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ABSTRACT: We study lattice Hamiltonian realisations of (34+1)d Dijkgraaf-Witten theory
with gapped boundaries. In addition to the bulk loop-like excitations, the Hamiltonian
yields bulk dyonic string-like excitations that terminate at gapped boundaries. Using a
tube algebra approach, we classify such excitations and derive the corresponding repre-
sentation theory. Via a dimensional reduction argument, we relate this tube algebra to
that describing (2+1)d boundary point-like excitations at interfaces between two gapped
boundaries. Such point-like excitations are well known to be encoded into a bicategory of
module categories over the input fusion category. Exploiting this correspondence, we define
a bicategory that encodes the string-like excitations ending at gapped boundaries, showing
that it is a sub-bicategory of the centre of the input bicategory of group-graded 2-vector
spaces. In the process, we explain how gapped boundaries in (3+1)d can be labelled by
so-called pseudo-algebra objects over this input bicategory.
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1 Introduction

A prominent class of gapped quantum phases of matter are given by so-called topological
phases of matter. Such phases can be defined as equivalence classes of gapped quantum
models whose low-energy effective descriptions realise topological quantum field theories
(TQFTs) [1]. In (2+41)d, spherical fusion categories can be used to define a state-sum
TQFT known as the Turaev-Viro-Barrett-Westbury TQFT [2, 3]. Given such data, one
can define an exactly solvable Hamiltonian model on a closed manifold, in a canonical
manner, that describes non-chiral topological phases in (2+1)d [4-6]. Such models support
topological excitations referred to as anyons, which display exotic braiding and fusion
statistics. Topological excitations are typically described via the so-called Drinfel’d center
of the input spherical fusion category [7]. For any spherical fusion category, the center
construction defines a modular tensor category, which is widely accepted as being the right
classification tool for anyons in (241)d [8, 9].

Given an open manifold, it is often possible to extend the lattice Hamiltonian to the
boundary, while preserving the gap. Equivalence classes of such extensions define the notion
of gapped boundaries, which realise anomalous TQFTs. These are found to be described by
indecomposable module categories over the input spherical category. Furthermore, bound-
ary Hamiltonians yield point-like excitations that can be classified through the language
of module category functors [10]. Domain walls between distinct topological phases can
be considered in a similar fashion. By iterating the procedure, it is possible to further
extend such models to interfaces between different gapped boundaries. The correspond-
ing zero-dimensional Hamiltonians yield point-like excitations in their own right. These
different settings have received a lot of attention in recent years within the topological
order community [10-20], partly due to their application to the field of topological quantum
computation [16, 21]. Mathematically, these fit in the wider topic of defect TQFTs [22—-29).

Despite tremendous progress in our understanding of (2+1)d topological models, a lot
of questions remain open regarding generalizations to higher dimensions. It is expected that
topological models in (3+1)d should take as input a spherical fusion bicategory. Although
the precise definition of such notion remains partly elusive, a compelling definition has



been recently put forward by Douglas et al. in [30]. In this manuscript, the authors show
that their definition encompasses a large class of four-dimensional state-sum invariants.
Ultimately, we would like to derive properties of (3+1)d topological models within this
general higher category theoretical framework, which is admittedly tantalizing but difficult.
In order to make progress in this direction, we decide to focus on so-called gauge models
of topological phases, i.e. models that have a lattice gauge theory interpretation [8, 31—
33]. These models are interesting for diverse reasons. Technically, they are particularly
manageable allowing to carry out computations in full detail, and they are easily definable
in any dimensions. Physically, they happen to be extremely relevant in (3+1)d as they
seem to encapsulate a large class of Bosonic models displaying topological order [34-37].

In (2+1)d, topological gauge models are obtained by choosing as input the category
of G-graded vector spaces, with G a finite group and monoidal structure twisted by a
cohomology class in H3(G,U(1)). The corresponding state-sum invariant is referred to as
the Dijkgraaf-Witten invariant [38]. In this context, (bulk) anyonic excitations, defined as
a region whose energy is higher than that of the ground state, are described in terms of the
so-called twisted quantum double of the group, whose irreducible representations provide
the simple objects of the Drinfel’d centre of the category of G-graded vector spaces [39, 40].
Gapped boundaries are found to be labelled by a simple set of data, namely a subgroup of
the input group and a 2-cochain that is compatible with the input 3-cocycle [12, 14, 41-43],
and their excitations have been considered for instance in [16, 18, 29, 44, 45].

More generally, given a closed (d+1)-manifold, the input data of Dijkgraaf-Witten the-
ory is a finite group G and a cohomology class [w] € H4Y(G,U(1)). It is always possible
to define a lattice Hamiltonian realization of the theory on a d-dimensional hypersurface 3,
such that the ground state subspace of the model is provided by the image of the partition
function assigned to the cobordism ¥ x [0,1]. In (3+1)d, the resulting gauge models are
known to yield loop-like excitations, i.e. excitations with the topology of a circle. In general
such a loop-like excitation corresponds to a loop-like magnetic flux to which a point-like
charge is attached, while being threaded by an auxiliary flux. This threading flux plays a
crucial role as it can constrain the quantum numbers associated with the other flux and the
charge. In [33, 46], the classification and statistics of these loop-like excitations were found
to be described in terms of the so-called twisted quantum triple of the group, which is a natu-
ral extension of the twisted quantum double.! Although a general theory of gapped bound-
aries in (3+1)d is still lacking, examples have already been proposed in the case of topo-
logical gauge models [15, 20]. These are labelled by a set of data akin to (241)d, namely a
subgroup of the input group and a 3-cochain compatible with the input 4-cocycle. The main
objective of our manuscript is to study excitations for such gapped boundaries in (341)d.

In order to reveal the algebraic structure underlying the bulk excitations in arbitrary
spatial dimension, several strategies exist. Our focus is on the so-called tube algebra ap-
proach [5, 33, 44, 46-50], which is a generalization of Ocneanu’s tube algebra [51, 52]. In
general, the ‘tube’ refers to the manifold 0% x [0, 1], where 0¥ is the boundary left by

! Akin to the twisted quantum double, the quantum triple is equipped with a quasi-coassociative comul-
tiplication map as well as compatible R-matrix and antipode map. However, this data does not quite fulfil
all the requirements necessary to define a quasi-triangular quasi-Hopf algebra [33].



removing a regular neighbourhood of the excitation in question, and the ‘algebra’ to an
algebraic extension of the gluing operation (0% x [0, 1]) Upx (0% x [0, 1]) ~ (9% x [0,1]) to
the Hilbert space of states on the tube. For instance, the twisted quantum double and the
twisted quantum triple are found to be isomorphic to the tube algebras associated with
the manifolds S* x [0, 1] and T? x [0, 1], respectively. This approach relies on the fact that
properties of a given excitation, which, let us recall, is defined as a region for which the
energy is higher than that of the ground state, are encoded into the boundary conditions
that the model assigns to the boundary 0% [33]. This strategy has been extensively applied
to general two-dimensional models, and more recently to gauge and higher gauge models
in three dimensions [33, 50].

The tube algebra approach can be adapted in order to study excitations on defects and
gapped boundaries, and has been employed in some specific cases in [10, 44, 45, 53]. In
this context, the tube possesses two kinds of boundary: a physical gapped boundary that
corresponds to the one of the spatial manifold, and a boundary obtained by removing a local
neighbourhood of an excitation incident on the boundary of the spatial manifold. Although,
the method is very general and could be used to study any pattern of excitations in (34+1)d,
we shall focus on a specific configuration, namely bulk string-like excitations that terminate
at gapped boundaries. Let us clarify that ‘string-like’ refers to the topology of a defect
whose tubular neighbourhood is a region of the physical system where the energy is higher
than that of the ground state. In general, such string-like excitations are composites of
electric charges and magnetic fluxes. There are several motivations to consider these specific
excitations. The first one is that, due to the topology of the problem, we can relate the
corresponding tube algebra to the one relevant to the study of point-like excitations at the
zero-dimensional interface of two gapped boundaries in (2+1)d. This is a generalization of
what happens in the bulk, where upon dimensional reduction, bulk loop-like excitations can
be treated as point-like anyons [54, 55]. In [33], this mechanism was made precise in terms
of so-called lifted models, where we showed that higher-dimensional tube algebras could
be recast in terms of lower-dimensional analogues using the language of loop groupoids.
We generalize these techniques in this manuscript by introducing the notion of relative
groupoid algebras, which we use to unify both the (2+1)d and (34+1)d tube algebras.

Although this correspondence between two seemingly very different types of excita-
tions is interesting per se, it turns out to be a precious technical tool. Indeed, since it
allows us to recast the (34+1)d tube algebra as a (2+1)d one, we can use the (2+1)d sce-
nario, which is easier to visualise and intuit, as a guideline for the more complex (3+1)d
case. Using this framework, we derive the irreducible representations of the (3+1)d tube
algebra, which classify the elementary string-like excitations whose endpoints lie on gapped
boundaries. We further define a notion of tensor product that encodes the concatenation
of these excitations, and compute the Clebsch-Gordan series compatible with this tensor
product. Moreover, we find the 6j-symbols that ensure the quasi-coassociativity of this
tensor product. All these mathematical notions can then be put to use in order to define
canonical bases of ground states or excited states in the presence of gapped boundaries.

The second reason we decide to focus on such open string-like excitations pertains to
category theory. The same way the relevant category theoretical data to describe gauge



models in (2+1)d is the category of G-graded vector spaces, the one relevant to describe
(341)d gauge models is the bicategory of G-graded 2-vector spaces. In a recent work [56],
Kong et al. applied the generalised centre construction to this bicategory and demonstrated
that the result was given by the bicategory of module categories over the multi-fusion
category of loop-groupoid-graded vector spaces. This is a categorification of the well-
know result that the centre of the category of group-graded vector spaces can be described
as the category of modules for the loop-groupoid algebra [57]. The latter relation can be
appreciated from the point of view of the tube algebra approach, which we use to argue that
the centre of the bicategory of G-graded 2-vector spaces describes string-like excitations
together with boundary conditions for the string endpoints.

In order to prove this statement, we construct explicitly the bicategory of module
categories over the multi-fusion category of groupoid-graded vector spaces. To do so,
we rely on the familiar correspondence between indecomposable module categories and
category of module over algebra objects [58—60]. When applied to the group treated as
a one-object groupoid, this provides a description for (2+1)d point-like excitations at the
interface between two gapped boundaries. When applied to the loop-groupoid of the group,
we demonstrate that it describes the string-like excitations and their endpoints boundary
conditions, which string-like excitations ending at gapped boundaries is a subclass of.

Organisation of the paper. In section 2 we review the construction of the lattice
Hamiltonian realization of Dijkgraf-Witten theory in any spatial dimension. We then de-
scribe an extension of the Hamiltonian model to introduce gapped boundary conditions.
In the subsequent discussion, we apply the tube algebra approach to point-like excitations
at the interface of two one-dimensional gapped boundaries in section 3. In section 4, we
consider string-like bulk excitations that terminate at gapped boundaries and apply the
tube algebra approach to this scenario. We also introduce in this section the notion of
relative groupoid algebra that unifies the (24+1)d and (34+1)d computations. The repre-
sentation theory of the tube algebras is presented in full detail in section 5. Finally, the
category theoretical structures capturing the properties of boundary excitations in (2+1)d
and (3+1)d are developed in section 6. The correspondence with the centre construction
of the bicategory of group-graded 2-vector spaces is also established in this section.

2 Dijkgraaf-Witten Hamiltonian model

In this section, we first review the definition of the Dijkgraaf-Witten theory and the con-
struction of its Hamiltonian realisation. We then generalise the construction to include
gapped boundaries.

2.1 Partition function

The input for the (d+1)-dimensional Dijkgraaf- Witten theory is given by a pair (G, [w])
where G is a finite group and [w] € H¥1(G,U(1)) is a (d+1)-cohomology class.? Given a

*Here U(1) denotes the circle group as a G-module with action > : G x U(1) — U(1) given by g>bu = u
for all g € G and u € U(1).



closed manifold, this theory can be conveniently expressed as a sigma model with target
space the classifying space BG of the group G. In order to extend the definition of the
partition function to open manifolds, it is necessary to endow the manifold with a triangu-
lation, in which case the partition function is obtained by summing over G-labellings of the
1-simplices that satisfy compatibility constraints. Ultimately, we are interested in lattice
Hamiltonian realisations of such theory, for which we need the expression of the partition
function that the Dijkgraaf-Witten theory assigns to a special class of open manifolds re-
ferred to as pinched interval cobordisms. We shall directly define the partition function for
this special class of manifolds. Details regarding more basic aspects of this theory can be
found in [33, 38].

Let Z be a compact, oriented d-manifold with a possibly non-empty boundary. We
define the pinched interval cobordism = x, I over = as the quotient manifold

Expl=ExI/~, (2.1)

where T = [0, 1] denotes the unit interval, and the equivalence relation ~ is such that
(z,i) ~ (x,4'), for all (z,4), (x,i') € O x L. By definition, we have 9(E x, ) = E Ugz =
and Z N Z = 0=, where Z is the manifold Z with reversed orientation. In contrast, the
boundary of the interval cobordism = x T over Z reads (2 x ) = EUZ U (0= x I). To
illustrate this distinction, we can consider the following simple examples:

[Oa 1] Xp [Ov 1] = O ) [07 1] X [07 1] =

Naturally, if 02 = @, then we have the identification = x, I = Z x L.

In order to define the Dijkgraaf-Witten partition function, we shall further require our
pinched interval (spacetime) manifold be equipped with a choice of triangulation, i.e. a
A-complex whose geometric realisation is homeomorphic to the manifold. We shall further
assume that every triangulation has a chosen total ordering of its O-simplices (vertices),
referred to as a branching structure. A choice of branching structure for a triangulation
naturally encodes the structure of a directed graph on the corresponding one-skeleton.
By convention, we choose the 1-simplices (edges) to be directed from the lowest ordered
vertex to the highest ordered vertex. Given a compact, oriented d-manifold =, we notate
a triangulation of the pinched interval cobordism = x, I by A/ZEa, such that O(A/Ea) =
ZA Upz = where =Za and =/ denote two possibly different triangulations of =. Let us
remark that by definition, we have 9(Za) = 9(Ea/).

Let = x;, I be a (d+1)-dimensional pinched interval cobordism endowed with a tri-
angulation A/=a. We define a G-colouring of Ar=a as an assignment of group elements
Juw; € G to every oriented 1-simplex (vjv;) C aEa, with v; < v;, such that for ev-
ery 2-simplex (vivjvk) C aEnp, with v; < v; < vy, the condition Guiv; Gujve = Guivy, 18
satisfied. The set of G-colourings on a/Za is notated by Col(aA/Za,G). Given a G-
colouring g € Col(a/En, @) and an n-simplex A = (vov1 ... vn) C Ar2a, we denote by
glvovt - .. vn] = (Gugwys - -+ » Gun_10n) € G™, the n group elements specifying the restriction
of g to a G-colouring of (vgvy ... v,). Using this notation, we further define the evaluation



of a (d+1)-cocycle w € Z1(G,U(1)) on a G-colouring g € Col(ao/Za,G) restricted to a
(d+1)-simplex (vg...v411) C A/EA as

W(Q[UO < Ud-i-l]) = w(g'UOUD s >gvdvd+1) :

Equipped with the above, let us now define the partition function that the (d+1)-
dimensional Dijkgraaf-Witten theory assigns to a given pinched interval cobordism. Let-
ting = be a compact, oriented d-manifold and A/Ex a triangulation of = x, I, the partition
function defines a linear operator

Z5[WEA) : HE] = HI[En],
where the Hilbert spaces HG[=a] and HE[Z /] are defined according to

HEE]= K C[G]. (2.2)

A cE,

In the equation above, the tensor product is over all 1-simplices A() in the corresponding
triangulation, and C[G] denotes the Hilbert space spanned by {|g) }v 4e¢ with inner product
(g|h) = 641, ¥ g, h € G. Explicitly, the linear operator Z5[n/Z] reads

1 (d+1)
Gl =] = (d+1)1ye(ANTH)
g€Col(ArEN,G) A+ C BN
Q 1912V & (glaMl,
AMCE L, AMCEA
where #(A2a) = [ABaA®] — %|8A/EA(O) - %|8E(AO)| and e(AUHD) € +1 denotes the

orientation of the (d+1)-simplex AFD C A/ZA.

Before concluding this section, let us describe some of the salient features of the par-
tition function above. Firstly, given a pinched interval cobordism = x, I and two choices
of triangulation o/=a and A/=a such that (A EQ) = 8(A/§A), we find the operators
ZC(AEA] = ZG[A2A] to be equal. This property follows directly from the (d+1)-cocycle
condition satisfied by w, i.e. d@*+1y = 1. This implies that the operator Zg is boundary
relative triangulation independent, i.e. it remains invariant under retriangulation of the
interior int(A/Za) == ArEA\I(A/EA) of AEa but does depend on a choice of boundary
triangulation. Using this boundary relative triangulaton independence, we find the crucial

relation
EAINCIN P INCINEP-AISINE

Secondly, given a d-manifold ¥ equipped with a triangulation XA and Za a subcomplex
of int(X ), there is a natural action of ZG[a/ZEa] on HG[E ] such that

ZE(NEA]  HS[EA] = HE 2]



where YA/ is a triangulation of ¥ induced from XA by replacing the subcomplex Ea C
int(XA) with Za/, while keeping the remaining triangulation the same. On the subspace

VS ([Sa] :=Im Z5[pEn] C HE[EA], (2.3)
the operator ZG[a/E 4] further defines a unitary isomorphism
Z5InEA] VS [Eal = VEEa]. (2.4)

This follows directly from the boundary relative triangulation independence of Z5 as well
as the Hermicity condition

Z5(nEal" = ZG[aBn] - (2.5)

2.2 Hamiltonian realisation of Dijkgraaf-Witten theory

Let us now construct an exactly solvable model that is the lattice Hamiltonian realisation
of Dijkgraaf-Witten theory in d spatial dimensions [31-33]. The input of the model is a
pair (G,w) where G is a finite group and w a normalised representative of a cohomology
class in H91(G,U(1)). Given an oriented (possibly open) d-manifold ¥ representing the
spatial manifold of the theory, and a choice of triangulation A, the microscopic Hilbert
space of the model is given by

HSEAl=2 Q Cla).

A CE A

as in (2.2). A natural choice of basis for HG[Y ] is given by an assignment of Guw; € G for
each oriented edge (v;v;) C YA defined by the vertices v; < v;. Henceforth, we shall refer
to such states as graph-states.

The bulk Hamiltonian is obtained as a sum of mutually commuting projectors that
come in two families. Firstly, to every 2-simplex (vgv1v2) C int(Xa) of the interior of XA,
we assign an operator B(,,,,.,) that is defined via the following action on a graph-state
gy € HE[Zal:

Bugurvz) *19) = Oguguguyus + gugus |9 -

This definition can be extended linearly to an operator on any state ) € HG[EA]. Sec-
ondly, to every 0-simplex (vp) C int(¥ ), we assign an operator A,,) which acts on a local
neighbourhood of (vg) defined as the subcomplex E,, := cl ost(vg) C X a. Here st(—) and
cl(—) are the star and the closure operations, respectively, so that Z,, corresponds to the
smallest subcomplex of ¥ A that include all the simplices of which (vg) is a subsimplex. The

definition of A, requires the triangulated pinched interval cobordism =, ==, ~defined as

v

E=,, = (vy) Ujclost(vg),

Eop— Zvg

where — LJj — denotes the join operation. Given two simplices A = (vgvy ... v,) and
AM) = (Un4+1Un+2 - - - Untn+1), the join operation creates the new simplex AM) LJ; AM) =
(Vov1 .. Upynr41). In the definition above, (v() refers to an auxiliary vertex such that



vy < v < v1, and which follows the ordering of (vg) with respect to the other vertices in
Y A. For the sake of concreteness, we illustrate these various definitions with the following
two-dimensional example:

=

S = !@Y‘ and  (0') Uyl o5t(0) = (0) L QY‘ _ / N\

Finally, given a state [) € HE[EA], the action of the operator A, is defined via
By + 1) = Z81(oh) Uy el o st(wo)] ) (2.6)

For instance, in (3+1)d the action of the operator Ay on a vertex (4) shared by four
3-simplices explicitly reads

0 0
Ay > =z¢ >
3 ! " 3 !
2 2 0
_ L Z (901912, 923, 934, gaw') T(go1, G12, 923934, Gax’) A
G| =t (912,923, 934, gaar) T(go1, 912923, 934, Gaar) | 5 4 1/’
2
where 7 € Z4(G,U(1)). The lattice Hamiltonian is finally obtained as
HSEAP™ == > Bae — > Ao, (2.7)

AP Cint(ZA) AO) Cint(ZA)

where the sums run over all the 2-simplices and O-simplices in the interior of ¥ A, respec-
tively. It follows from the definitions and the boundary relative triangulation independence
that the operators {Ax ), Ba@ by A©0)A@ cing(s,) Satisfy the algebra

Ay A
By

v) = Ay Awy D)) = AppAp,)

IB(v - B(vjvkvl) ) B(vjvkvl)B(v;v’ v) — E(Uj/vk/vl/)IB(vjvkvl) )

k1) (VU5 ) w0

A Byu) = Bojuw Aw) »
for all (v;), (vir), (vjvkwr), (Vjvpv)) C Ea. All the operators are mutually commuting pro-

jectors and the Hamiltonian is exactly solvable. It follows that the ground state projector
Pg“;k simply reads

]P’%lik = H AL H Baw - (2.8)
A Cint(ZA) AP Cint(ZA)



Notice that the ordering in the product is superfluous by the commutativity of the opera-
tors. Furthermore it follows from inspection that

Phlk = Z8 (A4, (2.9)
such that the ground state subspace of HG[SA]PUK is given by
Im P2 = Tm Z§ [\ 2A] = VI [24], (2.10)

with the last equality following from (2.3). This is the space spanned by linear su-
perpositions ) of graph-states fulfilling the stabiliser constraints A [P) = [P) and
B Ao [b) = [b) at every A AR C int(Ta).

