each point z;, where the label d; indicates
that the holonomy of ¢ around the i-th boundary component 0;3, is given by the group
element d; € D. Let M = @ gep Ma be an equivariant balanced right module over A.
Applying excision, we can express factorisation homology over the marked surface ¥ via
the following relative tensor product:

(A, M) = A & <Md1 <. &Mdr)

(S0) {2 10mmszr}) (Zo) (f<sl,d1>Ax"'gf(sl,dw“)

4. Quantisation of flat twisted bundles

In this section we describe the Poisson algebra of functions on the moduli space of flat
Out(G)-twisted G-bundles on an oriented surface ¥ and its quantisation via factorisation
homology over X with coefficients in the ribbon category Rep, (G) equipped with the
Out(G)-action defined in Section 2.15.

4.1. THE MODULI SPACE OF FLAT TWISTED BUNDLES. We first recollect some back-
ground about twisted bundles in the differential geometric setting, see for example [Meil7]
and [Zer21] for more details and [MSS22] for the non-flat version. Let X be an oriented
surface equipped with a principal Out(G)-bundle P — ¥. The group homomorphism
G x Out(G) — Out(G), given by projection onto the second factor, induces a morphism
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of smooth groupoids'® Buny, ).¢(X) — Bunoue)(E). The groupoid of flat P-twisted
G-bundles is defined as the homotopy pullback

Bunfcl:afp(z) . Bunga;Out(G)(Z)

| |

* ;) BunOut(G)(E)

The trivial P-twisted G-bundle is the bundle P Xou(e) (G % Out(G)) associated to P
using the group homomorphism Out(G) — G x Out(G), k — 1 x k. Note that the
automorphisms of the trivial flat P-twisted G-bundle are G™*) and not (G »x Out(G)) ™)
as one might naively expect.

4.2. REMARK. The moduli space of flat Out(G)-twisted bundles on a closed surface ¥
was studied in the differential geometric setting in [Meil7, Zer21]. In particular, it is
shown in loc. cit. that the moduli space of Out(G)-twisted flat bundles for a compact Lie
group (G carries a canonical Atiyah—Bott like symplectic structure.

Since in this paper we obtain our results in the algebraic setting, we will now give
another description of flat twisted bundles that is more suitable for us, namely the holon-
omy description of twisted G-bundles. We will only consider surfaces > with at least one
boundary component and a marked point v € 9% on one of the boundary circles. For
brevity we write simply 71 (X) for 7 (X, v). For any group G, we call the space of group ho-
momorphisms Hom(m (X), G) the G-representation variety. It comes with a natural action
of G via conjugation: g.¢(y) = go(v)g~ ' forall g € G, v € m(X) and ¢ € Hom(7m (%), G).
As before, we fix a principal Out(G)-bundle, here described by a group homomorphism
p: m(X) — Out(G). Such a map p is given by picking an element x € Out(G) for every
generator in 7 (X). Then, an element in the p-twisted G-representation variety is a lift

G x Out(G)

>
A
-
-
-
-
-
p
-

m1(2) — Out(G) .

We write Hom, (71 (X), G) to denote the space of lifts. Concretely, elements in Hom,(m(X), G)
can be described by maps ¢: m1(2) — G, which are such that ¢(v1072) = ¢©(71)p(71)-¢(72)-
The group G acts via twisted conjugation, i.e. the action of an element g € G is given by
0(7) — gp(7)p(7).g7". Given a set E of free generators of (2), we get an identification
Hom,(m(X), G) = GF.

10Here smooth groupoids can, for example, be modeled as sheaves of groupoids on the site of Cartesian
spaces as in [BMS21, Section 5.1]. We will not go into details here because they will not be important
for what follows.



88 CORINA KELLER AND LUKAS MULLER

There is a bijective correspondence between elements in the twisted representation
variety Hom, (7 (2), G) and elements in

M (%) = {Isomorphism classes of flat twisted G-bundles with trivialisation over v € X}

which is established via the holonomy map. The group G acts on M;(X) by changing
the trivialisation. The moduli space of flat twisted bundles is then given by the quotient
stack

M, (X) = MJ(X)/’G

where the notation /? indicates that G acts via twisted conjugation.