Let us conclude this construction by making two observations. The first one is that we
showed in (2.4) how given two triangulations ¥ A and ¥/ of ¥ such that 90X = 0%X/5, the
subspaces VS[Xa] and VG [E /] were unitarily isomorphic. This signifies that it is always
possible to perform local changes of the triangulation in the interior of ¥ while remaining
in the same gapped phase. This will turns out to be very useful when performing explicit
computations. In particular, we shall often apply unitary isomorphisms obtained from
pinched interval cobordisms describing so-called Pachner moves. The second observation
is that the Hamiltonian operators do not mix ground states with differing boundary G-
colourings, so that there exists a natural decomposition of the Hilbert space as

ViBal= @ ViEal (2.11)
a€Col(0Xa,G)

where VS[Eala € VS [E 4] denotes the subspace of states identified by the boundary colour-
ing a € Col(0Xa, G). More details regarding the construction up to that point can be found
in [33].

2.3 Gapped boundary partition function

Given an open d-dimensional surface 3 endowed with a triangulation XA, we reviewed
above how to define an exactly solvable model as the Hamiltonian realisation of Dijkgraaf-
Witten theory whose input data is a finite group G and normalised (d+1)-cocycle in
H™1(G,U(1)). The lattice Hamiltonian HG[EA]P"¥ was obtained as a sum of mutu-
ally commuting projectors that act on the interior of ¥A. We would like to extend this
Hamiltonian to 03X A while preserving the gap of the system, giving rise to the notion of
gapped boundaries. In order to do so, we shall first define a generalisation of the partition
function introduced in section 2.1 for spacetime (d+1)-manifolds presenting two types of
boundaries.

Let us begin by introducing the notion of relative pinched interval cobordisms. Let
= be a compact, oriented, d-manifold with non-empty boundary and 2 C 0= a choice of
(d—1)-dimensional submanifold of the boundary. The relative pinched interval cobordism
= xg I over = with respect to €2 is defined as the quotient manifold

ExgI=Ex1/ ~q, (2.12)



where ~q is defined such that (z,i) ~q (z,7'), for all (z,i), (z,47) € (02\int(R2)) x I. By
definition, we have 0(= xg [) = ZUgq (2 X, [) Ugz E and ENE = 9=\int(Q). To illustrate
this definition we consider the following simple examples:

0,1] xp [0,1] =, [0,1] x[0,1] :h,

with Q = 0 C {0,1} = 9. Henceforth, we shall utilise the convention that = x{} I defines
a cobordism

- 0 _ —_
Ex, 12— E, (2.13)

and refer to Q x, I C (= xg I) as a time-like boundary. A triangulation of = xg I can be
constructed as follows: let =a, Za/ be a pair of triangulations of Z such that QA C 9=a
and Qar C 0=+ define two possibly different triangulations of €2 satisfying

3EA\int(QA) = 0=/ \int(Qar) . (2.14)

Considering a triangulation A/Qa of the time-like boundary €2 x, I, we define AERA as

the triangulation of the relative pinched interval cobordism = xg I whose boundary reads
Za Uny o0 Ups,, S

Given a triangulation o/Z%A of = xg I, let us now define a generalisation of the (d+1)-
dimensional Dijkgraaf-Witten theory with input data (G,w) such that the corresponding
partition function evaluated on A/Z%A remains invariant under triangulation changes of
both the interior of A/Z%A and the interior of the time-like boundary A/Qa. Let Q = L1;€;
be a decomposition of €2 into connected components §2;, each with triangulations Qa ; C
O0Za and Qar; C OZar. The generalised theory associates to each connected component
Q; a pair (A;, ¢;), where A; C G is a subgroup and ¢; € C%(A;,U(1)) a normalised group
d-cochain such that d@¢; = w™! 4,- We refer to the data (A;, ¢;) as a choice of gapped
boundary condition.? We define a (G, {A;})-colouring g of A/Z%A as a G-colouring such
that g[a/Qai] € Col(aQa 4, Ai). The set of (G, {A;})-colourings on ~AE8 A is denoted
by Col(aAE®A, G, {A;}). Equipped with such choices, we define the generalised partition
function as follows:

GA} =0 1 _ 1
Zoloy [E ] = G# B2, | A [FHar e (2.15)

Z H ( H ¢i(g[A(d)])s(A<d))>

gGCOI(Algﬂa,G,{Ai}) i A<d)CA/QA’i

[T wa@h)as™ & 19120 & (glaV]],

INCERNGIE=IN AMCE L, AMCEA

where
1 1
#(AEMN) = |int (A Ex) O] + i\im(zﬂ,)@)y + §]int(EA)(0)|

. 1, 1.
and #(AQa,) = [int (A Q) O] + iymt(QA,,i)@)y + 5\mt(szm.)wn .

3In section 6, we shall revisit gapped boundary conditions from a category theoretical point of view.
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As stated previously, the partition function remains invariant under retriangulation of the
interior of A/Qa as well as the interior of A/Z%A. In this manner, the partition function
Zf {{(;4}} [AZ@A] defines a projection operator and we associate to the triangulation Z the
following Hilbert space:

GlA; GlA} —
vwﬁ{{@}}[ A] = Im zw{{%}}[ =2,]. (2.16)

Furthermore, akin to equations (2.4) and (2.5), the triangulation invariance properties of
the partition function together with the Hermicitiy condition

G {A; — G A;
EN AU INCINIED AU INUY (2.17)

demonstrate that the operator

2o GBS EA SV BN (2.18)

defines a unitary isomorphism of Hilbert spaces.

2.4 Hamiltonian model in the presence of gapped boundaries

In section 2.2, we described the Hamiltonian realisation HG [£A]P"¥ of the Dijkgraaf-Witten
theory in d spatial dimensions in the presence of open boundary conditions. Utilising
the partition function (2.15) introduced in the previous section, we shall now define an
extension of the Hamiltonian model to include gapped boundary conditions [14, 15].

Let us consider an oriented d-manifold ¥ with non-empty boundary and a choice of
triangulation X a. The input of the model is a pair (G, w) and a choice of gapped boundary
conditions {(A;, ¢;)} for each connected component 0Xa,; C XA, where 4; C G is a
subgroup and ¢; € C%(A;,U(1)) is a normalised group d-cochain satisfying the condition
dDep; = w1 4.. In the interior of ¥, the (bulk) Hamiltonian was defined in eq. (2.7).
Given such a choice of gapped boundary conditions, let us now define an operator that acts
on a local neighbourhood of a boundary vertex (vg) C 0¥ ;. Mimicking the definition of
the bulk vertex operator, we consider the subcomplex =, := clost(vg), which corresponds
to the smallest subcomplex that includes all the simplices of which (vg) is a subsimplex.
We next define the triangulated relative pinched interval cobordism over =,, with respect
to Q :=clost(vg) NOXA

E’UOE’ S (’1)6) L; clo St(’l}o) , (219)

whose boundary is given by
8(51105 EUQ) = EUO UQ (QUOQ Qvo) U(‘)Evo E’UO (220)
where Q,, := (v() ;. Given this relative pinched interval cobordism, we define the action

of the operator A “;bz on a state [P) € 7-[ [EA] via

AL ) s 2002, 22, 1) (2.21)

(vo) w,p; L=vg
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The gapped boundary Hamiltonian is finally defined as

G {A; G,A;
HS {{ @_}} (Sl =HS[SAPM + > HY M08, (2.22)
8ZA’1'C82A
where
G,Ai Ny Ai: 7
HS 3 [08a]" == > AN (2.23)
A“”C@EA’Z-

From the triangulation invariance properties of the partition function Zfl{{éi} follows that

the Hamiltonian is a sum of mutually commuting projection operators, and as such it is

still exactly solvable. Furthermore, analogously to the bulk Hamiltonian, we can identify

the ground-state subspace V (64} [Xa] with
Im Zii{{él}} PINE Vﬁ’{{ﬁi} [Zal, (2.24)
and verify that the unitary isomorphism
G’ Al G: Az ~ Cr‘7 Al
Z‘*’,{{m}} [A’ZaZA] . Vw,{{¢i}} [EA] o~ Vw,{{d)i}} [EA/] (2'25)

commutes with the Hamiltonian. This last statement implies that we can always replace
a given triangulated subcomplex QA C 90X A by QA+ while remaining in the ground state
sector.

Note finally that in the subsequent discussion, we shall also refer to gapped interfaces
between several gapped boundaries. However, we will not require an explicit form of the
Hamiltonian for such interfaces, and as such we omit here the explicit definition. Despite
such an omission, the corresponding Hamiltonian can be explicitly defined in close analogy
with the construction of the gapped boundary Hamiltonian presented in this section.

In order to illustrate the definition and some properties of the gapped boundary
Hamiltonian, let us now specialize to two dimensions (see also [14]). We consider a two-
dimensional surface > endowed with a triangulation ¥ A and a single connected boundary
component 0¥ o. The input data for the bulk Hamiltonian is a finite group G and a nor-
malised group 3-cocycle «. Furthermore, we define on XA a gapped boundary whose
input data is a pair (4, ¢), where A C G is a subgroup and ¢ a group 2-cochain satisfying
d® ¢ = a~!|, which is explicitly expressed via

¢<a/7 a//) ¢(a’ a/all>

|

-1 L2
«Q (CL, a,a a”) = d( )(b(aa a/7 CL”) = qb(aa’, al/) ¢(a, a/) ? (226)
for every a,a’,a” € A C G. We consider the following situation:
0 1 2
3
where the dashed area represents the bulk of the manifold, whereas the coloured line

stands for the gapped boundary. The black lines represent the 1-simplices on the interior
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YA that are included in clost(1). We first want to write down the action of the boundary
operator at the vertex (1) on graph-states of the form

0 1 2 0 a 1 o 2
Spanc{‘g{ ]>} ESpanC{’ ag g a/_1g>} ,
¥ g€Col(clost(1),G,A) ggea(’;eA
3 3 ?

(2.27)
The boundary vertex operator A(l’)‘z’ boils down to evaluating the partition function (2.15)

on the relative pinched interval cobordism (023) ><1(D 2 1 defined by

1

: (2.28)

such that 0 < 1 < 1 < 2 < 3 and the orange edges represent the time-like boundary.
Explicitly, the action of this boundary vertex operator reads

0 a 1 a 2 0 ad 1alta 2

A7¢
A)

Let us now compute a triangulation changing boundary operator on a graph state (2.27).
More specifically, let us construct the isomorphism that replaces the boundary subcomplex
(01) U (12) by a single 1-simplex (02). The corresponding operator is conveniently obtained
by evaluating the partition function (2.15) on the relative pinched interval cobordism

: (2.30)

with time-like boundary (012), implementing the isomorphism

‘ W |Al| c “¢a a” ‘ \/ (2.31)

We can now confirm that this triangulation changing operator does commute with

the Hamiltonian operator. This follows from the cocycle relations d®¢(a,ad,a a’) =

o Ya,a,a ') and d®a(a,a,a'd’,a'g) = 1.

3 Tube algebra for gapped boundary excitations in (2+1)d

In this section, we apply the tube algebra approach in order to derive the algebraic structure
underlying the boundary point-like excitations in two spatial dimensions.
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3.1 Definition

Let us consider an open two-dimensional surface Y. Its boundary 0¥ is referred to as the
physical boundary of the system. In the previous section, we explained how to construct
the lattice Hamiltonian realisation of Dijkgraaf-Witten theory on a triangulation of . We
further detailed how this model could be extended to the physical boundary of ¥ in such
way as to remain gapped. Bulk excitations of this model were studied in detail in general
dimensions in [33]. In addition to bulk excitations, the lattice Hamiltonian yields point-
like boundary excitations that are excitations obtained by violating some of the stabiliser
constraints on the boundary. We are interested in the classification and the statistics of
such gapped boundary excitations. More specifically, we consider the situation where two
different one-dimensional gapped boundaries meet at a zero-dimensional interface, and are
interested in the point-like excitations living at such interface. This situation can be locally
depicted as follows:
Ag By
(3.1)

Given that the input data for the bulk theory is a pair (G, ), where « is a normalized
representative of a cohomology class in H?(G, U(1)), the thick coloured lines stand for two
gapped boundaries characterized by the boundary conditions Ay = (4, ¢) and By, = (B, ¢),
respectively, while the black dot illustrates the binary interface between them. The bound-
ary conditions A, and By, which were defined in the previous section, are such that
A, B C G, d(2)¢ = a~ !4 and d(2)"¢ = a~ Y. We denote the lattice Hamiltonian for

this specific choice of boundary conditions by Hg’ff [X], and its associated ground state

subspace by ViﬁiDB[E]' In the following discussion, we will suppose that the Hamiltonian
is further extended to the interface, but we do not require the explicit form of the corre-
sponding operator. Note that although we restrict our attention to gapped boundaries, our
exposition could be easily generalised to accommodate domain walls, which can be thought
of as shared gapped boundaries between two (possibly different) topological phases.

By definition, given a point-like excitation at the interface of two one-dimensional
gapped boundaries, there is a local neighbourhood of ¥ for which the energy density is
higher than the one of the ground state. Removing such a local neighbourhood leaves a
new boundary component, referred to as the excitation boundary, that is incident on the
physical boundary 0% of the manifold. We denote the resulting manifold by 3° and the

excitation boundary by 03°|. . We illustrate this configuration as follows:

|ex.

&y — - (3.2)

zzzzz

of the ground state. The black line represents the excitation boundary, whose topology is
the one of the unit interval I = [0, 1]. Endowing X° with a triangulation, we are interested in
the lattice Hamiltonian Hgff [EX\OXA |ex.] obtained by removing all the operators whose
supports are on 0X9 |- In a way reminiscent to the bulk Hamiltonian in section 2.2, this
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Hamiltonian displays open boundary conditions such that the corresponding ground state
subspace can be decomposed over them. Properties of the point-like excitations can then be
encoded into the boundary conditions, so that a classification of the boundary conditions
induces a classification of the corresponding point-like excitations. In other words, ground

states in VS f@B[EZ], which are characterised by a given excitation boundary colouring,

define specific excitations with respect to ground states in the Hilbert space VSLZ;L?Q’Z}B[E Al
In general, any such excitation is a superposition of elementary point-like excitations. In
order to find these point-like elementary boundary excitations, we apply the tube algebra
approach, whose general construction can be found in [33].

Let us consider the manifold 93°|,, xI. Naturally, it has the topology of a 2-cell but we
would like to emphasize the fact that it has two kinds of boundary components, namely a
pair of physical boundary components and a pair of excitation boundary components. More
precisely, it is the system obtained by removing from the two-disk ID? local neighbourhoods
at the interface of two different physical boundaries:

oy _/

.@) N

where the nomenclature is the same as before. A crucial, yet trivial, fact is that we can
always glue a copy of 9%°|. X I to ¥° along 0%°|., without modifying its topology, i.e.

U
\_J .

C

As explained in more detail in [33], given a triangulation of ¥° and making use of the
triangulation changing unitary isomorphisms, this simple gluing operation induces a sym-
metry map on the ground state subspace, whose simple modules classify the boundary
conditions on 9%°|,, and as such the corresponding point-like boundary excitations. In
order to compute these simple modules, we further remark that it is always possible to
apply a diffeomorphism so that a local neighbourhood of 93°|,, is of the form 93°|,, x I
so that the corresponding ground state subspaces are isomorphic. The effect of such dif-
feomorphism is to localise the action of the symmetry map so that it only involves degrees
of freedom living within 0%°,, x I. Consequently, it is enough to consider the symmetry
map that corresponds to the gluing of two copies of the manifold 0X°,, x L, i.e.

(0%°ex. X I) Ugsol ‘ (0X°) oy, X I) > 0%°) x I. (3.4)

ex
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We pictorially summarize these operations below:

U U
U reduces N

to

12
12

Given a triangulation of 0%°|,, X I, this symmetry map in turn endows the associated
ground state subspace with a finite-dimensional algebraic structure referred to as the tube
algebra. Irreducible representations of the tube algebra label the simple modules of the
original symmetry map, classifying boundary conditions on 0%°|., , and thus the corre-
sponding point-like boundary excitations.

3.2 Computation of the tube algebra

Let us now derive the tube algebra for the configuration described above so as to deter-
mine the elementary boundary excitations at the interface of two one-dimensional gapped
boundaries. First, we need to specify the ground state subspace on 0%°|., x I by picking a
triangulation. Crucially, the choice of triangulation does not matter. Indeed, given a trian-
gulation of the excitation boundary, changing the discretisation of the physical boundary
or the bulk of 0%°|,, x I yields an isomorphic ground state subspace, which would in turn
induce an isomorphic tube algebra. Furthermore, a different choice of triangulation for the
excitation boundary would yield a Morita equivalent tube algebra, which by definition has
the same simple modules as the original algebra. As such, we should make the simplest
choice of triangulation possible. We choose to discretise the excitation boundary by a single

1-simplex and 0%°|,, x I as a triangulated 2-cell. The resulting triangulated manifold is

lex.

denoted by ¥[Ia] and the corresponding ground state subspace explicitly reads?

0 1
Ve = senc o] N )]
V geCol(T[1],G, A, B)
(14 1/
0 a 1
= Spanc{ Nb>} = spanc{lg D) vgec . (35)
L \(f%f,f)e B b T Vlap)eaxB

where some labellings are left implicit since they can be deduced from the flatness con-
straints, i.e. the stabiliser constraints with respect to the B A (2)-operators. The tube al-
gebra can be computed using the following algorithm:®> Recall that the tube algebra is
an extension of the gluing operation T[I] Uy T[I] ~ T[I] to the ground state subspace

4Note that we rotated the drawings by 90° for convenience.
®We refer the reader to [33] for a general and more detailed definition of the tube algebra.
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Voci ’(;}{pB [T]I]]. Using the relation (2.11), we obtain the following decomposition of the Hilbert

space Viﬁf [Z[1]]:

Vosw B = @ Ve 5
91€Col(Ix{0},G)
g2€Col(Ix{1},G)

The gluing itself is then performed via an injective map GLU defined according to
G,A,B G,A,B G,A,B G,A,B
GLU: Vi [E @ Vs (R » D Vo [EM]gr02 © Vs [2M]gs.01

91,95 €Col(Ix{0},G)
92,95€Col(Ix{1},G)
: G,A A
which acts on states (g, g,) € Va,’(;s,{/;B [T[0]]g,,g» and |¢lgi»gé> € Von;b,@B [Z[0]]

cation of the boundary conditions along the gluing interface, i.e.

GLU : [y, g,) ® |.q)/g/1,gé> > Ogy.gt [Wgr,00) @ N’;MQ :

This map can be linearly extended to states displaying mixed grading. Importantly, the

g, via identifi-
2

/
kl

91

image of this map typically differs from the ground state subspace Vzﬁf [Tl Uy Z[I]] since
all the stabiliser constraints might not be satisfied along the gluing interface. This can be
resolved by applying the Hamiltonian projection operator Py, with respect to the full

Hamiltonian HS’ff [Z[I] Up T[I]], which was defined in section 2.4. Finally, we can apply a

triangulation changing isomorphism in order to obtain a final state in fo;f [Z[I]]. Putting
everything together, this defines a x-product, which together with VS f{f [Z[0]] defines the
tube algebra:

GLU
« VEEP IR @ VP IS) == 1P [0 Up T[]

Py ~
S, yEAB R u T > VP Em).

Given two basis states of VSZ;LB [T[I]] as defined in (3.5), let us now compute explicitly this

*-product. Firstly, the G-colourings along the gluing interface are identified via the map
GLU, i.e.