4.2.1. THE TWISTED FOCK-ROSLY POISSON STRUCTURE. For the remainder of this
section, Y is a connected surface with at least one boundary component. We will give
an explicit description of the Poisson structure on M5 (3), following the strategy of Fock
and Rosly [FRI8| using lattice gauge theory.

We choose a ciliated fat graph model for 3 with one vertex and edges E = {e, ..., e,},
constructed from a gluing pattern for 3 as defined in Section 3.5. Furthermore, we choose
an Out(G)-labeling {k1,...,k,} of the gluing pattern describing the twisting principal
Out(G)-bundle p. The fundamental group of ¥ is freely generated by the edges E of the
graph model, as depicted in Figure 14. Using the holonomy description from the previous
section, we can characterise a p-twisted bundle on ¥ by a graph connection, that is a
labeling of every edge e; € E with a group element g; € G:

L

hol: M?(¥) — Hom,(m(%,v),G) = GE .

This identification chooses an orientation for every edge in the fat graph model which we
choose to agree with the natural orientation coming from the gluing pattern. Hence, we
get an identification

M, (B) 2 GF /G

where h € G acts via twisted conjugation

(g617 .- -gen) — (hgeﬂil(h)ilv ceey hgen’inul)il)

In this way, we consider the algebraic functions on GF as an element of Rep(G) and we
denote this algebra by O?(G¥). Quasi-coherent sheaves on M, (%) can now be identified
with modules over O?(GF) in Rep(G).

4.3. PROPOSITION. Let X be a surface of genus g and r > 1 boundary components. Given
a principal Out(G)-bundle p: m(X) — Out(G), described by the elements kq, . .., Kogir—1 €
Out(G), and a gluing pattern P for X, there is an isomorphism QP (G29F7=1) o 71" 2otr=
of algebras in Rep(G).
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Figure 14: Generators of the fundamental group for an r-punctured genus g surface.

PROOF. To establish the isomorphism on the level of vector spaces, we use the algebraic
Peter-Weyl theorem:

oG =PVvieVv
14

where the sum on the right hand side is over all irreducible representations of G and O(G)
is the Hopf algebra of matrix coefficients of irreducible G-representations. Next we take
into account the twist by a given automorphism x € Out(G): a group element h € G acts
on ¢ € O%(G) via h> ¢ = ¢(h~'(—)k(h)). As explained in Example 3.3, we thus get an

isomorphism O"(G) = @, V" ® £V = Fg_ ) compatible with the G-action. "

In combination with Theorem 3.7, the above result shows that f(z,p) Rep(G) agrees with
the category of quasi-coherent sheaves on the moduli space M,(X) of twisted bundles.
Note that G¥ is a finite dimensional smooth algebraic variety and independent of the
concrete form of the gluing pattern or topology of . However, we will see shortly that
the Poisson structure is sensitive to the topology.

In order to describe the Poisson structure on the representation variety M5 (X), we
notice that there is an equivariant embedding

1 GE — (G xOut(G)F , (geyy---Ge) = (Gey X E1y- - Gey X Kn)

which identifies GF with a connected component of (G x Out(G))¥ since Out(G) is dis-
crete. The G-action on the right side is via the embedding G — G x Out(G) and
conjugation inside G x Out(G). Using the gluing pattern for ¥, together with the choice
of an Out(G)-invariant classical r-matrix'! 7 € (g ® g)°""“), Fock and Rosly’s construc-
tion [FRI8] gives a Poisson structure mpr on (G x Out(G))E, such that the action of
G x Out(G) is Poisson—Lie. Pulling back mpgr along ¢, we get the desired Poisson struc-
ture on M5 (), which is compatible with the twisted G-action. In Proposition 4.4 below
we give an explicit formula for the Poisson structure mas(s) we just described on M7 (%),

UFor example, the semi-classical limit of the quantum R-matrix R of Uy (g) is Out(G)-invariant, see
Proposition 2.16.
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which is a twisted version of the Fock-Rosly Poisson structure on G¥ given in [FR9S,
Proposition 3|.