GLU<

Secondly, we apply the Hamiltonian projector Pgy <y in order to enforce the gauge invari-

0 a 1 1 ad 2 0 a 1 d 2

g N algb> ®|g N a’lg’b’>> = 0g/.a=1gb| 9 w (aa’)‘lgbb’> :

o b v 1 2 o b 1V b 2

ance at the physical boundary vertices that are along the gluing interface. This operator
is obtained by evaluating the partition function (2.15) on the relative pinched interval
cobordism
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and its action explicitly reads

0 a 1 a 2

g N\‘ (aa’)_lgbb’>>

o b 1 ¥ 2

Pemuisq <

AB ~17 7
1 V57 (a,alb,b

ST -5)
AIIBI i s Vatigy(@atallb,b=1)

g w (aa/)lglbbl> s

0 pp 1 ply 2
where we introduced the cocycle data

P(b,b) a(a,a’,a’"ta"tgbt') a(g,b,b')
¢(a,a) ala,a=1gb,b)

AB -
057 (a,d'|b,b') == (3.7)

It follows from a~ !4, = d@¢ and a~'|5 = dP), as well as the cocycle conditions
d(?’)a(a, d,ad’ " tdtatgbb'b") =1 d(g)a(a,a_lgb, vov') =1
d(3)a(a7a',a'_la_lgbbljb”) 1 d(S)a(g,bjb/,b") 1

that 948 satisfies

AB AB
AD9AB (. o' b, b ") = D8 pld s a” [V, 6") 945 (a, a’a” b, D)
g &, a,a (0,0, T ﬁﬁB(aa/,a”‘bb/,b”> ?92743(@7&/“)7 b,)

1,  (3.8)

which in particular implies the following property

925 (@ alb™ b) = 955 (a,a b, b7 (3.9)

a—1lgb

Furthermore, given that «, ¢ and v are normalized cocycles, we have the normalisation
conditions:

955 (La,d'|1p,6) =958 (a, 1alb, 1) = 1= 055 (14,d'|b, 15) = 955 (a, La|1p, V).
(3.10)
Going back to the tube algebra, it remains to apply a triangulation changing isomorphism
in order to recover the initial triangulation. This can be done by evaluating the partition
function for the pinched interval cobordism (012)" x I endowed with the triangulation
depicted below:

= (00'1'2")" U (0112")~ U (0122") " . (3.11)

The corresponding operator implements the isomorphism

0 aa 1ata 2 1 aa’ 2

1 ~ ~
aa') gty ) ~ —— V4P (aa, @ a’|bb, b1V aa’)™ g >
gW< g > YRR | ) (aa') g

0 pp 1 p-ly 2 1wy 2

9
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Putting everything together, we obtain

0 a 1 1 d 2 1 aa 2
Oy -1
,a b
g N algb> *|g a/lglb/> = % 192/743(61’701/“)7 b/) g N (aa/)flgbb’ > ,
[Al2[ Bl
o b 1 1 b 2 1 b 2

where we used the cocycle relation d(Q)ﬁﬁB(a,d,éfla’]b, b, l;*lb’) = 1. Using the more
symbolic notation introduced in (3.5), the x-product reads

/ 5 ! q—1 /
a « g’ & _ _g.a gb 79AB a, a b, b aa ) 3.12
‘g b > |g by > ‘A‘%|B‘% g ( | ) |g bo' > ( )

3.3 Groupoid algebra

Before concluding this section about boundary point-like excitations in (2+41)d, we are
going to show that the tube algebra derived above can be recast as a twisted groupoid
algebra[57]. Although this might seem a little bit artificial at the moment, this will turn
out to be very useful in the subsequent sections. Indeed, we will show that in the language
of groupoid algebras, both the tube algebras in (2+1)d and in (34+1)d can be unified
allowing for a simultaneous study of the corresponding representation theories.

Let us first review some basic category theoretical definitions. More details can be
found for example in [59, 61]. Given a category C, the set of objects and the set of mor-
phisms between objects are denoted by Ob(C) and Hom(C), respectively. Given two objects
X,Y € Ob(C), the set of morphisms from X to Y is written Hom¢(X,Y)> f: X — Y, such
that X =s(f) and Y =t(f) are the source and target objects of f, respectively. Composi-
tion rule of morphisms is defined according to

xtoyv Ly x I 7

Furthermore, for every object X € Ob(C), the corresponding identity morphisms is denoted
by idx € Homg (X, X). Finally, we notate the set of n composable morphims in C by
Céomp = 1(f1,---, fn) € Hom(C)" [t(f:) = s(fi+1), Vi € 1,...,n—1}. Let us now specialize
to groupoids:

Definition 3.1 (Groupoids). A (finite) groupoid G is a category whose object and mor-
phism sets are finite and all morphisms are invertible, i.e. for each morphism g €
Homg(X,Y), there ewists a morphism g~! € Homg(Y,X) such that gg~' = idx and
1 .

g g=idy.

Every finite group provides a finite one-object groupoid refers to as the delooping of the
group:

Example 3.1 (Delooping of a group). Let G be a finite group. The delooping of G is
the one-object groupoid G with Ob(G) = {e} and morphism set Homg(s,s) = G with the
composition rule being provided by the group multiplication in G.
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Henceforth, we shall identify any group G and its delooping G, denoting both by G.
Generalizing the notion of group cohomology in an obvious way, we obtain the notion of
groupoid cohomology:®

Definition 3.2 (Groupoid cohomology). Let G be a finite groupoid and M a G-module.

n
comp

map wp, © Glomp — M. On the space C"(G, M) of n-cochains, the coboundary operator
d™ . C™(G, M) — C™H(G, M) is defined via

Given the set of n composable morphisms G in G, we define an n-cochain on G as a

d(n)wn(gla o 7gn+1) (313)

= 01> w02, s On1) W01, g) DT

n .
H wn(glu vy 9i—1,9i8i+15 Gi4+25 - - - )gn-l—l)(il)l .
i=1

The n-th cohomology group of groupoid cocycles is then defined as usual by

(n) n
H (G, M) = Kerd Z"G,M)

= T = 3G M) (3.14)

Throughout this manuscript, we always consider cohomology groups of the form
H™(G,U(1)), where U(1) is taken to be the G-module with the trivial groupoid action.
Naturally, the cohomology of a group coincides with the groupoid cohomology of its de-
looping. Furthermore, we shall often require, without loss of generality, that cocycles are
normalised:

Definition 3.3 (Normalised cocycles). Given a groupoid n-cocycle [wy] € H™(G,U(1)),
we call wy, € [wy] a normalised representative if wy(g1,...,0n) = 1, whenever any of
the arguments is an identity morphism. In particular there always exists a normalised
representative of each n-cocycle equivalence class [wy] € H™(G,U(1)).

Utilising the technology of groupoid cohomology, we can now introduce twisted groupoid
algebras, generalising the theory of twisted group algebras [57]:

Definition 3.4 (Twisted groupoid algebra). Given a finite groupoid G and a normalised
2-cocycle ¥ € Z%(G,U(1)), the twisted groupoid algebra C[G]” is the algebra defined over
the vector space

Spanc{lg) |Vg € Hom(G)} (3.15)

with algebra product

) % |g") == dy(9).5(0) P(0, 0) l99) . (3.16)

The requirement that ¥ is a 2-cocycle ensures that C[G]Y is an associative algebra.

S Analogously to group cohomology, groupoid cohomology of a groupoid is implicitly defined as the
simplicial cohomology of its classifying space.
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Putting everything together, let us now recast the (2+1)d tube algebra as a twisted
groupoid algebra. Let Gap be the (finite) groupoid whose objects are given by group
elements in GG, and whose morphisms read g %a_l gh=g %, where (a,b) € A x B with
the composition given by the multiplication in G:

g%ailgb%a'*laﬂgbb’ = g(Z—Z:m'*la*lgbb’. (3.17)

948 as a normalised groupoid 2-

Utilising this definition, we can conveniently redefine
cocycle in H%(G 4p,U(1)), in such a way that the tube algebra defined earlier is isomorphic
to the groupoid algebra (C[GAB]MB = C[GAB]gw of Gap twisted by 94B.7

4 Tube algebra for gapped boundary excitations in (3+1)d

In this section, we apply the tube algebra approach to study excitations in the presence
of gapped boundaries in (3+1)d. Although the excitation content of the model is rich in
(341)d, we focus on a special configuration, which turns out to be related to that considered
in the previous section via a dimensional reduction argument.

4.1 Definition

The strategy we presented in section 3 applies identically in three dimensions. Given a
pattern of two-dimensional gapped boundaries, excitations can be classified by considering
boundary conditions of the manifold obtained by removing local neighbourhoods of these
excitations. Given that the input data for the bulk theory is a pair (G,7), where is
7 a normalized representative of a cohomology class in H*(G,U(1)), we are interested in
the situation where two two-dimensional gapped boundaries characterized by the boundary
conditions Ay = (A, A) and B, = (B, i) meet at a one-dimensional interface. The boundary

conditions are such that A, B C G, d®) = 714 and d®py = 7 !|5. We denote the
G ABy

A [ ]

Given this situation, several types of excitations could be studied. For instance, we

Hamiltonian defined according to (2.7) for these boundary conditions as H

could investigate point-like boundary excitations at the one-dimensional interface. Instead,
we consider a bulk string-like excitation that terminates at two (possibly different) gapped
boundaries. This situation can be depicted as follows:

Ax

where the dark volume represents a local neighbourhood of the string-like excitation, and
thus the region whose energy density is higher than that of the ground state. Removing

"Notice that the normalization conditions (3.10) do not state that the cocycle is equal to one whenever
any of the entry is one, but instead whenever any of the morphism in the corresponding groupoid is the
identity. It is therefore compatible with the definition given earlier.
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this local neighbourhood leaves an excitation boundary 9%°|., that has the topology of
cylinder. Classifiying boundary conditions on such cylinder corresponds to classifying the
string-like excitations.

Let us consider the manifold 9%°|.,, x I. This manifold has the topology of a hollow
cylinder, which has two kinds of boundary components, namely a pair of physical boundary
components and a pair of excitation boundary components. Given the 3-ball endowed with
two gapped boundaries, the same manifold can be obtained by removing local neighbour-
hoods of the interface and of a string terminating at the two gapped boundaries:

1

By construction, this manifold can be glued to the original system along the excitation
boundary 0%°|,, without affecting its topology. It follows from the discussion in section 3
that there is a tube algebra associated with the gluing of two copies of this tube-like man-
ifold, whose irreducible representations classify this special type of string-like excitations.

4.2 Computation of the tube algebra

Let us derive the tube algebra for the special configuration described above. As before, we
first need to specify the ground state subspace on 0%°|., x [ by choosing a discretisation.
We choose to discretise 0%X°|. x I as a triangulated cube with two opposite faces identified.
The resulting triangulated manifold is denoted by T[S! x T] and the corresponding ground
state subspace explicitly reads

‘ / Moo 02
1

TN
Vai,a2€A
Vb1,b2€B
b1 1/
a
= SpanC{|(g,a2,bQ)—b—i—>>}vgec|g:a2—19b2, (4.3)
Vai,a2€A
Vb1,boeB

where we make the identifications (0) = (0), (0') = (0'), (1) = (1), (1') = (1), (00") = (00'),
(01) = (01), (0'1") = (0'T’) and (11') = (11"). As before, some labellings are left implicit since
they can be deduced from the flatness constraints. Let us now compute the x-product for
two such states adapting in the obvious way the definition of the previous section. Firstly,
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colourings along the gluing interface are identified via the map GLU, i.e.

= 69,,(11_191)1 5(1/27&;1 51)/276[2)1

lgy. Secondly, we apply the Hamiltonian

where we introduced the notation z¥ := y~
projector Py(g XIUg1 T[S x1] i order to enforce the twisted gauge invariance at the physical
boundary vertices along the gluing interface. This operator can be expressed by evaluating

the partition function (2.15) on the relevant pinched cobordism. The result reads

" /é %4 >> (4.4)

_ 1 3 Qﬁfz,bQ(al,mbblE) _
ATl o a el b 8

&,Z))EAXB al_lgb17a;17b2

Peistxaugs , 28t x1) (

where we introduced the cocycle data

AP (ay, by, b)) = Tho (1) (b1, b)) Tay(7) (a1, @y, a7 tay  gbidh) Ta, (7) (g, b1, b))
g,a2,b2 01, 41101, 01 Tay(N)(az,a}) Toy (1) (a1, a; Lgbr, b))

(4.5)

in terms of the cocycle data T(X), T(u) and T(w) that are itself defined according to

a(xaybyQ) a(ylay%xylyZ)
Tz(a)(yl,yQ) = a(yl 21 y2) )

o) o PO )
! o . Tr(xaylvy%yff) W(yl7y27$y1y2793) ’
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for any group elements x,y1,%2,y3 € H in a finite group H and cochains o € C3(H, U(1)),
7 € C4(H,U(1)). Defining

Tovi (@) (y2,y3) To(a) (Y1, y2ys) (4.6)
To(a) (Y192, y3) Ta()(y1,y2) '

Tov1 (7)(y2, Y3, Y4) T (@) (Y1, y2y3, Ya) T (7) (Y1, Y2, ¥3) (@7
To(7) (Y192, Y3, Ya) T () (Y1, Y2, Y3y4) o

d(2)Tm(a)(y17 Y2, y3) =

AT (7) (y1, Y2, Y3, ya) =

it follows from the cocycle conditions d¥7=1, d¥ =71, and d®pu=7n"15 that
d3T(r)=1,dPT\) =T(r)" 4 and d®T(u) =T(7)~!|5. Utilising the cocycle conditions

AT o, (1) (a1, a), af, dfta  ar L gbibib) =1 d3T o, () (a1, ay ' gbr, b, b))
AT, (7)(g, b1, b} b”)—

d® )Tag(ﬂ')(al,al,aflaf gb b, bY)

we finally obtain that oZ satisfies

(2 4B | ( ", al|by, b, bY) jfBlgbl ol B (ah, af[by, bY) Qﬁfz,bz(al’alla/{’bl’bllb/{)
d 0 b aq al al bl 1 b — ’ ’ =1.
gaaz by (@15 01, 01 [b1, 028 (arat, af[biby, b)) 0B, (s, af[br, b))
(4.8)

Going back to the tube algebra, it remains to apply a triangulation changing isomorphism
in order to recover the initial triangulation, and thus a state in VG A, B[T[Sl x I]]. This is
done by evaluating the partition function for the pinched interval CObOl"dlSIn (012)t xSt xI

endowed with the triangulation defined as

1 AB ~ ~—1 7 7 7—14/ a2
~ 0B | (a1, a ) |bib, b))
|A|z|BJz 77
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Putting everything together, we obtain

2

%> o)
2o ~

o
S
fory
=t
1
Q
=

~ b

B Y

o bV I

. 6, a1 d, b
g/7a 1gb1 as »Q ! b’ ,b 1
= - ‘A‘%‘QBE 22 Qﬁfg,bg(alvaﬂbhb,l)

where we used the cocycle relation d(2)g§‘fmb2(a1,d, a~'ay|by,b,b='b}). Using the more
symbolic notation introduced in (4.2), we obtained

|(gaa23b2)%_>>* |(glaa,2ab,2)%_>>
1

0, -1, 0, a1 0, b ,
. 9,04 gb1 g ;0o bl b 1 AB ’ ’ aiay
= |A\%|B|% 22 0 by (@1, a1 [b1, DY) |(97a2,bz)w>-

4.3 Relative groupoid algebra

Similarly to its (2+1)d analogue, the tube algebra found above can be recast as a twisted
groupoid algebra. Interestingly, due to the topology of the problem, we shall notice how in
this language the (3+1)d tube algebra can be recast in terms of the (241)d one, unifying
both computations. This is reminiscent of the notion of lifted models and lifted tube
algebras developed in [33] in the context of bulk excitations.

An important ingredient of our construction is the notion of loop groupoid:

Definition 4.1 (Loop groupoid). Given a finite groupoid G, the loop groupoid AG is the
groupoid with object set {g € Endg(X)|VX € Ob(G)} and morphisms of the form b : g —
h=1gh, for every g € Endg(X) and b € Homg(X,Y). Composition in AG is inherited from
the one in G.

Specialising to the case where the finite groupoid is taken to be the delooping of a finite
group G, we obtain that AG is the groupoid with object set Ob(AG) = G and morphism
set Hom(AG) = {9 % a~'ga|V¥g,a € G}. Composition is given by multiplication in G
such that

g@a_lga—g(aa’)_lgaa' =g ad (ad')"tgad ,

for all g,a,a’ € G. Using this terminology, we can check that the cocycle data T(7), T(\)
and T(u) defined in (4.5) actually correspond to loop groupoid cocycles in Z3(AG, U(1)),
Z%(AA,U(1)) and Z%(AB,U(1)), respectively. More generally, for any group G, we have
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amap T : Z*(G,U(1)) — Z*71(AG,U(1)) referred to as the S'-transgression map. More
details regarding this map can be found in [33, 57, 62]. We further require the notion of
relative groupoid:

Definition 4.2 (Relative groupoid). Given a groupoid G, and a pair of subgroupoids
A, B C G, the relative groupoid Gagp is the groupoid with object set Ob(Gag) = {g €
Hom(G) |s(g) € Ob(A), t(g) € Ob(B)} and morphism set provided by

g%a*lgbzg%, (4.11)
forallg € Ob(Gag), a € Hom(s(g), —) and b € Homp(t(g), —). Composition is defined by
g%a‘lgb%a/_la_lgbb' = g:—;m/_la_lgbb’, (4.12)

Jor all composable pairs (a,a’) € AZ,, and (b,b') € B2

comp*

It follows immediately from the definition above that the groupoid G 4p, whose twisted
groupoid algebra is isomorphic to the (2+1)d tube algebra, actually corresponds to the
relative groupoid defined for the delooping of the groups. We are almost ready to define
the (3+1)d tube algebra in this language. The last item we require is a notion of normalised
cocycle for relative groupoid. To this end we introduce (G, a)-subgroupoids:

Definition 4.3. Given a finite groupoid G and a normalised 3-cocycle a € Z3(G,U(1)),
we call a pair (A, ¢) a (G, a)-subgroupoid when A C G is a subgroupoid of G and ¢ €
C%(A,U(1)) is a 2-cochain satisfying the condition d® ¢(a, o', a") = a~ (a,a’,a")|4 for all
composable (a,d’,a”) € A3,

For any pair of (G, a)-subgroupoids (A, ¢) and (B, 1)), we construct a normalised 2-cocycle
9B € Z%(G a5, U(1)) for the relative groupoid G5 via:

¥(b,b') a(a,a’,a" 'a"'gbb’) a(g, b, b')

ﬁAB(QA%+,a_lgbﬁ5$):::¢(a7aq (oo tgb b (4.13)
= 975 (a, a'[b, b') (4.14)
for all composable morphisms
g%), a_lgb—Z:% €GB, (4.15)
where we are using the shorthand notation introduced in (4.11). Tt follows from a !, =

d@1) and a g = d@ ¢, as well as the cocycle conditions

d(3)a(a, Cl/, a//’ a//—la/—la—lgbb/b//)

d®a(a, o o’ ta " gbb’, b")

=1 d®a(a,a”gb, b’ 6") =1
=1 d®a(g,b,b',6") =1
that 0B satisfies the 2-cocycle relation

AB AB
d(2)19AB(a a a//|b b b//) — 29(:1—1917(‘1/’a”‘blvb//) 199 (a7 a/a”|bvb/b//) -1 (4 16)
g . ' 048 (aa’, a”[bb’, b") 945 (a, '] b, b') ' '
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Unsurprisingly, this equation mimics (3.8). Furthermore, given that « is a normalized
cocycle, we have the normalisation conditions:

94 (idy(wy, @'[idg (o), b) = 95 (a, idy(q)[b, idy ) = 1
938 (idg(w), a'[b, idy(e)) = U5 (a, idy(qlidy(pr), b) = 1,

which further imply

AB —1 —1 __ 9AB -1 -1
-1 ) ) — ) 3 . .
928 (@, al6~",b) = 925 (a,a b, b)) (4.17)

Let G be a finite group and 7 € Z4(G,U(1)). We consider two subgroups A, B C G
and A € C3(A4,U(1)), u € C3(B,U(1)) such that d®X = 771, and d®p = 775 It
follows from the computations in section 4 that (AA, T(X\)) and (AB, T(u)) are (AG, T(m))-
subgroupoids. We define 9428 by applying the formula (4.13) for a = T(7), ¢ = T())
and 1 = T(u). Putting everything together, we obtain the twisted relative groupoid algebra
C[AGpan B]ﬁAAAB. We can show that this twisted relative groupoid algebra is isomorphic
to the (3+1)d tube algebra by identifying

(g,GQ,bg)%Eg%—), (418)

such that ag L by =g € Ob(AGAAAR), a2 % ay' = a; € Homy 4(s(g), —) and by b, bgl =
by € Homy p(t(g), —), as well as 98 = p4B  which was defined in (4.5).

Thereafter, we shall make use of the shorthand notations A(Gap) = AGparp and
CAGaR)" " = CIAGaB)I3, = CIAGAar""""
algebra. We purposefully choose a notation very similar to describe the (2+1)d and (3+1)d

to refer to this relative groupoid

tube algebras in order to emphasize the fact that the framework presented in this section
unifies both. As a matter of fact, we can obtain the (241)d algebra from the (3+1)d one
by restricting the loop groupoid AG to morphisms whose source and target objects are
the identity in G and by replacing the loop groupoid 3-cocycle a = T(w) € Z3(AG,U(1)),
where 7 € Z*(G,U(1)), by a group 3-cocycle a € Z3(G,U(1)). In virtue of this last remark,
we may now focus on the algebra relevant to the (3+1)d scenario, namely C[A(Gag)|g,,
and deduce the results for the (241)d gapped boundary excitations as a limiting case.

We conclude this section with a remark regarding the notation. Since the morphisms
a; € Homp 4(s(g), —) and by € Hompg(t(g), —) in (4.18) are specified by a choice of group
variables in the finite groups A and B, respectively, we shall often loosely identify both in
the following for notational convenience.

5 Representation theory and elementary gapped boundary excitations

In this section, we derive the irreducible representations of the algebra C[A(Gag)]3,, and
elucidate their physical interpretation as a classifier for the elementary string-like excita-
tions in (3+1)d. As mentioned earlier, due to the topology of the problem, and the common
description as relative groupoid algebras, this study can be straightforwardly applied to
describe elementary boundary excitations in (2+1)d.
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5.1 Simple modules

Given a finite group G, two subgroups A, B C G and cocycle data 7 € Z*(G,U(1)),
A€ C3(A,U(1)), p € C3(B,U(1)) satisfying dY7 = 1, d¥X = 77, d®p = 7715,
respectively, we define a = T(7) € Z3(AG,U(1)), ¢ = T(\) € C?(AA,U(1)) and o =
T(u) € C?(AB,U(1)). We explained above that the simple modules of the groupoid algebra
ClA(GaB)lg, = (C[A(GAB)]ﬁA(AB) classify elementary string-like excitations terminating at
gapped boundaries. Let us now derive these simple modules. We shall find that they are
labelled by a pair (O, R), where O is an equivalence class of boundary colourings with
respect to the action of the tube algebra, and R is a projective group representation that
decomposes the symmetry action of the tube algebra on a given boundary colouring.

We begin by first decomposing the algebra C[A(G 4 B)]gw into a direct sum of subalge-
bras. To this end, we notice that the tube algebra defines an action on the set of boundary
colourings yielding an equivalence relation on Ob(A(G4p)) given by

g~g, ifd g% € Hom(A(G 4p)) such that ¢’ = t(g%).

The subsets of Ob(A(G4ap)), i.e. boundary colourings of the tube, that are in the same
equivalence class form a partition of Ob(A(G4p)) into disjoint sets. Let us denote by
Oap, 05 C Ob(A(Gap)) two such equivalence classes. Considering two basis elements of
the form /

‘g%)>7 ‘glz—,> (5.1)

such that g € Oup and g’ € Oy, it follows from the definition of the algebra that the
product of these two states necessarily vanishes. Consequently, each equivalence class
of Ob(A(G4p)) defines a subalgebra (C[A(Gap)|§,)oss C C[A(Gap)]g, Whose defining
vector space is

(5.2)

a
Span(c{ ’g ? >}vg%€Hom(A(GAB)) )

s.t. g€O0ap
Since orbits O p form a partition of Ob(A(Gap)), we have the following decomposition

CIA(GaB)3y = P (CIAGAB)S)0As - (5.3)
OapCG
Given an equivalence class O4p, we notate its elements by {Uz‘}z’:L...,\O A and call o
the representative element of O4sp. We further consider the set {p;,q;}i—1
Hom(AA) x Hom(AB) defined by a choice of morphism

1| OaB| -

0i ':—> 01 € Hom(A(Gap)), Vo, € Oup

and the requirement (p1,q1) = (idg(,,),1d¢(o,)). The stabiliser group of Op is then defined
as
Z0,p = {(a,b) € Hom(AA) x Hom(AB) | 0; = a 'o1b}. (5.4)

Remark that the orbit-stabiliser theorem implies |Zp,,| - |Oap| = |A||B|. Finally, we
construct the twisted group algebra C[Zp, ;] as the algebra with defining vector space

Spanc{| ) (5.5)

}V(u,b)eZoAB
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and product rule
|5 ) —>> 7991(“‘3>(a,a'|b,b')\%>>. (5.6)

Given that « is normalized, it follows from definition (4.13) that 19A( B) is a represen-
tative normalised group 2-cocycle in H?(Zp,,,U(1)). For each simple unitary 19?1(143)—
projective representation (DR, Vr) of Zo ,,, we can define a simple representation of the
relative groupoid algebra C[A(G4p)]3, via a homomorphism DP45:% . C[A(Gap)]3, —

End(Vo,5,r) where

Voup,R = Spanc{|0i, Vm) byiz1,. |Oap| - (5.7)
Vm=1.....dim (Vi)

Fori,j € {1,...,|0aB|}, m,n € {1,...,dim(Vg)} the matrix elements are defined to be

9ol (p771 alg; !, b)

Oap.R
D[irﬁﬁjn}(b%ﬁ) = 0g.o; 5a—1gb,0j A( (| —> ) (5.8)

Io ™ (b apy. p7 o oay, a7 DR
such that
|O4p| dim(VR) (’)
05, vm) > DA (|g5)) = 30 DT Dpatt(lg—)) o, va) - (5.9)
i,j=1 m,n=1

Henceforth, we make use of the shorthand notation pap = (Oap, R), I = [im], J = [jn]
and dp,, = do, s,k = |0ap| - dim(Vg). It follows immediately from the definition and the
linearity of the ﬁa(AB)—projective representations of Zp,, that these matrices define an
algebra homomorphism, i.e.

A
ZD’”‘B 80 DEF (18 ) = Oy a0 V3 7 (0,0, 8) D32 (|9 255)) . (5.10)

Furthermore, the matrix elements satisfy the conjugation relation
1
dg % (a, a2 b, 6-)

. —1

D77 (8 ) = Dy (et Sr)),  (51)
which follows from the unitarity of the projective representation D of the stabilizer sub-
group Zo, 5, inducing a unitary representation of C[A(G ap)]g,- This endows C[A(G ap)]5,,
with the structure of a *-algebra which in turn implies its semi-simplicity due to finiteness.
Finally, the representations matrices satisfy the following orthogonality and completeness

conditions
1 TPAB T T, 8o
W Z 'D?:‘]‘B(‘g%>)pﬁf}ﬁ(}g%>) :%6[’11 5J’J/ (512)
QAEA(GAB) PAB
|A|| | Z deABfoB(|g—>>)D§§B(|g ——>>) — Og.q Oaat Oper - (5.13)
paB I,J

A proof of the orthogonality relation can be found in appendix A.l, the completeness
following from similar arguments.
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5.2 Comultiplication map and concatenation of string-like excitations

The simple modules of the relative groupoid algebra C[A(G ap)]3,, classify string-like bulk
excitations terminating at gapped boundaries labelled by Ay and B,,, such that ¢ = T(\)
and ¢ = T(p). Let us now delve deeper into the exploration of the properties of this
algebra, in relation to the concatenation of the corresponding excitations. We consider
the following system of three gapped boundaries and string-like excitations terminating at
these gapped boundaries:

(5.14)

The two string-like excitations depicted above are characterized by the relative groupoid
algebras C[A(Gap)lg, and C[A(Gpo)lj,, respectively, where ¢ = T(v). We will show
that these string-like excitations can be concatenated, and the result of this concatenation
is a string-like excitation terminating at the gapped boundaries labelled by Ay and C,.%
More specifically, we will demonstrate that a pair of modules for the relative groupoid
algebras C[A(G ap)]5,, and C[A(Gpo)]j,, can be composed to form a module for the relative
groupoid algebra C[A(Gac)]3,-

Let us consider a pair of elementary string-like excitations with internal Hilbert spaces
Vg and V,

PAB PBC?

Hilbert space is provided by the tensor product V,

PAB
the tube algebra acts on this join Hilbert space. We introduce an algebra homomorphism

Ap : CIA(Gac)]g, — C[A(GaB)]3, ® C[A(GEe)];, defined by

respectively. In the absence of external constraints, the corresponding join
®V,pe- It remains to understand how

1 A(ABC b
Ap(lg—5)) = 3] >, AP (g1, g2) o =) @ o2 ) (5.15)
91€0b(A(GaB))
92€0b(A(GBC))
g192=9

beHomy g (t(g1),s(g2))

where

A(ABC) (g1, 92,¢) a(a,a 1g1b, b goc)
_ , 5.16
Ca7b7c (91792) a(gl,b,b_lg2c) ( )

As mentioned earlier, when no confusion is possible, we shall loosely identify the morphism
b € Homyp(t(g1),s(g2)) and the group variable b € B it evaluates to in order to make the
notation lighter. By analogy with the theory of Hopf algebras, we refer in the following to
Ap as the B-comultiplication map of the twisted groupoid algebra C[A(G AC)]% It follows

8Because of the geometry of the operation under consideration, we refrain from referring to this process
as the ‘fusion’ of the corresponding string-like excitations. That being said, in (2+1)d, the same map defines
the usual fusion of point-like excitations.
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from the cocycle conditions

d®a(a, o o’ a g bbb 6 gaed) = 1 d®a(a,a  gib, b7 gac, ) = 1
d®a(a, a7 6,0, 6" b gacd) = 1 d®a(gr, b, b gge, ) =1
d®a(gr, b, b, 6 b gacd) = 1 d®a(gy, g2,¢,¢) =1
that CﬁéﬁBC) satisfies the relation
A(ABC
ﬁé\l(AB)(a) a/|ba b,) ,ﬁé\Q(BC)([L b,‘c7 C/) _ Cﬂﬂ(/,bb/,tzl (gl’ 92) (5 17)
A(AC ~ TA(ABC A(ABC :
ol (@, ale, ) Cove” (a1, 92) G e (@ b, b g0
ensuring that the map Ap is an algebra homomorphism, i.e.
An(la2+)) 0 An (g <)) = An(lg2) | ). (5.18)

Putting everything together, given the relative groupoid algebras C[A(G AB)]%
ap) and (DPBC.V, ),
tiplication Ap allows us to define the tensor product representation ((DPAB & DPBC) o
AB,Vyip ® Vype), Where

C[A(GBo)]j, and a pair of representations (DPAE,V, the comul-

(DA ® DPPC) o A : CIA(Gap)|3y ® CIA(GBO)S, = End(V,,, @ V) (5.19)
such that

(D22 @ D2C) (Ap(lg )

1 A(ABC b
- ﬁ Z Ca,l(a,c )(91’92)DPAB(}91%>>) ®'DpBC(|92T>>) ,
€0b(A(Gap))
BCOb(A(Ca))
g192=9g
beB

where we loosely identified b € Homyg(t(g1),s(g2)) and the corresponding group variable
for notational convenience. In the following, it will be often useful to write the so-called
truncated tensor product @ p of representation matrices defined as

DPAB ®B DPBC = ('DPAB ® DPBC) o AB X (520)

Using the semisimplicity of relative groupoid algebras, the tensor product representations
defined above are generically not simple and as such admit a decomposition into direct
sum of simple representations, i.e.

DoAs 0 DR 2 @) NAE TP .2)
PAC
where the integer number N/4C € Zg is referred to as the multiplicity of the simple

CIAG Ac)]g@ representation (DPAC,V,, ) appearing in the tensor product of the repre-

sentations (DP45,V,,.) and (DPBC,V, ). Henceforth, we assume multiplicity-freeness of
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the multifusion category of representations, i.e. NJ4¢ = € {0,1} in order to simplify
the notations. Note however that it is straightforward to lift this assumption. Using the
orthogonality relations of the irreducible representations, we find a useful expression to

compute explicitly this number, namely

NOE o = S0 tx[(DP4® 0 DPE) (g4 ))Doac (g )| (5.22)
’ ‘A||C|E%>€A(GAC)

Note finally that given the algebras C[A(G4)3, and C[A(GBB)]},, the regular modules’
C[A(Gaa)lg4 CIA(GBB)]Y,, satisty the unit module properties

CIA(Gaa)lgy ®a pas = pap = pap @B CIA(GBB)yy (5.23)

as C[A(Gap)|, modules.

As explained above, thanks to our formulation in terms of relative groupoid algebras,
we can easily extract all the relevant structures for the (2+1)d algebra as a limiting case.
This is done in the next section, where we define a canonical basis of excited states. In
this scenario, the comultiplication map yields the fusion of the corresponding point-like
excitations.

5.3 Clebsch-Gordan series

In preparation for the later discussion, let us study further the properties of the comulti-
plication map introduced earlier. Since the comultiplication map Ap is an algebra homo-
morphism, there exist intertwining unitary maps

UPAB-PBC . @ Vose = Vous @B Voge (5.24)
pac

where the sum is over labels p 4¢ such that DPAC € DPAB @ 5 DPBC | that satisfy the defining
relation

PAB PBC a _ PABPBC PAC a PABPBC
(D]ABJAB ®BDIBCJBC) (‘g?» - pz U[IABIBC][pAcIAc]DIAcJAC (‘gT)»u[JABJBc][pAcJAC} )
AC

Tac,Jac

Henceforth, we will denote the matrix elements of this unitary map as

PABPBC |PAC | ._ 7/PAB>PBC
IaplIpc|lac| * [IapIBcllpaclac]’

and refer to them as Clebsch-Gordan coefficients. Using the orthogonality of the represen-
tation matrices, we obtain the equivalent defining relation

PABPBC |PAC | |PABPBC |PAC (5 25)
IapIpc|lac | |JaJBC |Jac ’
d

= AT L X (PR, @ DR, (8NP (8 ))
g—€A(Gac)

9The regular module of an algebra is defined as the algebra viewed as a module over itself.
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The unitarity of UPAB:PBC imposes the following orthogonality and completeness relations:

pasppc|pac|[paBpsc|Pac] _
Z [IAB Ipc ‘IAC} |:IAB Ipc I%c} - 6IAC7I,/405pAC’p;XC (5.26)
Iag.IBC
paBpBC|pac | [paBpBC |PAC] _
Z [IABIBC‘IAC} [IQBI%c‘IAC} _5IAB71‘/435]BC7[;30' (527)
paclac
Furthermore, the Clebsch-Gordan coefficients satisfy the following crucial property
PABPBC |PAC
{IAB Ipc ’IA0:| (5.28)
— PAB PBC a PAC a PABPBC |PAC
- Z Z DIABJAB DIBCJBC)(|gT>>>DIACJAC(|QT>>) [JABJBC‘JAC}

g€Hom(s(a),s(c)){J}
referred to as the gauge invariance of the coefficients. This property can be checked as
follows: firstly, utilise the unitarity of the intertwining maps to rewrite the defining equation
as the intertwining property

> (D, @D, e [frainelac] = 3 [zree|pc]piac, (15-5) .

Jas,JBC Tac

Secondly, multiply this equation on both side by DT ; (|g % )) and use the identity

Z Z’D%:CC:JAC ’g%>)D%ACcJAc(’g%>)
ge€Hom(s(a),s(c))Jac

_ —1
- Z Z A(AC ! . D?:EJAC(‘Q%»DgﬁgKAC(‘a lgc—:,l »))
g€Hom(s(a),s(c)) Jac U (a,a7 ¢, c7)
= Z D?ngAc(|gf>>> = 5IA07KAC )

g€Hom(s(a),s(c))

where we used (5.11). Note that we use the notation 14 to refer to the morphism in
Hom(s(a), —) characterized by the group variable 14 € A, and similarly for 1¢. Summing
over Joc =1,...,d,,. finally yields the gauge invariance. This invariance of the Clebsch-
Gordan coefficients further implies

b/
S D (o PEEE e o2 ) 255
{3}

PAO:|DPAC (}93‘:’_}» (5.29)

Jac| T Jaclac

Z 954 (a,dlb, b) 9A P (6 ble,7) ¢ é‘éBC)(aflglb,b’*lggc)
1B| GAAC) o

beB 93 (a,a"ta’|c,c=1¢’) )
a b’b
<D 593@*191%’*19%7)1,4&,43(‘91%»D?gg@c(’m —))

{K}

% PAB PBC |PAC DPAC (~*
KapKpc |Kac |7 Kaclac

which is true for all composable morphisms a,a in AA and ¢, ¢ in AC. A proof of this
identity can be found in appendix A.2. It is straightforward to check that this last relation
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induces another one, namely

DPAB (‘gl%»pfmc (|9257’>>) [PABﬂBC‘PAC]DPAC (‘93:_’>>) (5.30)

Japlap JeclBc JapJdpc|Jac| T TacJac /
{J}
A(AB) /~ ~_ cor_ A(BC) ;7 7 — ~ o~ A(ABC
1§:%f)®mlﬂmb%WQ (6,670 ) s (1,02)
1Bl i A
. ~ a~la s~ ~ b 1lp
X Zéa/_lgsc’,gmz D%BBIABQG' lglb 671b >) D?(B;g%IBC(’b 192C 1 >)
{K}

PAB PBC |PAC PAC aa
X |:KABKBC’ KAc}DIAcKAcOgg R4 >> ‘

5.4 Associativity and 6j-symbols

Given two relative groupoid algebras C[A(G ap)]3,, C[A(Gpc)l}, and a pair of represen-
tations defined by (DP45,V,,.), (D’5°,V,,.), we constructed earlier the tensor product
representation ((DP45 @ DPEC)oAp, V), , ®V) ) of C[A(Gac)]g,. Let us now consider the
quasi-invertible algebra element ®apcp € C[A(Gan)lg, ® C[A(Gpo)ly, ® CIA(Gep)]
defined as

«a
PX

_ 1 1 1

Papep = Z a 1(91,92,93)|91ﬁ>>® |92%>>® |93%>>, (5.31)
91€0b(A(GaB))
92€0b(A(GBe))
93€0b(A(Gep))

such that g1, go and g3 are composable morphisms in AG. The cocycle conditions
d(S)Oé(Cl, a_lglb7 b_ngC, c_lg3a) =1 d(g)a(gla g2, ¢, c_lg?)D) =1
d(3)Q(gla b? b_lg2c7 c_lg3o) =1 d(g)a(glv 92, 93, D) =1

imply the identity

BCD)

A A(ABD
Ch,g,a (92793)Ca,l(1,a )(9179293) _ a(g1,92,93) (5.32)
A(ACD A(ABC - -1 -1 -1 ’ '
Ca,c(,a (9102, 03) Ca,[(,,c Yg1.92)  @(a7lg1b, b7 g2c,c71gsd)
which in turn ensures that the comultiplication is quasi-coassociative, i.e
(Ap®id)Ac(la42)) = Pascp * [(id® Ac)Ag(lg5+))] * Papep - (5.38)
5.33

V|s-%) € CAGAB)IS, -

This signifies that the truncated tensor product of representations (DPAB ® g DPBC ) Q' DPOD
and DPAB @p (DPBC @ DPOP) defined as

(DPAB B DPBC) Rc DPCD . — (DPAB ® DPBC ® DPCD) o (AB ® id)AC (5‘34)
DPAB @ p ('Dch ®c DPCD) = (DPAB ® DPBC ® DPCD) o (id & AC)AB (5.35)

must be isomorphic as C[A(Gap)]g,-modules. More specifically, it follows immediately
from the quasi-coassociativity condition that the maps

PPABPBOPCD = (DPAB @ DPAB @ DPAB) (B apcp) € End(V,,, @ Vipe © Viep)  (5.36)
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define intertwiners between the tensor product of representations above such that
$PAB:PBC:PCD [DPAB ®B(DPBC®CDPCD)] — [(DPAB ®B’DPBC)®C'DPCD]<I)PAB,PBC,PCD . (5.37)

Let us consider two vector spaces V,,, and V,,.. These are spanned by vectors |paplap)
and |ppclpc), respectively, such that the corresponding groupoid algebras act on these
basis vectors from the right. We define the truncated tensor product of two such vectors as

lpaBlag) @B lpeclpe) == (lpaplap) @ |ppcIpe)) > Ap(lac) , (5.38)

which span the vector space V,,, ®p V,,, C V,, 5 ® V,,,. More specifically. we have

lpaBlag) @B lppclse) = Y |paB @B pBC; pAC, Lac) [?ﬁg?ﬁg‘?ﬁg} ; (5.39)
PAC
Tac

where we define

\paB ®8 pBC, paclac) = Y [?jg?ﬁg\?ﬁg} (lpaBIaB) @ |pciBC)) - (5.40)

ITag,IBc

Noting that

|pAB ®B pBC, paclac)(DPA? @ DP5C)(lg—+)) = [paB ®B pc, paclac) DA (|a—)),
(5.41)

we realize that Spanc{|pap @B pBC, paclac)vise = Voo as C[A(GAC)]zgo representa-
tions through the map |pap ®p ppc, paclac) — |paclac). Similarly, we can define the
following truncated tensor product of vectors

(lpalap) @B lpBciBe)) ®c |peplep)
:= (IpaBlaB) ® |pBcIpe) @ lpeplep)) b [(Ap ®@id)Ac](1ap)

\palag) ®B (lpeclpe) ®c |peplep))
= (|palap) @ |ppcIpe) @ |peplep)) > [(1d @ Ac)A)(1ap),

which define basis vectors in (V,,, @B Vipo) @c Voge and V., @8 (Vope ®c Vope), Te-
spectively. We then find that ®4pcop induces the following isomorphism:

(VPAB ®B VPBC) ®c VPBC’ = VﬂAB ®B (Vch ®c VPBC) . (5~42)

Vectors (|paplap) @B |pecipe)) ®c|peplep) are typically not linearly independent, how-
ever a basis for the vector space (V,,, ®B V,5.) ®c V,p is provided by the vectors

S [pmgmelpac] [pachenlien Tipantan) © losclse) © lpeplep) . (5.43)

{1}
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We obtain that ® 4gcp acts on such basis vectors as

Z Z PABPBCPCD | |PABPBC |PAC | |PACPCD |PAD
pADPACPBD [ |IapIgc |lac | |Iac lop |Kap
pac {I}
X |palaB) ® |ppclpc) ® |pcplep) > Papcp

=3 [prmgeelgar [[pecrerleer ] \paplan) @ losolse) @ lpoplon) (5.44)
{1}

such that the so-called 6j-symbols are defined as

PABPBCPCD
{PADPAC PBD } (5.45)
o 1 Za(o, 0. 0. ) PABPBC |PAC | |PACPCD |PAD | |PABPBD |PAD | |PBCPCD |PBD
T dp tAB» *BCY 0D/ |IapIpc |lac | |lac Icp |{ac | |IaIep |1ap | |IBcIcp |IBD |’
AD {I}

where the notation is the one of definition (5.8) of the representation matrices. This es-
tablishes the isomorphism (5.42). A detailed proof of the defining relation (5.44) can be
found in appendix A.3.