4.4. PROPOSITION. Let the surface > be represented by a ciliated fat graph with one
verter v and a set E of edges. Let (x;)i=1,. dim(g) be a basis of g. Then for a given choice
r=rig; @x; e (g09)°"Y of Out(Q)-invariant classical r-matriz there is a Poisson
structure on M5 (%) given by the bivector

R = O ra(a) Ay(8) + 5 3 rai(a) Ay(a)

a=<p
where a and 3 run over the set of half-edges*? and

. —zf(a), « s incoming at v

(Ka)sxy (), « is outgoing at v
where xf'/L(oz) denotes the right/left-invariant vector field of x; acting on the a-copy of GE.
Furthermore, the induced Poisson structure on the subalgebra of G-invariant functions is
independent of the chosen fat graph model for X.

K1,..yRn

4.5. QUANTISATION. In Section 3.5 we constructed an algebra aj, ,n=2g+r—1,
from a combinatorial presentation of the decorated surface ¥. We now explain how these
algebras provide a deformation quantisation of the twisted Fock-Rosly Poisson structure
on M$(%). To that end, we consider a7 as an object in the representation category
Rep,(G) of the formal quantum group. It is the tensor product Q);_; O;(G), where each
07 (G) is a k-twisted REA of quantised coordinate functions. The multiplication on the
tensor product is defined in terms of the crossing morphisms depicted in Figure 6. We
will show in Theorem 4.6 that for all elements f;* € O and g,° € O;’ we have

ki R
U0t swod(n) = (7,9} .
where {-, -} is the twisted Fock—Rosly Poisson structure from Proposition 4.4, and f" =
' mod(h) € O"(G), and similarly for ¢g".

We present a reformulation of the Poisson structure on M37(%) that will prove useful
for what follows. Let r = w + t be the decomposition of the classical r-matrix into an
anti-symmetric part w and an invariant symmetric element ¢. For a given automorphism
k € Out(@), define the bivector field

7T§TS — wad(n),ad(n) + tR,L(n) . tL(Ii),R

Y

where the superscripts indicate that the action by left-invariant vector fields is twisted

by the automorphism x, and we used the notation 224" = 28 — k2’ for the vector

12\We break up the edges of the graph, so that from each edge we get an incoming and an outgoing
half-edge at the vertex v. Since the chosen graph is ciliated, we get an ordering < on the set of half-edges.
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field generated by the element z € g via the twisted adjoint action h +— ghr(g™') of
G on itself. In the case Kk = e, the bivector field 7§y agrees with the Semenov-Tian-
Shansky (STS) Poisson structure on G, see [STS94]. Using the decorated gluing pattern
(P, {k1,...,Kogin—1}) for ¥, we define the bivector

Ra
= E Mot E Mo — Ta
ackE a<f

where 7, is a 2-tensor, acting on the a-component of the first factor and on the g-
component of the second factor of G¥ x G¥, and is defined by

ad(kea),ad(kg)

—Ta1 ; if & and 3 are positively unlinked
Top = —rgdl('{”‘)’ad(“ﬁ ) oplira).R if o and 3 are positively linked

—r;i(na)’ad(nﬁ) — otL(ka) R 4 2tL("‘O‘)’L(”B), if o and (8 are positively nested
And similarly, the 2-tensor 73, acts on the S-component of the first factor and on the
a-component of the second factor of G¥ x GF and is defined as 73, = 7(7, ), where T
swaps the two tensor factors. Similarly, for the remaining three cases, we define

p29lme)ad(g) if & and 8 are negatively unlinked

1,2 ’
Ta,f = ridQ(Namd(w ) 4 ot Liks) if « and S are negatively linked
ridz(ﬂa)’ad(ﬂm + 2t L(sg) _ 9pl(ka)iLks) — if oy and S are negatively nested

and set again 75, = 7(74p). A direct computation shows that 7 agrees with the twisted
Fock—Rosly Poisson structure defined in Proposition 4.4.

K1l,...,R2g+4+r—1

4.6. THEOREM. The algebra ap 1s a quantisation of the twisted Fock—Rosly Pois-
son structure on MS(X) = G*771 Its subalgebra of Uy(g)-invariants does not depend
on the choice of the gluing pattern P and is a quantisation of the Poisson structure on

the affine quotient M3 (X)//G.