Furthermore, given the vector space ((V,,; ®B Vipe) @c Voep) @D Vyp s, we find that

[(id @id ® Ap, ) (®PapcEr)] * [(Ap ®id ® id)(PacpE)]

and

(1ap ® ®pepE) * [(id ® Ac ®id)(PaspE)] * (Papcp ® 1pEg) (5.46)

induce the same isomorphism. This is referred to as the so-called pentagon identity and
ensures the self-consistency of the quasi-coassociativity. A proof of the pentagon identity
can be found in appendix A.4.

In a similar vein, it can be shown that the regular C[A(Ggp)]},-module satisfies the
so-called triangle identity such that the following diagram commutes

PaBBC

(pap®BCA(GBB)]}y)®BPBC paB®B(CIAMGBB)|3:®BPBC)

1%
1%

PABRBPBC
(5.47)

as C[A(Gag)]g,-modules for all C[A(Gap)]§,-modules pap and C[A(Gpe)ly,-modules
PBC-
5.5 Canonical basis for (241)d boundary excited states

So far we have been dealing with the groupoid algebra C[A(G 4 B)]%W which is isomorphic to
the (3+1)d tube algebra derived in 4. We have defined its simple modules, which classify
elementary string-like excitations terminating at gapped boundaries, and introduced a
comultiplication map that defines a notion of concatenation for these string-like excitations.
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Furthermore, we constructed the Clebsch-Gordan series and 6j-symbols associated with
this comultiplication map. As mentioned earlier, we have been using the language of
relative groupoid algebras, since it unifies both the tube algebras in (2+1)d and in (341)d.
More specifically, we explained earlier how to obtain the (241)d algebra from the (3+1)d
one by restricting the object in A(Gap) to group variables in G and by replacing the loop
groupoid 3-cocycle a = T(7) € Z3(AG, U(1)), where 7 € Z4(G,U(1)), by a group 3-cocycle
a € Z3(G,U(1)). We shall now use this mechanism to adapt all the notions derived so
far to the study of elementary point-like excitations at the interface between two gapped
boundaries in (2+1)d. Thanks to our formulation, the notations remain almost identical.
Concretely, it simply amounts to replacing g € Ob(A(Gap)) by g € G, and (a,b) € AAXAB
by (a,b) € A x B, and to picking a in H3(G,U(1)), the other cocycle data descending
from it. Note that replacing (a,b) by (a,b) is merely formal as we have often identified
the morphisms a and b with the group variables they are characterized by for notational
convenience.

Using the definition of the representation matrices together with the Clebsch-Gordan
series, we shall now illustrate the mathematical structures introduced earlier by defining a
complete and orthonormal basis of excited states for any pattern of elementary point-like
excitations in (241)d. The same basis can also be used to define ground state subspaces in
the absence of excitations. Naturally, the same construction could be carried out in (341)d
since we have derived all the relevant notions in this case, which encompasses the (2+1)d
one. However, we choose to focus in (241)d where it is easier to visualise the construction.

First, let us derive the canonical basis for a pair of dual elementary point-like exci-
tations living at the interfaces of two gapped boundaries labelled by the data (A, ¢) and
(B, ). This corresponds to the situation depicted in (3.3) so that we are merely looking for
a canonical basis for the vector space (C[GAB]gw. For each simple module labelled by pap,
this basis is defined by the set of elements [papI.J) € C[Gapld,, with I,J € {1,...,d,,,},

such that

|pABIJ>:<|jd4p’T§’>2 Z D45 (| >)lg%>>. (5.48)

(a, b)€A><B

This transformation defines an isomorphism such that the inverse is provided by the formula

1

1
|9%> = <|A|\B|> Z pans ZDpAB |g—> ) |lpaplJ). (5.49)
p
The latter formula expresses the fact that a given state describing such point-like boundary
excitations can be written as a sum of states describing elementary excitations. It follows
immediately from the orthonormality (5.12) of the representation matrices that this basis
is orthonormal:

1 1
/ 17/ d’gABdZ/AB s e PAB a’ a
<pABIJ|pABIJ>: |AHB| Z DI’J’(| >D (|g—>>)< T|g?>
9, ! G
(a,b),(ag,bg)EAXB
:6P%B7PAB 5]/7]5{]/7&] (550)
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and complete:

d N
S (panlloants) = X fhe S o4 (1ol ()
paB,l,J pag,I,J geG

(a,b)eAxB
_ Y 1= (Gl Al 1Bl = [CGasly). (5.51)
geG
(a,b)eAxB

Crucially, the canonical basis diagonalizes the x-product (see proof in appendix B.1):
Y 1 L 5PAB e 0,1 /
lpalJ) x|papl’J') = |A|2|B|2 ——FF——|pl J') . (5.52)
djap
As a useful corollary, we have that
9=+ ) * lpaplJ) = ZD%B NpI'J) (5.53)
lpasl]) *|g-25) ZDW l9-5)|oI.T") (5.54)
Let ZC[GAB]% be the centre of C[G g3, consisting of all elements ) € C[Gaglg, that

satisfy
(W) xg=2) = lg5»)x ), V]g-5+) € ClGapl3y - (5.55)

Let us consider the states

lpaB) (5.56)
dPAB

It follows immediately from corollaries (5.53) and (5.54) that these states are central, i.e.
lpap) *|g—2) =lg9-) *lpas), V]g—>) € ClGanlgy, (5.57)

from which we can easily deduce that |p4p) form a complete and orthonormal basis for the
centre:

Zeiaanls, = SPanc{lpas)ly,, , - (5.58)

We now would like to show that this centre describes the ground state subspace of our
model for the annulus Q@ depicted below:

(5.59)

A triangulation Oa for O can be inferred from T[I] defined in (3.5) by imposing the
identifications (0) = (1), (0') = (1') and (00") = (11’). It further follows that we can identify
the space of coloured graph-states on Qa as the subspace of coloured graph-states on T[I]
that satisfy ¢ = a~'¢gb. The ground state subspace can be finally obtained by enforcing
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the twisted gauge invariance at the two vertices via the Hamiltonian projector Pg, . This
operator can be easily deduced from the one appearing in the definition of the (241)d open
tube algebra:

1 ﬂAB (CL, &|b7 B) ~ a laa
Po, =i 2 2 deae ap et ool & 90 e
Al B 0eC  (ab)eAxB V448 (a, a~Laalb, b-1bb) bbb

(a,b)eAxB
(5.60)

Crucially, this operator can be identically expressed in terms of algebra elements in
C[G aBlg, as follows (cf. proof in appendix B.2)

1 ~ a \—1 a ~ a a
Poo=mamm 2 > (B9 sle)sla )l 6o
geG geaG
(a,b)€AXB (a,b)c Ax B
where ’~;>>,1 1 |~_1~I~9 a1 > (5.62)
= == a —_— ). .
75 0248 (@, a"|b,b=) P

Note furthermore that we can express the identity algebra element in C[G45]3, as

lag)= Y, !é%yl* \§%> (5.63)
GeG
(a,b)cAxB
such that
Lap)*lg—) =l9-) =g ) *[La), Vl|g—>) € ClGaplgy - (5.64)

It implies that the image of the Hamiltonian projector Pg, is spanned by states [) €
ClGaBlg, satistying

(W) *lg—=+) =lg=+) <), V|g—+) € ClGanldy, (5.65)

which is precisely the definition of the centre of [p) € C[Gap]3,. We deduce that the
ground state subspace on O, is spanned by the states |pap):

G,A,
Ve 0a] = Tm Py, = Ze(Gasly, = Spanc{lpas)}y,, , - (5.66)

As an immediate consequence of this statement is the fact that the ground state degeneracy
of the annulus equals the number of elementary boundary point-like excitations at the
interface of two gapped boundaries. This mimics the well-know result that the number of
bulk point-like excitations equals the ground state degeneracy on the torus.

Let us pursue our construction by defining the canonical basis associated with the
following configuration:

A

N B o

B, - C, 7N —
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i.e. the two-disk D? from which local neighbourhoods at the interface of the three gapped
boundaries have been removed. This manifold is referred to as the thrice-punctured two-
disk and is denoted by Y. We choose a triangulation Y for this manifold and consider
the following space of coloured graph-states:

2 3
N / o=

NG\

N

& o

2 3//

= Spanc{ a e >}§gl,_/qéiG
(YA,G,A,B b
VgeCol(Y A ,G,A,B,C) a o Vbbb eB
Ve, el
O 0//

/—1

a’g1gac

J— / / /
= |glvaab7927b>c7aaC>YA-

We are interested in the ground state subspace Vf (;4 QJ}B@C[YA} on this manifold. In order

to obtain this Hilbert space, we need to apply the Hamiltonian projector Py, simultane-
ously at all three physical boundary vertices. This operator is obtained by evaluating the
partition function (2.15) on the relative pinched interval cobordism

2 4
/ (5.68)
2
and its action explicitly reads
PYA(’QL% b7 g?vb/7cu g37a/7c/>YA) (569)
> Jope 0310
yAHBHC\ i VaP @, a~lalb,b=1b) ¥BC (b, b-1v'|¢, ¢ te) (2P (g1, 92)
beB
cGC’
x [a tgib,a ta, b b, b7 gee, b & e, d'a, )y, (5.70)

Let us now define the following basis states

lpaBlaB, pclBc, paclac)y

bl
{Z} 3 {Z} D52 (91 -0 0) D5, (92 ) [72529 2]
g€G}a,a’'cA{J
b,b’eB

/
edeC X D?ngAC (|a’g1g2c 1 —%—> Nlg1,a,b, g2, b c,ad’ )y,

We can show using the invariance property (5.30) of the Clebsch-Gordan coefficients
that these basis states diagonalise the action of the Hamiltonian projector, i.e. for every

{pels}a—aB,BC,Ac We have

Py, (lpaBlas: pBcIBC, paclac)y,) = |paBlas. peclpe, paclac)y, - (5.71)
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A proof of this crucial relation can be found in appendix B.3. We refer to these states as the
canonical basis states for Y. It follows from the orthogonality and the completeness of the
representation matrices as well as the Clebsch-Gordan series, that this basis is orthogonal
and complete.

It is now possible to use the canonical basis states we have derived so far in order to
define excited states associated with more complicated boundary patterns. For instance,
the case of D? with four different gapped boundaries can be treated easily by noticing
that the manifold resulting from removing local neighbourhoods at every interface can
be realised as the gluing of two copies of Y. Similarly, canonical basis states for this
manifold are obtained via the x-product by contracting two states of Y o along one magnetic
index. Interestingly, two different bases can be defined following this scheme, but they
are equivalent. This is ensured by the quasi-coassociativity, and more specifically the
isomorphism (5.42). As a matter of fact, the two bases can be explicitly related to each
other via the 6j-symbols as defined in (5.44), which was the motivation for introducing
them. More generally, any number of gapped boundaries can be treated in a similar
fashion by gluing several copies Y according to a fusion binary tree. Thanks to the
quasi-coassociativity, the choice of tree is not relevant as the corresponding bases are all
equivalent.

6 Gapped boundaries and higher algebras

In this section, we describe a higher categorical construction capturing the salient fea-
tures of the gapped boundary excitations considered in the previous sections. We begin
by reviewing the definitions of monoidal categories and bicategories before introducing
the theory of module categories. For more details on such constructions, see for exam-
ple [30, 59, 62, 63]. Building upon such notions, we then demonstrate the relation between
gapped boundary excitations and bicategories of module categories. In particular we review
that the bicategory MOD(Vecg:) provides a convenient description of gapped boundary ex-
citations in (2+41)d Dijkgraaf-Witten theory [10], and show that MOD(VecXg)) describes
string-like bulk excitations terminating at the boundary in (341)d Dijkgraaf-Witten theory.

6.1 Higher category theory

We begin this section by first introducing higher category theory. In order to motivate the
ethos of higher category theory, it is illuminating to first consider the notion of categorifi-
cation. Generally, categorification refers to a collection of techniques in which statements
about sets are translated into statements about categories. Let us consider a simple ex-
ample. Given a pair of sets X,Y and a triple of functions f,g,h : X — Y, it is natural
to pose relations between such functions in terms of equations. For instance, we may have
f =g and g = h as functions from X to Y, from which we can infer the relation f = h by
transitivity. In this setting, categorification is the process whereby each set X is replaced
by a category Cx, and each function f: X — Y is sent to a functor Fy : Cx — Cy. Using
the additional structure proper to categories, we have a choice about the way we lift the
equations f = g and g = h. We could either require the corresponding functors to be equal,
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ie. Fy = Fy and Fy; = F} implying F; = F}, or alternatively, we could instead require
only the existence of natural isomorphisms, i.e. 1y, : Fy = F, and Ngh : Fy = Fy,. In the
latter case, we use equations on the natural transformations in order to prescribe a natural
transformation ¢, = n¢g 0 ngn : Fy — Fy, replacing transitivity.

Building upon the idea of categorification, let us now introduce bicategories, which
will form the model of higher category theory utilised in the following discussion. Given a
(small) category C, recall that we denote by Home(X,Y) the set of (1-)morphisms (hom-
set) between the objects X, Y € Ob(C). Roughly speaking, a bicategory is obtained by
applying the categorification mechanism spelt out above to such sets of morphisms. More
specifically, we replace Hom¢(X,Y') with a category that we denote by Home(X,Y'). The
composition function o : Home (X, Y) x Home (Y, X) — Home (X, Z) is then replaced with a
composition bifunctor @ : Home(X,Y') x Home(Y, Z) — Home (X, Z). Moreover, equations
between morphisms are replaced with natural transformations between functors together
with equations defined for such natural transformations. With this idea in mind, we now
define our notion of bicategory:

Definition 6.1 (Bicategory). A bicategory Bi consists of:

« A set of objects Ob(Bi).
« For each pair of objects X,Y € Ob(Bi), a category Homp;(X,Y'), whose objects and

morphisms are referred to as 1- and 2-morphisms, respectively. Given a 1-morphism
f € Hompi(X,Y), X =:s(f) and Y =: t(f) are referred to as the ‘source’ and the
‘target’ objects of f, respectively. The composition of 2-morphisms in Homp;(X,Y)
is designated as the ‘vertical’ composition.

« For each triple of objects X,Y,Z € Ob(Bi), a binary functor ® : Homp,;(X,Y) X
Homp; (Y, Z) — Homp;(X, Z) designated as the ‘horizontal’ composition.

« For each object X € Ob(Bi), a 1-morphism 1x € Ob(Homp;(X, X)), and for each
morphism f : X — Y, a pair of natural isomorphism £; : 1x @ f — f and ry :
f® 1y — f called the ‘left’ and ‘right’ unitors, respectively.

« For each triple of composable 1-morphisms f,g,h, a natural isomorphism ay g, :
(fRg) @h— f®(g®h) called the 1-associator.

This data s subject to coherence relations encoded in the commutativity of the diagrams

(feg)®@h) @k

@k Yo
‘M < %4

(folgoh) ok (fog) e (hek)

af;g@h’CJ{ J{af,gyh@c

fe(lgah)@k) f@(ge (hak)

idr®ag,n,k
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and

U Lep) 9

(fRLyp) @9 [ Ly ®g)

(6.1)
Tf@idg idf@Zg

f®g

for all composable 1-morphisms f, g, h, k, referred to as the pentagon and the triangle rela-
tions, respectively.

As in conventional category theory, it is customary to depict relations in a bicategory using
diagrammatic calculus. Unlike the directed graph structure utilised in category theory, the
diagrammatic presentation of bicategories is given in terms of so-called pasting diagrams
of the form

F Y (6.2)

where X, Y € Ob(Bi) are objects, f,g € Ob(Homp;(X,Y)) are 1-morphisms and F €
Homypyom,(x,v)(f, g) is a 2-morphism. In this notation, horizontal and vertical compositions
are depicted as

’ / f
/ f fef f
X ﬂp Y ﬂ 7 =X ﬂpwz, X— Y =X ﬂpc Y,

respectively. Explicit examples of bicategories will be provided in section 6.5 and 6.6

6.2 Higher groupoid algebra Vecg

We shall now apply the idea of categorification to groupoid algebras, yielding a notion of
‘higher groupoid algebra’. First, let us review the relation between monoids and categories.
A monoid is defined by a set X equipped with a function - : X x X — X called the product,
and a distinguished element 1 € X called the unit, satisfying the relations 1-2 =2 =z -1,
Vz € X. Alternatively, a monoid can be defined as a (small) category C with a single
object o« and Hom(C) = Homg(e,e) such that the composition function o : Homg/(e,e) X
Home(e,0) — Homg/(e,e) provides the monoid product on Homg(e,e), and the identity
morphism id,e provides the corresponding monoid unit. Using this presentation of a monoid
as a one-object category, we recover upon categorification the notion of monoidal category
as a one-object bicategory: given a bicategory Bi with a single object Ob(Bi) = {e}, the
category of homorphisms Homp; (e, e) defines a monoidal category equipped with a tensor
product structure provided by the bifunctor ® : Homp;(e, ) x Homp;(e,e) — Homp(e,e).
In particular, the l-associator in Bi induces the (0-)associator in the monoidal category
Homp; (e, ).
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Akin to the categorification of a monoid to a monoidal category, one can consider a
categorification of an algebra over a field. Instead of presenting the general case, we shall
restrict ourselves to the categorification of groupoid algebras. Recall that given a finite
groupoid G, the (complex) groupoid algebra C[G] is the algebra defined over the vector
space Spanc{|g)|Vg € Hom(G)} with algebra product [g) x |g) = J(g)s(y) [08"). One
natural categorification of C[G] is given by replacing the complex field with the (symmet-
ric) monoidal category Vec of finite dimensional complex-vector spaces, which yields the
monoidal category of groupoid-graded vector spaces:

Definition 6.2 (Category of G-graded vector spaces). Let G be a finite groupoid. A G-
graded vector space is a vector space of the form V = @gcrom(g) Va- We call a G-graded
vector space V. ‘homogeneous’ of degree g € Hom(G) if Vi is the zero vector space 0 for
all ¢ # g. The monoidal category Vecg is then defined as the category whose objects are
G-graded complex-vector spaces, and morphisms are grading preserving linear maps. The
tensor product is defined on homogeneous components Vg and Wy according to

(Ve W)gg’ if t(g) = s(g')

otherwise

with unit object 1 = @gcpiom(g) didy- There are [Hom(G)| simple objects denoted by Cq,V g €
Hom(G). Every object is isomorphic to a direct sum of simple objects, making Vecg semi-
simple. Finally, the associator is given by the canonical map

id(cw,g,, : (Ug ® Vg/) & Wg// = Ug & (Vg/ (%9 Wgu) . (6.4)

Note that by choosing the groupoid to be the delooping of a finite group, we recover
the more familiar fact that the category of G-graded vector spaces is a categorification
of the notion of group algebra. Analogously to the twisting of a groupoid algebra by a
groupoid 2-cocycle, we can twist the associator of Vecg by a normalised groupoid 3-cocycle
o € Z3(G,U(1)) so as to define the monoidal category Vecg, whereby the associator on
simple objects is provided by

an,Cg/,Cg// = Oé(g, g/, g//) . id(cgg,g// : (Cg ® (Cg/) ® (Cg// l> (Cg & ((Cg/ &® (Cg//) . (65)
The monoidal category Vecg has the additional property of being a multi-fusion category:

Definition 6.3 (Multifusion category). A category C is called multi-fusion if C is a finite
semi-simple, C-linear, abelian, rigid monoidal category such that tensor product ® : CxXC —
C is bilinear on morphisms. If additionally Home(1,1) = C then we call C a fusion
category.

We shall not expand on this definition here, but instead refer the reader to the chapter 4
of [59]. Conceptually, the observation that Vecg is a multi-fusion category plays a similar
role to semi-simplicity in the theory of algebras. Recall that given a semi-simple algebra A,
every module is isomorphic to a direct sum of simple modules. These simple modules can
be found via the notion of primitive orthogonal idempotents. An idempotent in an algebra
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A is an element e € A such that e-e = e, and a pair of idempotents e, e’ € A are orthogonal
if e - € = 0 €. Such an idempotent is called primitive if it cannot be written as sum of
non-trivial idempotents. Specifying a complete set of primitive orthogonal idempotents
{e1,...,en} for A, we can define a simple right A-module M; = ¢e;- A, for each i € 1,...,n.
In the following, we will review the notion of module category over a multi-fusion category,
categorifying the notion of module over a semi-simple algebra. In this setting the analogue
of idempotent will be given by so called separable algebra objects.

6.3 Module categories

In this part, we introduce the notions of module category over multi-fusion category C, and
module category functors following closely [59]. These happen to be relevant notions to
describe gapped boudaries and their excitations [10]. However, as we explain below, we
use in practice an equivalent description in terms of separable algebra objects. First, let
us define a module category:

Definition 6.4 (C-Module category). Given a multi-fusion category C = (C,®,1,4,r, ),
a (left) C-module category is defined by a triple (M, ®, &) consisting of a category M, an
action bifunctor ® : C x M — M and a natural isomorphism

axym: (XQ@Y)oM S5 Xo(YoM), VX,Y €0b(C)and M € Ob(M), (6.6)
referred to as the module associator, such that the diagram

(XeY)®Z) oM

AM a
Y Z®\dl\ X®P:Z
X2 A7

XeYeZ)oM XeoY)o(ZzoMm) (6.7)

dX,Y®Z,IMJ{ J{dX,Y,ZQJM

Xo(Y®2Z) oM) XoYo(ZoM)

idx®dy,z,m

commutes for every X,Y,Z € Ob(C) and M € Ob(M). Additionally there is a unit
isomorphism £y : 1 © M = M, where 1 is the tensor unit of C, such that the following
diagram commutes:

ax,1,M

(Xel)oM X®(1oM)
\ / ’ (68)
rx ®id s idx®fM
XoM

for all X € Ob(C), M € Ob(M).

Every module category can be decomposed into so-called indecomposable module cate-
gories [58]:
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Definition 6.5 (Indecomposable module category). A C-module category M is said to be
‘indecomposable’ when M is not equivalent to a direct sum of non-zero C-module categories.

Indecomposable module categories will turn out to be the relevant data to label gapped
boundaries. To describe excitations, we further require the notion module category func-
tors:

Definition 6.6 (Module category functor). Given a multi-fusion category C and a pair
(M1, M3) of C-module categories with module associators ¢ and ¢, respectively, a C-module
functor is a pair (F,s) where F : My — Mg is a functor, and s is natural isomorphism
given by

sxmM:F(XOM)—=XoFM), VXeObC)and M € Ob(M,), (6.9)
such that the diagram

F(ax,y,m) SXQY,M
) ———— s

F(X@(Y@M F((X@Y)@M) (X®Y)®F(M)
5X7Y®MJ JdX,Y,F(]M) (6'10)

XoFY o M)

XoYoFWM)

idx@Sy’M
commutes for every X,Y € Ob(C) and M € Ob(M).

We are almost ready to define a bicategory, the remaining ingredient is a notion of morphism
for module functors:

Definition 6.7 (Morphism of module functors). Given a multi-fusion category C and two
C-module functors (F,s) and (F',s"), a morphism of module functors between F and F’ is
a natural transformation n: F — F' such that the diagram

F(XoM) —22 X o F(M)
nXGMJ( Jidx@m (6.11)
F'(X & M) B STEN F'(M)

commutes for every X € Ob(C) and M € Ob(M).

Putting everything together, we obtain the following definition of a bicategory of module
categories

Definition 6.8 (Bicategory of module categories). Given a multi-fusion category C, we
denote by MOD(C) the bicategory with objects, C-module categories, 1-morphisms, C-module
functors, and 2-morphisms, C-module natural transformations.

The remainder of this section is dedicated to providing a more practical formulation of
this bicategory using the fact that for a multi-fusion category C, every indecomposable
C-module category is equivalent to the category of module objects for a separable algebra
object in C [59]. Using this latter formulation, we shall then explain how the bicategory of
module categories is indeed the relevant notion to describe gapped boundaries and their
excitations in gauge models of topological phases.
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6.4 Algebra objects in Vecg

Let us now present the notion of algebra objects in the multi-fusion category Vecg thought
as a categorification of the groupoid algebra over G. In the subsequent discussion, we will
build upon this notion in order to define module categories over higher groupoid algebras
as a categorification of modules over semi-simple algebras.

Definition 6.9 (Algebra object). Given a multi-fusion category C = (C,®,1,4,r,«), an
(associative) algebra object in C is defined by a triple (A, m,u) consisting of an object A as
well as morphisms m : AQ A — A and uw: 1 — A in C referred to as multiplication and
unit, respectively, such that the diagrams below commute:

o Associativity:

(ARA) QA —2 4 AR (A® A) A&7,

m®idAJ km s (612)

A A _ A
o Unit:
A— "' LAl 4% A0 A
[ Jm , (6.13)
1904 — s AQA —— 4
u®id 24 m

where o, £, r refer to the associator, left unitor and right unitor for the monoidal struc-
ture of C, respectively.

Given the above definition, an important observation is that algebra objects in the fusion
category Vec correspond to associative, unital, finite-dimensional, complex algebras. Let
us now consider algebra objects in Vecg. For each (G, a)-subgroupoid (A, ¢), as defined in
section 4.3, we construct an algebra object Ay = (@aeHom( A) Ca,m, u) with multiplication
and unit defined according to

m: Ay ® Ay — Ag

d Tyece) = id
a®a’ = dya) (o) Aa,a’) ad’ and - u(lvecy) >, idx,

X€eOb(Ay)

respectively. In particular, we remark that the algebra object A4 in Vecg corresponds to
a generalisation of a twisted groupoid algebra over A, where the twisting by a 2-cocycle is
instead given by the 2-cochain ¢. Since ¢ is not a groupoid 2-cocycle, algebra objects are
not associative as conventional algebras, but instead are only associative within Vecg due to
the condition d®¢ = a1 - We leave it to the reader to check that every algebra object in
Vecg is in one-to-one correspondence with a (G, o)-subgroupoid and Vecg algebra objects.
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Given an algebra object A in a multi-fusion category C, we are interested in modules
over A referred to as A-module objects:

Definition 6.10 (Right module object). Let C be a multi-fusion category and A = (A, m,u)
an algebra object in C. A right module object over A (or right A-module) consists of a pair
(M,p), with M € Ob(C) and p : M ® A — M € Hom(C) such that the diagrams below
commute:

o Compatibility:

pRid 4

({ lp , (6.14)

o Unit:

Tll }, . (6.15)

Ml —— M®A

Homorphisms between modules over a given algebra object are then defined in an obvious
way:

Definition 6.11 (Module object homomorphism). Given an algebra object A in a multi-
fusion category C, let (My,p1) and (Ma,p2) be two right A-modules. An A-homomorphism
between these A-modules is a morphism f € Home (M, Ms) such that the diagram

M1®A&>M2®A

le Jpz (616)

leMz

commutes.

It follows from the definition above that A-homomorphisms between a pair of A-module
objects (M1, p1) and (M7, p1) in C define a subspace of Hom¢ (M7, M»), which is notated via
Hom 4 (M7, M3) in the following. Moreover, composing A-homomorphisms yields another
A-homomorphism so that we can define a category of A-modules as follows:

Definition 6.12 (Category of module objects). Given a multi-fusion category C and an
algebra object A = (A, m,u), we define the category Modc(A) as the category with objects
A-module objects in C and morphisms A-module homomorphisms.

In a similar vein, we can define a left A-module objects and left A-module homomorphisms.
We leave it to the reader to derive the corresponding axioms. Combining both left and
right modules over an algebra object yields the notion bimodule object:
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Definition 6.13 (Bimodule object). Let C be a multi-fusion category and (A, B) a pair of
algebra objects in C. We define an (A, B)-bimodule object in C as a triple (M,p,q) such
that (M, p) is a right B-module object, (M, q) is a left A-module object and the diagram

(A® M)® B 4sidp M®B

,{ lp . (6.17)

commutes.

Noticing that the monoidal identity of any multi-fusion category C naturally defines an
algebra object, we can identify the (1, A)-bimodule (M, ¢y, p), for a given algebra object
A, with the right A-module (M, p), and similarly the (A, 1)-bimodule (M, rys,q) with the
left A-module (M, q).

Definition 6.14 (Bimodule object homomorphism). Let (M, p1,q1) and (Ma,p2,q2) be
a pair of (A, B)-bimodule objects in a multi-fusion category C. An (A, B)-homomorphism
between these (A, B)-bimodules is a morphism f € Home(My, Ma) such that f : (My,p1) —
(Ma,p2) is a right B-module homomorphism, f : (M1,q1) — (Ma,q2) is a left A-module
homomorphism, and the following diagram commutes:

q1®idp

(iq
4® P
y P
5&@

q2®idp M, ® B

« Oél JPQ b1 -

m idA®fW \
'@P@

A® (M; ® B) A® M

M, ® B

M,y

ida®p1 a1

It follows from the definition that (A, B)-homomorphisms between a pair of (A, B)-
bimodule object (Mi,p1,q1) and (Ma,ps,q2) in C define a subspace of Home (M, M,),
which will be denoted by Homy p(Mi, M) in the following. Moreover, composing two
(A, B)-homomorphisms yields another (A, B)-homomorphism so that we can define the
following category of (A, B)-bimodules:

Definition 6.15 (Category of bimodule objects). Given a multi-fusion category C and a
pair of algebra objects A and B, we define the category Bimod¢ (A, B) as the category with
objects (A, B)-bimodules and morphisms (A, B)-bimodule homomorphisms.

Let us now go back to our example of interest, namely the higher groupoid algebras Vecg,
and describe the corresponding bimodule objects. We consider a pair (A, ¢), (B,v) of

— 49 —



(G, a)-subgroupoids, and the corresponding algebra objects Ay = (@aeHom(A) Cq,ma,un),
and By = (Bpectiom(s) Cos M, us). Let (M, p, q) be an (Ag, By)-bimodule in Vecg such that
M = @getiomg) Mg, p: M @ By — M and g : Ay ® M — M. Let us consider the Vecg
morphism @ = g o (id4 ® p) such that

(p:.A¢®(M®Bw) — M
G ® (Mg ® (Cb) = 5t(a),s(g) 5s(b),t(g) [Mg > ‘p(MwCaa Cb)] € Magb

where @ (Mg, Cq,Cy) : My — Mygp is a linear map which includes a G-grading shift. In
virtue of the compatibility conditions satisfied by p and ¢, the diagram

Ay ® ((Ag ® (M @ By)) ® By) —AZ0) 4 (M @ By)

Amz{ Jw . (618)

Ay @ (M @ By) M

commutes, where gmp decomposes as

amp : Ag @ ((Ag @ (M @ By)) @ By) daBauames s, Ay @ (Ap ® (M @ By) @ By))
LRI, Ay (Ap © (M © (By @ By)))

ida®(ida®(idyr@ms)) Ag ® (A @ (M @ By))

ail
AR (Ag @ Ag) © (M @ By)
MADMEE, fy @ (M @ By). (6.19)

Furthermore, it acts on non-zero basis vectors (a,a’, b,b’) € Cqx Cy x Cy x Cy and vy € M,
as

amp 1@ @ ((a® (05 ® b)) @ b') 1 Sya) s(a) Fuo),ser) g (0, 0'[b, ') [a'a @ (vg @ bb')]
(6.20)

for any set of a’,a,g,b,b’ composable morphisms in G, where we introduced the cocycle

data
a(a, gb, b’') a(g, b, b’)

o', a, gbt')

w;‘B(a, a'|b,b) =

¢(a’, a)y(b, b'). (6.21)
Writing
@: Ay ®(M®By) - M
a® (vg®b) = vg>@(vg,a,b) € Mugp

it follows from equation (6.20) that @ (vg, a,b) € End(M) satisfies the algebra
'Y (Uga a, b) > @ (Ug’v ala b/) = 5t(a’),s(a) 5t(b),s(h’) 59/,agb w;\lg(a’ a,‘b’ b,) P (Uga a'a, bb/) (622)

for all morphisms g, g’ € Homg(Ob(A), Ob(B))), a € Hom 4(—,s(g)), o’ € Hom 4(—,s(g’)),
b € Homp(t(g), —) and b’ € Homp(t(g’'), —). Such data can be concisely described by
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introducing the groupoid G4z with object set Homg(Ob(A), Ob(B)) and morphism set
given by

gm—bmgb =0 (6.23)

for all g € Ob(Gap), a € Hom4(—,s(g)) and b € Homp(t(g), —). Composition is defined by

g——agb——a’aght’ = g——— d’aghb’, (6.24)
a,b a6’ a’a,bb’

for all composable pairs (@, a) € A2, and (b,b') € BZ,, . Since [wA4P] € H2(G45,U(1))
defines a G 45 2-cocycle, @ can be described via a weak functor

F

on Gan — Vec

g€0b(Gas) +— MyCM
P9 € Hom(Gag) — @ (vg,a,b) : My — Mage

)

such that every isomorphism @ (vg, a, b) satisfies the composition relation (6.22). Using the
equivalence between representations and modules of algebraic structures, we can thus view
the pair (M, Fy,,) as a module over the twisted groupoid algebra (C[g AB]WAB. Considering
the diagram

Ap® (My @ By) “42UED, 4o (My @ By)

J J 7 (6.25)

M1 I M2

for a pair of (Ag,By)-bimodules (M, @i(—)) and (Ma,@2(—)), we conclude that an
(Ag, By)-bimodule homomorphism is defined via a natural transformation f : @1 — @,
or equivalently, as an intertwiner for representations of C[g AB]WAB. Putting everything
together, we obtain the equivalence Bimod\/ecg (Ag, By) ~ Mod((C[QNAB]wAB).

6.5 Bicategory of separable algebra objects in Vecg

Pursuing our construction, we shall now introduce a special class of algebra objects known
as separable algebra objects. We will then construct a bicategory whose objects are separable
objects, and morphisms are bimodule objects between them. First, let us define what it
means for an algebra object to be separable:

Definition 6.16 (Separable algebra object). Let C be a multi-fusion category and A =
(A,m,u) an algebra object in C. The algebra object A is said to be ‘separable’ if the
multiplication map m : A® A — A admits a ‘section’ map A : A — A® A such that

A AA™ A=AMa 4

as an (A, A)-bimodule homomorphism.
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Let us now define a binary functor. Let A, B,C be three separable algebra objects in a
multi-fusion category C, Map = (Map, qa,pB) = (Map, ®um,,) an (A, B)-bimodule, and
Mpc = (Mpc,qB,pc) = (MBc, ®Mpe) & (B, C)-bimodule. Using this data, we want to
construct an (A, C)-bimodule, which we shall notate via (Map ® g MBc, @M, p @B @My )-
First, let us define the morphism @as, sonmge * A ® (Map ® Mpo) ® C) — Map ® Mpc
that decomposes as

IdA®an y g, Mpe,C

AR((Map@Mpc)@C')

AR (Map®(Mpc®C)) (6.26)

-1
YA M A, Mc®C (
%

ARMup)®(Mpc®C)

—1 .
(£A®J\/IAB )@idyMp oo

(A®Map)®1)®(Mpc®@C)

(ildagm 4 5 ®uB)®idymg-eC

(A®MaB)®B)®(Mpc®C)

(i[dagm 5 ®AB)®IdMg e

(A®Map)®(B®B))®(Mpc®C)

1 .
aA@]MAB,B,B(gldIWBC@C

(A®MaB)®B)®B)®(Mpc®C)

(aa,myp,BRIdE)BdMg 00

(A®(Map®B))®@B)®(Mpc®C)
(A®(Map®B))®(B(Mpc®C))

XAR(M AB®B),B,Mpc®C

PM 4 g OPM Maip®Mpe
—_— .

Using this morphism, let us further define the endomorphism e, sonrpe : Map @ Mpo —
Map ® Mpc that decomposes as

-1 671
"MAp®Mpo (MAp®Mpc)®L
—>

Map ® Mpc —————= (Map ® Mpc)® 1 1® ((Map® Mpc) ® 1)

uA®(idm 4, geMpoQuC)

A® (Mag ® Mpo) ® O) ZHABENBC, hpe @ Mpe .
(6.27)

By the requirement that A : B — B ® B is a (B, B)-bimodule section to the (B, B)-
bimodule homomorphism m : B ® B — B, together with the compatibility conditions
spelt out above and the naturalness of the associator «, we can show that ey, ;onMmzeo
is an idempotent endomorphism in C, i.e. e, pzoMpe © EMap@Mpe = €Map®Mpo- Lhe
requirement that the multi-fusion category C is abelian ensures that every idempotent is a
split idempotent:

Definition 6.17 (Split idempotent). An idempotent a 55 a is called split when there exists

ros

an object b andmorphz’smsaib,bL>asuchthatb—>b:bid—b>bandaﬂa:aga.

We define the object Map ®p Mpc € C as a choice of splitting object for the idempotent
S Y r
eMspoMpe Such that Map® Mpc HapVse, Map®pMpc and Map®p Mpc MapMpo,

Map ® Mpc, where syr,p Mpe © TMap,Mpe = €Map@Mpo A MM, Mpe © SMap,Mpe =
idyr,goMpo- Crucially, a choice of splitting object is unique up to isomorphism, and

~52 -



independent of a choice of section up to isomorphism. Using this data, let us further define
the following morphism:

PMap OB PMpe *= 'Map,Mpc © ((pMAB®MBc) OSMyp,Mpc - (6.28)

Putting everything together, we obtain that (Map ®p MBc, @i,y @B @My ) defines an
(A, C)-bimodule in C. So we have obtained a way to define an (A, C')-bimodule out of an
(A, B)- and a (B, C)-bimodule given three separable algebra objects A, B,C. This can
expressed in terms of the bifunctor

®p : Bimode(A, B) x Bimode(B, C) — Bimode (A, C) , (6.29)
where objects Map € Ob(Bimod¢(A4, B)) and Mpc € Ob(Bimod¢ (B, C)) are mapped via
®p 1 Map x Mpc +— Map ®p Mpc, (6.30)

and bimodule homomorphisms fap € Hom(Bimod¢(A, B)), fpc € Hom(Bimod¢(B,C))
are sent to

®B : faB X fBc + faB @B [BC := SMap,Mpe © (fAB ® fBC) © TMAp Mpe - (6.31)

In order to obtain a bicategory, we are left to define a left unitor, a right unitor and an
associator. Considering A and B as (A, A)- and (B, B)-bimodules, respectively, one can
verify that for any (A, B)-bimodule Map

A4 Map = Map = Myp @5 B, (6.32)

as (A, B)-bimodule in C. This property demonstrates that an algebra A seen as an (A, A)-
bimodule defines a notion a unit morphism for an algebra object A. The corresponding
left unitor isomorphism, which is an (A, B)-bimodule, is defined via the maps

A®a Map AMap, A® Map 5 Myp
and

-1

¢ A®id
M M
Map —225 1@ Myp AR

CAAM AR

(AR A) @ Myp ———= A® (A® Myp)

ida®ga SAMy
——% A®@ Map —=5 A®4 Mg,

which can be shown to satisfy the triangle relations. The right unitor can be defined in
a similar fashion. Finally, for any quadruple of algebra objects A, B,C,D and (A, B)-
bimodule M4pg, (B, C)-bimodule Mpc and (C, D)-bimodule M¢p, the morphism

"Map®Mpc,Mcp

(Map®pMpc)®@cMcep

'Map.Mpo®dyep

(Map®@pMpc)@Mcp

QM A, My, M
(Map®@Mpe)®Mep —22—LL Map®(Mpc®Mcp)

idapy g idapy g

QSM g, M RSM g, M
BCCDs Map®(Mpe®cMep) B8y Map®p(Mpe®cMcep)

defines an isomorphism of (A, D)-bimodules in C satisfying the pentagon relation. Putting
everything together, we obtain the following bicategory:
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Definition 6.18 (Bicategory of separable algebra objects). Given a multi-fusion C, we
notate via sAlg(C) the bicategory with objects, separable algebras objects in C, and hom-
category Homgaig(cy (A, B) := Bimodc (A, B) for all separable algebra objects A, B in C. The
composition bifunctor is provided by ®p : Bimod¢(A, B) x Bimod¢(B,C) — Bimod¢ (A, C)
as defined in this section.