PRrROOF. First, we show that the quasi-classical limit of the commutator of two quantised
functions in O (G) agrees with the r-twisted STS Poisson structure m§rg. We recall
from Example 3.3 that the multiplication in the x-twisted REA Of(G) is related to the
multiplication in the FRT-algebra via a twisting cocycle given in terms of R-matrices.
For H = Uj(g), the commutator in the (untwisted) FRT-algebra H® can be computed by
acting with

1 DHKR(1I®1) - (Ry' @ RHK (R,®R,)

on the components VY @™ WY KV ® W, where V,W € Rep,(G), of the coend algebra
H°. Indeed, the multiplication in the FRT-algebra is given by the Hopf pairing (—, —)
between H° and H:

(mprr(@Y), h) = (p @, A(h)), ¢, € H,he H .
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Then, one uses that A(—) = R7TA?(—)R. Now we take into account the twist by x, as
well as the twisting cocycle R| ® k. R1 ® R,Ry ® 1. We may compute the commutator in
Of(G) component-wise by acting with

(R @V RyRy) K (k. Ry ®@1) —Co (RyRe @V R K (1@ K.Ry) (8)

where

C=(Ry'@&RNHK (kR ® KR

on VV ™ WYKV ®W. To compute the quasi-classical limit of this action, we will use
that in the limit exp(h) — 1 the R-matrix has the expansion R = 1 + hr + O(h?), where
r =171 @1y € g®? is the classical r-matrix. Explicitly, the quasi-classical limit of (8) is

7,3(/1),2 4 7,1,2 - T4(/~;),1 o 7”2’1 4 7,2,1 - 7"4’3 c U<g)®4 7

where for instance 732 = 1@ r, @i ® 1 € U(g)®* and the superscript £ means that the
respective action will be twisted by k. More explicitly, the first two copies of U(g)®* act
on O%(G) via x +— 2", for & € g, and the last two copies act via x — —x,2’. Thus, we
find that the quasi-classical limit of the commutator is the bivector field on G given by

_TL(H),R + TR’R + rgiL(H) - Ti,lL _ wad(li),ad(n) + tR,L(H) - tL(H),R — 7T§TS ’

where we used that rf — rJof = B 4 WIL,
Next, we prove the claim for two positively unlinked edges a < . We recall that the
crossing morphism for two unlinked edges a < f3 is given by acting on O0,”(G) ® O}*(G)

with
U+ = T12734O(R1®1®1®:‘ia.R2>(1®R5.R1®1®KQ.R2)(R1®1®R2®1)(1®Kﬂ.R1®R2®1)

and we set
U+ = 7'127340UJr .

Hence, the commutator on components ¢ ® v € Or(G) and ¢ @ kjw € O, (G) can be
computed via

(Mmore (@) ® mogﬁ(G)) o (1= (UN™* ) (¢ @ kv @ 1% @9 ® kjw)
Taking the quasi-classical limit of this action thus amounts to

1—7(U")
h

where this time the first and third copy in U(g)®* act via z + z and the second and the

forth copy via x — —k.xl, so that the right hand side of (9) acts on 0% (G) ® 0% (Q)

via —r;i(ﬁa)’ad(ﬁﬂ ), which agrees with 7, g as claimed. Similarly, for two positively linked

edges we have

mod(h) _ _r3,2(na) . T4(n5),2(na) . 7’3’1 . T4(n5),1 c U<g)®4 (9)

_ T+
1—7(LY) mod(h) = r2(5e)3 _ pAs)2sa) 1 _ alse),1
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and we see that in the positively linked case the 2-tensor m, g differs from the unlinked
case by adding a term —2t“(e).E Lastly, for two positively nested edges we find
1—7(N*")

; mod(h) _ 7,,2(:%),3 + 7,2(/@1),4(&5) . 7,3,1 . 7,,4(f$5),1

which differs from the linked case by adding the term 2tX(e):L(%5) which ends the proof
for the positively unlinked, linked and nested case. The remaining three cases can be
worked out analogously. n
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