Let us now apply the definition above to the multi-fusion category Vecg. First of all,
every algebra object in Vecg can be shown to be separable. Indeed, given an algebra object
Ay in Vecg, a choice of section A : Ay — Ay ® Ay is provided by the following map on
basis elements:

1 1
H [ —
[Hom 4(s(a), —)| 2 P(a1, az)

ar,az€Hom(A)
ajaz=a

A:a a1 ®ag. (6.33)

Algebra objects equipped with the section defined above form the objects of the bicat-
egory sAlg(Vecg). Let Ag, By, C, be three objects in sAlg(Vecg), we consider the 1-
morphisms Map = (MaB, @M us) € Ob(BimodVecg(A¢,B¢)) and Mpe = (Mpe, ®vz,) €
Ob(Bimodvecg (By,Cy)). Following (6.26), the map @ z@Mmyse acts on basis elements of
Co® (([MAB]M ® [MBC]QQ) ® Ct) as

B BC
PMap@Mpe * & ((vé ® vy, ) ®¢)

— 71 Z a(glag%c) a(avglvb) O‘(aglbvbilngO
Hom(B)],_ 2=, (0.6~ a(a,g1.g)a(ag, b, b1)
X vé’g > (p(v;}B, a,b)® vézc > (p(vff, b1 ).

Applying the formula above to a = idy(g,) and ¢ = id;(q,), we obtain that the map sar, 5 v

s(g1
Map @ Mpe — Map @5 Mpe acts on basis elements as

. AB BC
SMap,Mpc * Vg, & Vg,

1 1 a(glb7671792)
e D — =
Hom(B)] 2=, #(6.671) a(g.b.6)

B B BC BC —1 :
xvﬁ D(I)(Ué alds(gl)ab)@)vgg D(Z)(ng ,b ,ldt(gz)),

whereas ras 5 Mo * Mas @B Mpe — Mg @ Mpe is given by the inclusion. We can finally
check that the binary functor simplifies such that

PMas ®B PMpe = PMspRMpc - (634)

Left unitor, right unitor and associator can now be readily obtained. Finally, let us remark
that the above bifunctor can be conveniently rephrased as a comultiplication map Ap :
ClGac]™" = C[Gas]™" ® C[Gpe]™™ defined by

A 1 a(gla927c) a(a,gl,b) 04(%1[’7571,925)
A — = —_—
slloer)) [Hom(B)| Z~ ¢(b,b71) (g, 91, 920) (991, 0,91
91€0b(Ga)
O
Poms” X |a) ® e — ), (6.35)

beHomp(t(g1),t(g2))
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6.6 Bicategory of Vecg-module categories

We are now ready to describe the bicategory MOD(Vecg) by spelling out equivalence with
the bicategory sAlg(C) described above. In the following, we will describe how this is the
relevant structure to describe boundary excitations in gauge models of topological phases.

Letting Ay be a (separable) algebra object in Vecg, the category I\/Iodvecg (Ag) of right
Ag-modules is a left module category for Vecg. Let us spell out this correspondence. The
module functor

O) :Vecg X Modvecg (.A¢) — Modvecg (A¢> (6.36)
is defined on objects V' € Ob(Vecg) and (M4, pa) € Ob(Modvecs (Ay)) by
©:V X Mg VeMy, (6.37)

where V' @ M4 € Ob(Modvecg (Ag)) is the Ag-module with action defined by the following
composition of morphisms in Vecg:

AV, M 4, A

(Ve My ® Ay V@ (Ms® Ay) LA Vg My (6.38)

The functor takes morphisms to their tensor product over the field C. The module associ-
ator éy,w,m reduces to the associator in Homg such that for V, W € Ob(Vecg) one has

(VoW)e My —"M4 v o (W e My). (6.39)

A Vecg-module category I\/Iodvecg (Ap) is then indecomposable if and only if the algebra
object Ay is not isomorphic a direct sum of two non-trivial algebra objects [59].

Let us now describe Vecg-module functors. Let Ay and By be any pair of algebra
objects in Vecg, with ModVecg (Ag) and MOdvecg (By) the corresponding category of module
objects. To each (Ay, By)-bimodule object M5, we can define a Vecg-module functor

— ®a Map : Modyeca (Ap) — Modveca (By) , (6.40)
which acts on objects M4 € Ob(Modvecg (Ay)) via the map
—@a My Mg Mg ®4 Mg, (6.41)
and sends morphisms f € Hom(Modvecg (Ag)) to f ®idar,s. The natural isomorphism

s+ (Vecg ® Modvecg (Ag)) ®.4 Bimod(Ag, By) — Vecg ® (Modyecs (Ayp) ®.4 Bimod(Ag, By))
(6.42)

is given on objects V' € Ob(Vecg) and M4 € Modyecs(Ay) via the associator a in Vecg
such that:
'VeM 4,M
svary (V. ® Ma) @4 Mag —2225 (V@ Ma) ® Mas
QV,M 4, M 43 V(Mg ® M)
idy® y
SVERMAMAB, 7 o) (Mg @4 Mag) - (6.43)

In a similar vein, morphisms of Vecg-module functors are induced by natural transforma-
tions between bimodules. Together, this yields the desired equivalence:
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Proposition 6.1. There exists an equivalence of bicategories sAlg(Vecg) and MOD(Vecg)
by sending separable algebra objects in Vecg to their category of (right) modules in Vecg,
bimodule objects M a5 € HomSA|g(Vecg)(A¢, By) are sent to the Vecg-module functor — ® 4
Mg : I\/IodVecg (A) — MOdvecg (B) and bimodule natural transformations are sent to mor-
phisms of Vecg-module functors.

6.7 Bicategory of boundary excitations in (2+1)d gauge models

Using the technology developed in this section, we are now ready to describe gapped
boundaries and their excitations in (2+1)d gauge models of topological phases within
the language of bicategories. More specifically, we shall define a bicategory Bdryg whose
objects are given by gapped boundary conditions, 1-morphisms provide gapped boundary
excitations, and 2-morphisms define fusion processes of gapped boundary excitations. We
shall then demonstrate that Bdryg is equivalent, as a bicategory, to MOD(Vecg).

Let us begin with a brief review of the results obtained in the first part of this
manuscript within the tube algebra approach. Hamiltonian realisations of (241)d Dijkgraf-
Witten theory are defined in terms of pairs (G, «), where G is a finite group and « is a
normalised 3-cocycle in H3(G,U(1)). In section 2, it was argued that gapped boundaries
can be indexed by pairs (4, ¢), where A C G is a subgroup of G and ¢ € C?(A,U(1)) is a
2-cochain satisfying the condition d@¢ = a1 4- In section 3, we showed that boundary
excitations at the interface of two one-dimensional gapped boundaries labelled by (A, ¢)
and (B, 1), respectively, were classified via representations of the boundary tube algebra
that is isomorphic to the twisted groupoid algebra (C[GAB]gw.

We now collect the previous results into a bicategory Bdryg:. The objects of Bdryg are
given by the set of all gapped boundary conditions {(A, ¢)}. For each pair (A, ), (B,v)
of gapped boundary conditions, we assign the hom-category

Homearye, (4, ¢), (B, ¢)) := Mod(C[GaBl3y) (6.44)

where Mod(C[G 45]g,) denotes the category of C[G 453, -modules and intertwiners. In this
way, the 1-morphisms pap € Ob(Homgare ((4, ), (B,v))) correspond to boundary exci-
tations incident at the interface between gapped boudaries labelled by (A, ¢) and (B, 1)).
The composition bifunctor

® : Mod(C[Gag]%y) X Mod(C[Gpeld,) — Mod(C[Gacls,) (6.45)

is defined on 1-morphisms pap € Ob(Mod(C[G4p]S,)) and ppc € Ob(Mod(C[Gpcl],))

Via

® 1 pAB X pBC + pAB @B pBc = (paB ® ppc) > Ap(lac), (6.46)

as described in section 5.2, and on 2-morphisms fap : pap — plyp € Hom(Mod(C[G 45]3,)),
fBc:ppe = P € Hom(Mod(C[Gply,)) via

®: fap X fBc = (faB ®B [BC : pAB ®B pBC = PAB @B PBRC) > (6.47)
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where the morphism on the r.h.s. decomposes as

®
faB ®B fBC : pAB @B pBC — pPAB ® PBC Jap®fso, Pap ® Ppc — Pap OB Ppc - (6.48)

In the sequence of linear maps above, the first arrow notates the injection of pap ®p ppc
into pap ® ppc, and the last arrow notates the projection map

Pap @ ppe — (Pap ® Pre) > Ap(lac) = Pap @B Ppe - (6.49)

Furthermore, a 2-morphism of the form ¢ : pap ®p pc — pac € Hom(Mod(C[GAC]gW))
is an intertwiner interpreted as describing the process of fusing a pair of boundary excita-
tions at the interfaces of gapped boundaries labelled by (A4, ¢), (B,v) and (B, ), (C,¢),
respectively:
Ay By Cy
(6.50)

The identity morphism associated with the object (A, ¢) is given by the regular module
ClGaal3, € Ob(Mod(C[G 44]3,)) with left and right unitors the intertwiner isomorphisms

0:ClGanljy ®a paB = paB, 1 :pa @B ClGpal}, — pas, (6.51)

as described in section 5.2. Finally, the l-associator the triple of Bdryg¢ 1l-morphisms
pap € Ob(Mod(C[GaBl3,)), ppc € Ob(Mod(ClGrcly,)), pep € Ob(Mod(C[Geplg,)) is
given by the intertwiner isomorphism in Hom(Mod(C[G ap]$,))

QPABPECPCD - (pap @B pBC) RC pcp — PAB @B (PBC ®C pcp) (6.52)

as described explicitly in section 5.2.10 It follows from the results of the first part of this
manuscript that such data satisfy the pentagon and triangle relations ensuring we do obtain
a bicategory.

So we have recast our results obtained in the first part of this manuscript in terms of
the boundary tube algebra and its representation theory as the bicategory Bdryg. We shall
now establish the following equivalence of bicategories:

Bdryg ~ MOD(Vecg) . (6.53)

10Recall that the derivations in section 5.2, and more generally in section 5, were carried out explicitly
for the boundary tube algebra in (34+1)d. However, we explained that the (2+1)d boundary tube algebra,
which is the one relevant here, is obtained as a limiting case.
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More precisely, we shall establish the equivalence of the bicategories Bdryg: ~ sAlg(Vecg),
from which we can induce the equivalence above through prop. 6.1, by noting equivalence
of bicategories is transitive. First, we need to introduce a notion of homomorphism between
bicategories:

Definition 6.19 (Strict homomorphism of bicategories). Given a pair of bicategories Bi
and Bi', a strict homomorphism F : Bi — Bi’ of bicategories consists of

« a function F : Ob(Bi) — Ob(Bi'),

o a family of functors Fxy : Homp;(X,Y) — Homgy(F(X),F(Y)) referred to as
hom-functors, for each pair of objects X,Y € Ob(Bi),

such that

Fxy(f) @ Fyz(g) = Fxz(f®g),
1505y = Fxx(15),
F(afyn) = 0 L (n 7 sto) Fraw)
F(r¥) = T?—'i(lx) )

F(5) = F(x)

for all objects W, XY, Z € Ob(Bi) and triple of morphisms f € Ob(Hompg;(X,Y)), g €
Ob(Homg;(Y, Z)), h € Ob(Homp,(Z,W)).

Recall that a functor between categories defines an equivalence if and only if it is full,
faithful and essentially surjective. In a similar vein, a sufficient condition for a strict
homomorphism of bicategories F to define an equivalence of bicategories is that the map
is surjective on objects, and the functors Fxy for all X,Y € Ob(Bi) define equivalences
of the categories Homp;(X,Y) ~ Hompg, (F(X), F(Y)).

Using this sufficient condition, let us now establish the equivalence of bicategories F :
Bdry% =» sAlg(Vec%). We begin by defining the function F : Ob(Bdry%) — Ob(sAlg(Vec%)).
It is given by sending each boundary condition (A, ¢) to the corresponding separable algebra
object Ay in Vecg. From the previous discussion, we know that both boundary conditions
and separable algebra objects are indexed by subgroups of G and 2-cochains satisfying the
compatibility conditions with a. It follows that the function F is a bijection, and thus
surjective. The hom-functors are required to define the following equivalence of categories:

Homears, (4, 6), (B, %)) := Mod(C[G 45]3,) ~ Mod(C[G ap]™"") = Homaaig(veca) (Ag: By) .

where the groupoid Gap and its 2-cocycle wAP is obtained by applying the definition at
the end of section 6.4 to the delooping of G. In order to establish this equivalence, it suffices
to demonstrate the isomorphism of twisted groupoid algebras C[Gag]®"" ~ C[G4 Blg, =
ClG AB]ﬂAB, for all boundary conditions (A, ¢) and (B, ). The equivalence of their module
categories Mod(C[G aB]S,,) =~ Mod(C[G45]7"") then follows by pre-composition. Noting
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from the definition that both groupoids have the same dimension, the isomorphism is
provided by the following map on basis elements:

¢(a717 a) | a”!

ala~t,a,gb)” b

B

~ A
|g b >i—> >, V|gﬁ>EC[GAB]w (654)
Furthermore, one can check that such isomorphism is compatible with the respective co-
multiplication maps through the following commuting diagram

A
ClGacly, —=— C[Gagl3; © C[Gpcl,

{ I: . (6.55)

C[Gac]™* —— ClG A" ® C[Gpc]™™
B

Commutativity is ensured by the relation

d)(a_l,a) ¢(b7 b_l) a(glag2vc) a(a,gl,b) O[(aglb, b_l,QQC)
a(at,a,g10) a(b, b=, gac) P(b,b71) ala, g1, g2c) a(agr, b,b71)
_ ¢l a)  algr, g2, ¢) ala”t, agib, b~ gac)
a(a_17(1791920) O[(ghbv b_l.QQC)

Y

which follows from the cocycle relation

d(3)a(a‘_17 a, glb7 b_IQQC) =1 ;
d(S)a(a’_la a, 91926) =1 )
d¥a(agy,b,b7 ", gac) = 1.

Since the composition functors in both bicategories are induced from the respective comul-
tiplication maps, it can be verified that such hom-functors satisfy the conditions of a strict
homomorphism of bicategories, hence establishing the required equivalence of bicategories.

6.8 Pseudo-algebra objects and gapped boundaries in (341)d gauge models

In the previous discussion, we argued that, given a lattice Hamiltonian realisation of (24+1)d
Dijkgraaf-Witten theory with input data (G, «), gapped boundary conditions are in bijec-
tion with algebra objects in the fusion category Vecg.. We shall now outline the analogue
of this statement for lattice Hamiltonian realisations of (3+1)d Dijkgraaf-Witten theory.
Given a fixed input data (G, ), where G is a finite group and 7 is normalized group 4-
cocycle in H*(G,U(1)), it has been argued that the relevant category theoretical structure
is provided by the monoidal bicategory 2Vecg; of G-graded 2-vector spaces [30, 33, 34, 56,
64, 65]. Let us begin by describing the salient features of the monoidal bicategory 2Vec as
a categorification of Vec. There exist several definitions of this bicategory, see e.g. [66-68],
in the following we shall consider 2Vec as the bicategory of finite dimensional, semi-simple
Vec-module categories, Vec-module functors and Vec-module functor homomorphisms. As
customary, objects of 2Vec will be referred to as 2-vector spaces. There is a single simple
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object provided by the Vec-module category Vec, which implies that for all objects X €
Ob(2Vec), there exists a Vec-module equivalence X ~ HH, Vec. The monoidal structure of
2Vec is defined on objects via the weak 2-functor

X : 2Vec x 2Vec — 2Vec
XxY B XxY'’

for all X,Y € Ob(2Vec), where X denotes the Deligne tensor product of abelian cat-
egories [69]. In particular, for a pair of 2-vector spaces X and Y, the Deligne tensor
product yields the category X XY, whose set of objects is Ob(X KY) := Ob(X) x Ob(Y)
and set of morphisms given by Hom(X XY') := Hom(X) ®c Hom(Y). The composition
in Hom(X XY) is induced from the ones in Hom(X) and Hom(Y), accordingly. This
monoidal structure is equipped with a pseudo-natural adjoint equivalence of Vec-module
categories!!

(XRY)RZ 2P XR(YRZ), (6.56)
together with a Vec-module functor isomorphism 7 known as the pentagonator:

(XRY)RZ)®RW

%\a\ﬂ Q*@
/ N

(XR (YR Z)) (XRY)R (ZRW)

XY, Z,W
aX,Y&Z,WJ Jo‘ax,y,zxw

XR(YRZ)RW)

XR(YR(ZRW))
(6.57)

Both a and 7 can be shown to evaluate to the identity 1- and 2-morphisms, respectively.

idx @ayyz,w

Note that the pseudo-naturality of o specifies that for any triple of 2-vector spaces X,Y, Z
and Vec-module functors fx : X — X', fy : Y — Y’ and fz : Z — Z' there exists a
2-isomorphism

ax\y,z

XRY)RZ XR(YRZ)

(fX'XfY)ngJ / folx(fygfz) : (6.58)

(XRYVRZ — X'R (V'R Z)

XY,z

Henceforth, we shall not draw arrows for such 2-isomorphisms but instead notate the 2-cell
with the ~ symbol.

Akin to a monoidal category, the monoidal bicategory 2Vec admits a monoidal unit
1 € Ob(2Vec), which is equipped with the Vec-module category pseudo-natural adjoint
equivalences

XR15 X and 1RX 5 X, (6.59)

11 Although we use a similar notation, the associator of the monoidal structure is not to be confused with
the 1-associator natural isomorphism of the underlying bicategory.
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for all X € Ob(2Vec), together with Vec-module functor isomorphisms 7y, 72, 73 referred to
as triangulators:

a1 X,y ax 11,y

(IRX)RY IR(XRY) (XR1)RY XR(IRY)

= , = | . (6.60
EM) fogy Tm Jldx Xy ( )

XRY XRY
XRY)R1I —" XR(Y K1)
T~ “ Jidxgw. (6.61)
XRY

These isomorphisms can be all be shown to evaluate to the identity 1- and 2-morphisms,
respectively. More generally, for an arbitrary monoidal bicategory, such data is subject to
a series of coherence data which we shall not provide here, instead pointing the reader to
e.g. [63, 66, 70].

Having described the most notable features of 2Vec, we now describe the monoidal
bicategory 2Vecs,, which is obtained following a process analogous to the lift of Vec to
VecZ. Let G be a finite group and m a normalised group 4-cocycle in H4(G,U(1)). A
G-graded 2-vector space is a 2-vector space of the form X = H .5 X, We call a G-graded
2-vector space homogeneous of degree g € G if X = X,. The monoidal bicategory 2Vecg,
is then defined as the bicategory whose objects are given by G-graded 2-vector spaces,
1-morphisms are G-grading preserving Vec-module functors, and 2-morphisms are Vec-
module functor homomorphisms. The simple objects of 2Vecg; are given by the categories
Vecy, for all g € G, and every object is equivalent to a direct sum of simple objects. The
monoidal structure of 2Vecg; is given on homogeneous components via the weak 2-functor

X : Vecy x Vecy — Vecyy , (6.62)

for all g,¢' € G. Since 7 is a normalised representative of [r] € H*(G,U(1)), the adjoint

equivalences
QVecy ,Vecg/ ,Vecg//
(Vecy ® Vecy ) ® Vecyr —————— Vec, K (Vecy K Vecy), (6.63)
TVec Lyec
Vec, X Vecy,, BN Vecy, ,  Vecy, X Veg, BN Vec, (6.64)

are the identity 1-morphisms, the triangulators 71,79,73 are the identity 2-morphisms,
whereas the pentagonator 2-isomorphism is given by myec g:Vec s Vec i Necym = 7(g,9",9",9")-

idVecgg/gugm for all gaglvgﬁv.g”/
7 is a 4-cocycle ensures the coherence relations for the pentagonator are satisfied.

€ G. 1t is straightforward to verify that the requirement that

Having defined the monoidal bicategory 2Vecg;, we shall now argue that gapped bound-
ary conditions in (3+1)d gauge models of topological phases correspond to pseudo-algebra
objects [71] in 2Vecg,, categorifying the relation between algebra objects in Vecg, and gapped
boundaries in (241)d gauge models:
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Definition 6.20 (Pseudo-algebra object). Let Bi = (Bi, X,1,«a,r,{,m,71,72,73) be a
monoidal bicategory. A pseudo-algebra object in Bi is a sextuple (A, m,u,Sm,Sr,Sp) con-
sisting of an object A € Ob(Bi), a pair of 1-morphisms m: ARA — A, u:1— A, and a
triple of 2-isomorphisms Gp, G, s¢ defined according to

idg Xm

(ARNA)RA —— AN (AKX A) AR A

mxlidAJ( / lm ’

AR A _ A
A ArT SR A g
ﬂ(’r
idg
AL g M A g
i
idg

and subject to the following coherence relations:

(mXida)Kida mKXidy

(ANA)RA)RA AR A

(ARA) XA

@ a4 Rida % y )
(AR (AR A)RA YCIET (ARA) R A 3
AR (AR A)R A) (ida Rida) Rm AR (AR A)

idaRaa a4 '@&m i, &, m

AR (AR (AR A)) ida X (mXida)

s equal to

(mXida)Xida

(ANA)RA)RA

oot ARAED 4 7

asamaa| == (ARA)XK(AXKA) o ARA ™ A

(id 4 =7 %)
AR (AR A)R A) %(AxA)&Am i
idaMaa, a,a > JOCA,A,A "

AR (AR (AKX A))

¢

—

Q

b

>

b

\

%

R

ida B (mRida) AR(ARA) —gg — Ax4
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and

AR(IKA) ——— AR (ARA) ——— > AR A

idg K (uRida) idg ®m
s equal to
(AR1) R A MAEIE g gy g B g

QA LA ~ QA AA Sm

.
~

A@(]l&A)iW)Ag(AXA) —amn AR A

Given the above definition, a first observation is that a pseudo-algebra object in 2Vec
corresponds to a finite-dimensional, semi-simple monoidal category. This relies in particular
on the fact that semi-simple abelian categories always have a unique structure of semi-
simple Vec-module category [72]. Let us now apply this definition to 2Vecg,. For each pair
(A, \) indexing a choice of gapped boundary condition, where A C G is a subgroup and A €
C3(A,U(1)) is a 3-cochain satisfying the condition d®\ = 71|, we construct a pseudo-
algebra object Vecy n = (H,ca Vecs, m, u, Gm,Sr,<¢) such that: the multiplication m :
Vec ) B Vecs x — Vecy ) is given on homogeneous components via the functor myec, vec,,
Vec, X Vec, +— Vec,, for all a,a’ € A, the unit map u is defined in an obvious way, the
2-isomorphisms ¢, and ¢, are trivial, and the 2-isomorphism

Sm © Wecy \ Veca »,Vecy x © (id\/ecA,A omKm)= (MK idVecA’A) om (6.65)

defines an associator for the product map m that is determined by A. This associator acts
on homogenous components labelled by a,d’,a” € A as

/\a,a’,a” : OVecq,Vec,s,Vec,n© (1dVeca X mVeca/,Veca//)o MVec,,Vec, 1

= (mVeca,Veca/ X idVecau )o M\ec, 1, Vec i+

The condition d®X = 771 A demonstrates that Vecy ) is not a monoidal category in
the conventional sense since the associator A fails to satisfy the pentagon equation (6.1).
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Instead, the associator satisfies the following equation on homogeneous components labelled
by a,d’,ad”,d" € A:

(Aa,a/7a// & 1dVeCa///) O Aa,a/a//’a/// O (1dVeca & )\a/’a//’a///> ] ﬂa,a/’a//ﬂ/// = )\aa’,a”,a’” O )\a,a’,a”a’” .

(6.66)

In this way, we see that Vecy ) defines a monoidal category which is associative inside
2Vec; but not as a conventional monoidal category. This result provides a categorification
of the observation that an algebra object A, in Vecg defines a twisted groupoid algebra,
which is associative inside Vecg but not as a conventional algebra.

6.9 Bicategory of gapped boundary excitations in (3+1)d gauge models

Mimicking the analysis carried out in section 6.7, we shall now introduce a category theo-
retical formulation of gapped boundaries in (34+1)d gauge models and string-like excitations
terminating at gapped boundaries, which we studied from a tube algebra point of view in
section 4. In particular, we shall define a bicategory 2Bdryg; that is analogous to Bdryg.
We shall then relate this construction to the work of Kong et al. in [56] arguing that 2Bdry¢;
forms a full sub-bicategory of Z(2Vecy,), i.e. the centre of 2Vecg..

Let us begin with a brief review of the results obtained in the first part of this
manuscript within the tube algebra approach. Hamiltonian realisations of (34+1)d
Dijkgraaf-Witten theory are defined in terms of pairs (G, ), where G is a finite group and
7 a normalised 4-cocycle in H*(G,U(1)). In section 2.4, it was argued that gapped bound-
aries can be indexed by pairs (4, \), where A C G is a subgroup of G and A € C3(A4,U(1))
is a 3-cochain satisfying the condition dB®N =771 4. In the previous section, we explained
that such data is in bijection with pseudo-algebra objects Vec, ) in 2Vecg. Moreover, we
showed in section 4 within the tube algebra approach that given a pair of two-dimensional
gapped boundaries labelled by (A4, \) and (B, i), respectively, string-like excitations thread-
ing through the bulk from the former boundary to the latter were defined as modules of
the twisted relative groupoid algebra C[A(G AB)EE\?T(H)’ where A(Gap) = AGpapnp and
T:2Z°G,U(1) = Z*YAG,U(1)).12 Via the introduction of a comultiplication map, we
further described the concatenation of such string-like excitations in section 5.

Let us now collect these results into a bicategory 2Bdry, in a way akin to the definition
of Bdryg. The objects of 2Bdry7; are given by pairs (AA, T(\)) for every gapped boundary
condition labelled by (A, \). Given a pair of objects (AA, T(\)), (AB,T(u)), we define the
hom-category

T(m
Homagaryz, (AA, T(V)), (AB, T(1))) = Mod(C[A(G a5) 1 1{x)r() - (6.67)
where Mod(C[A(GAB)EE:gT(#)) denotes the category of C[A(GAB)]%;;T(M)—modules and

intertwiners. The composition functors, associator and unitors are given analogously to
the construction of Bdryg,.

2Recall that AG refers to the loop groupoid of the group G treated as a one-object groupoid (see
section 4).
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From this definition, we interpret the objects (AA, T(A)) of 2Bdryf; as defining bound-
ary conditions for the endpoints of a string-like excitation that terminates on a gapped
boundary labelled by (A, ). An isomorphism class of objects in AA specifies possible
fluxes for a string-like excitation terminating on the boundary (A, ). This flux corre-
sponds to the closed holonomy going along the non-contractible cycle perpendicular to
the length of the string. Given a pair of objects (AA,T(N\)), (AB,T(x)) a 1-morphism
pAB € Ob(Hoszdryg((A, A), (B, 1)) specifies a magnetic quantum number describing the
gauge orbit of parallel transports along the length of the string — generically, such a paral-
lel transport must be compatible with the possible boundary conditions for the endpoints of
the string — as well as a charge quantum number decomposing the symmetries of the gauge
action on the string. In this way, we view such strings as dyonic excitations. The bifunctor
on 1-morphisms provides a notion of concatenation for a pair of string-like excitations that
share a boundary endpoint, as described in section 5.2. The 2-morphisms correspond to
intertwiners, so that a 2-morphism of the form ¢ : pap®pppc — pac can be interpreted as
implementing the renormalization of a pair of concatenated string-like excitations. Identity
1-morphisms and unitors are defined analoguously to Bdryg. Similarly, the 1-associator for
a triple of 1-morphisms pap, ppc, pcp in the appropriate hom-categories is given by the
intertwiner isomorphism ®PABPBCPCD : (pap Qp ppc) Qc pop — paB @B (pBC ®C PCD),s
as described explicitly in section 5.2.

It is well-known that, given a lattice Hamiltonian realisation of (2+1)d Dijkgraaf-
Witten theory with input data (G, «), algebraic properties of the (bulk) anyonic excitations
can be encoded into the centre Z(Vecg) of the fusion category Vecg, this centre being in
particular a braided monoidal category. The objects of Z(Vecg) are interpreted as the
elementary excitations of the model, or anyons, and the morphisms implement space-time
processes of such anyons. The monoidal structure describes the fusion and splitting pro-
cesses of the excitations, whereas the braiding structure encodes their exchange statistics.
Recently, Kong et al. studied in [56] the analogue of this result in (3+1)d. The relevant cat-
egory theoretical structure in (3+1)d being the monoidal bicategory 2Vec,, they computed
the braided monoidal bicategory Z(2Vec;) obtained as the categorified centre of 2Vecf,
arguing that such a bicategory should describe string-like excitations and their statistics in
(341)d gauge models. More specifically, they demonstrated that as a bicategory Z(2Vecf:)
is equivalent to the bicategory l\/IOD(VecX(g;)). Using this equivalence, they suggested that
objects of Z(2Vecf;) could be interpreted as string-like topological excitations, 1-morphisms
as particle-like topological excitations, and 2-morphisms as instantons. Relating this bi-
category to the boundary tube algebra in (3+1)d, we shall argue that objects of Z(2Vecg;)
should be interpreted as boundary conditions for the endpoints of a string-like excitation
— such a boundary condition specifying in particular allowed fluxes for the excitation —
the 1-morphisms as quantum numbers associated with string-like topological excitations
that are constrained by a choice of endpoints boundary conditions, and 2-morphisms as
implementing the renormalisation of concatenated string-like excitations.

In order to establish the interpretation spelt out above, we begin by showing
that 2Bdry(; is equivalent as a bicategory to a full sub-bicategory aMOD(VecXg)) of
MOD(Vech)). Our argument mirrors the equivalence of bicategories Bdryg: ~ MOD(Vecg)
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established in section 6.7. Utilising prop. 6.1, we know that, up to equivalence, all VecI(Gﬂ)—

module categories can be expressed as the category of module objects for an algebra object
in Veclgr). Moreover, we established in section 6.4 that all such algebra objects were
indexed by (AG, T(m))-subgroupoids, as defined in section 4.3. Given the data (A, \) of
gapped boundary condition in (3+1)d, we explained in section 4 that the loop groupoid AA
together with the groupoid 2-cochain T(\) defines such a (AG, T(7))-subgroupoid. Hence-
forth, we shall refer to groupoids of this form as 3(AG, T(7))-subgroupoids. In this vein,
we define the bicategory aMOD(Vech)) as the full sub-bicategory of MOD(VecXg)) whose

()

objects are VecXG -module categories induced from 9(AG, T(w))-subgroupoids, and hom-

categories are the corresponding ones in I\/IOD(VecXg)). Similarly, we define asAIg(VecXg))

as the full sub-bicategory of sAIg(Vech)), whose objects are algebra objects in Veclgr) of
the form AAv(y), and hom-categories are the corresponding categories of bimodule objects
in VecI(GW). Mimicking our proof of the equivalence Bdry¢ ~ sAlg(Vecg:), we can show the
equivalence between 2Bdryf;, and asAIg(VecXg)). This equivalence relies in particular on
the isomorphism C[A(GAB)H%K%T(M) = (C[AGAAAB]WAAB ~ C[J,X\C/}AAAB]WAAAB of twisted
relative groupoid algebras, which is realised by an obvious generalisation of (6.54). Utilis-
ing the proof of prop. 6.1, it follows that dsAlg(Vecg:) ~ 8I\/IOD(Vech)), hence establishing

the equivalence
2Bdry7, ~ dMOD(Vec) &) . (6.68)

Let us now explain how we can generalise our approach so as to obtain the bicategory
l\/IOD(VecXg)), which we recall was shown to be equivalent to Z(2Vecy;). When considering
the boundary tube algebra for the (3+1)d gauge models in section 4, we could have allowed
for a larger spectrum of boundary colourings beyond the ones inherited from the gapped
boundary conditions. More specifically, we could have considered G-colourings that are
provided by morphisms in any (AG, T(7))-subgroupoid (X, $) such that d? ¢ = T(W)\}l.
Given a pair of (AG, T())-subgroupoids (X, ¢) and (), ), we could have then considered
G-coloured graph-states of the form

(6.69)

where we borrowed the notation from section 4 and
=19 = z5' € Hom(X), 9=y u, yy' € Hom(Y), g%), € Hom(AGyy),

such that AGyy denotes the relative groupoid over AG defined by & and ). In this
setting, there exists a natural multiplication of such boundary tubes defining an algebra
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isomorphic to the twisted groupoid algebra C[AGXy];(;). Letting String?; denote the bi-
category defined in the same manner as 2Bdry; with objects all (AG, T(7))-subgroupoids
and hom-categories

Homsuingz, (X, 6), (1)) i= Mod(C[AGy] 7). (6.70)
we obtain the following equivalence of bicategories:
Stringl ~ MOD(Vec, ). (6.71)

Utilising this equivalence of bicategories, together with the physical interpretation inherited
from the tube algebra approach, we interpret the VecI(Gﬂ)—module category Modvecj\g) (Xp)
for a (AG,T(m))-subgroupoid (X, ¢) as the 2-Hilbert space [73] of boundary conditions
that appear at the endpoint of a string-like (bulk) excitation. As before, 1-morphisms are
naturally interpreted as the quantum numbers of string-like excitations.

The motivation for calling Veclg)—module categories ModVeCT(ﬂ) (Xp) 2-Hilbert spaces
is as follows. In finite-dimensional quantum mechanics, given a ﬁnft% set X of classical field
configurations, the corresponding Hilbert space H[X] is given by the free vector space of
functions f : X — C. Categorifying the set of classical field configurations to a groupoid G,
whose objects correspond to classical field configurations and morphisms, the symmetries
of the field configurations. The category [G,Vec]? of (weak) functors F : G — Vec for
(3] € H?(G,U(1)) provides a natural categorification of H[X] which defines a finite 2-
vector space (see section 6.8). The category [G,Vec]® can then be shown to admit a
categorification of the inner-product of finite Hilbert spaces given by the hom-functor

(=, =) : (I, Vec]?)*? K [G, Vec]® — Vec. (6.72)

Recalling that ModvecT(w)(X¢) is defined by a category of weak functors from a groupoid
AG

to Vec, the term 2-Hilbert space seems most appropriate.

We conclude this section by showing that, in general, objects in GMOD(VecX(GW)) are not

indecomposable as VecX(Gﬂ)—module categories. For convenience, we shall focus on the limit-
ing case where the group G is abelian, but our analysis can be extended to the non-abelian
scenario. Analogously to indecomposable modules over an algebra, an indecomposable
module category is a module category which is not equivalent to the direct sum of non-

()

zero module categories. Using the equivalence between VecIG -module categories and the

categories of module objects for a separable algebra object in Vech), we have that a
Vecxg)—module category is indecomposable if only if the corresponding algebra object is
not Morita equivalent to a direct sum of non-zero algebra objects. Given a (3+1)d gauge
model with input data (G, ), and a choice of gapped boundary condition (A, ), an algebra

object AAt(y) in VecXgr naturally decomposes as a direct sum via

Aoy = PAA)T, 00 - (6.73)

a€A
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where AA, denotes the groupoid with unique object a € A and set of morphisms {a LN
alyvarea. The 2-cochain T,(A\) € C2(AA® U(1)) is then given by the restriction of T()\) €
C?(AA,U(1)) to AA,. This decomposition yields

Mod,,_ () (AA1(x)) = €D Mod,,_ () (AAa)T, () (6.74)
AG acA AG

()

as VecI -module categories, so that the category of module objects is not indecomposable

as a module category unless A = 1« is the trivial subgroup of G. Generically, for possibly
non-abelian G an indecomposable Veczg)—module category can be specified by a triple
(O,H, ¢), where O denotes a conjugacy class of G, H is a subgroup of the centralizer
Z,, C G for a representative o1 € O, and ¢ € C?(H,U(1)) is 2-cochain satisfying d(®¢ =
T(7)lg [56]. The corresponding algebra object is then given by (Ho, )¢, , where H,, denotes
the groupoid with unique object 01 € O and hom-set {h : 01 — 01}y hey With composition
given by multiplication in H, and the 2-cochain ¢,, € C?(H,,,U(1)) is defined by the
relation ¢,, (h : 01 — 01,h' : 01 = 01) := ¢(h, 1) for all h,h' € H.

7 Discussion

Gapped boundaries of topological models have been under scrutiny in the past years.
Focusing on lattice Hamiltonian realisations of Dijkgraaf-Witten theory, a.k.a gauge models
of topological phases, we studied gapped boundaries and their excitations in (2+1)d and
(3+1)d. More specifically, the goal of this paper was two-fold: apply the tube algebra
approach to classify gapped boundary excitations and, using these results, elucidate the
higher-category theoretical formalism relevant to describe gapped boundaries in (3+1)d.
As explained in detail in [33], local operators of lattice Hamiltonian realisations of
Dijkgraaf-Witten theory can be conveniently expressed in terms of the partition function
of the theory applied to so-called pinched interval cobordisms. We introduced a generalisa-
tion of the Dijkgraaf-Witten partition function, from which the gapped boundary Hamil-
tonian operators could be defined in analogy with the bulk Hamiltonian operators using
the language of relative pinched interval cobordisms. Given gapped boundaries labelled by
subgroups of the input group and cochains compatible with the input cocycle, we applied
the tube algebra approach in order to reveal the algebraic structure underlying two types of
excitations: (i) Point-like excitations at the interface of two gapped boundaries in (2+1)d,
where the ‘tube’ has the topology of I x I, and (i) string-like (bulk) excitations terminating
at gapped boundaries, where the ‘tube’ has the topology of (S! xI) xI. Crucially, both tube
algebras can be related via a lifting (or dimensional reduction) argument, and as such can
be studied in parallel. This statement was formalised using the notion of relative groupoid
algebra. When applied to the input group treated as a one-object groupoid, this notion
yields the (241)d tube algebra, whereas it yields the (3+1)d tube algebra when applied to
the loop groupoid of the group. We subsequently studied the representation theory of the
(341)d tube algebra in full detail, which encompasses the (241)d one as a limiting case,
deriving the irreducible representations as well as the corresponding recoupling theory.
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In the second part of this manuscript, we reformulated the previous statements in
category theoretical terms. In (2+1)d, the relevant notion to describe gapped boundaries
and their excitations is the bicategory MOD(Vecg) of module categories over the category
Vecg, of group-graded vector spaces. In practice, a module category can be obtained as
a category of modules over an algebra object in the input category. The bicategory of
module categories above can then be shown to be equivalent to a bicategory of separable
algebra objects, such that objects correspond to the gapped boundary conditions and mor-
phisms to representations of a groupoid algebra isomorphic to the (241)d tube algebra.
The identification with the tube algebra allowed us to elucidate the physical interpretation
of the category theoretical notions at play. Mimicking this (241)d construction, we further
defined a bicategory that encodes the string-like excitations terminating at gapped bound-

aries and found that is was equivalent to a sub-bicategory of the bicategory I\/IOD(Vec/T\gr))

of modules categories over the category Vecj;g) of loop-groupoid-graded vector spaces.
Comparing with the work of Kong et al. [56], I\/IOD(VecX(GW)) is equivalent to the higher
categorical centre Z(2Vecgy) of the category 2Vecf, of G-graded 2-vector spaces, which is
the input category of (341)d gauge models. In virtue of the physical interpretation inher-
ited from the tube algebra approach, we thus suggested that Z(2Vecf;) describes dyonic
bulk string-like excitations whose end-points are pinned to the boundary of the spatial
manifold. This is the higher-dimensional analogue of the well-known statement that bulk
point-like excitations in (241)d are described by the centre Z(Vecg) of the input category.

The distinction between the gapped boundary string-like excitations we focused on,
and the more general ones encoded in the centre Z(2Vecf) can be appreciated from an
extended TQFT point of view. We should think of Z(2Vecf;) as describing the quantum
invariant the extended 4-3-2-1 Dijkgraaf-Witten TQFT assigns to the circle. It follows from
our analysis that such an extended TQFT is more general than what gapped boundary
conditions provide. Working out the details of this more general scenario will be the
purpose of another paper.

The study carried out in this manuscript can be generalized in several ways. First of all,
we could study gapped domains walls instead of gapped boundaries and consider string-like
excitations that terminate at gapped domains walls point-like excitations. In (2+1)d, the
so-called folding trick can be used in order to map a gapped domain wall configuration to a
gapped boundary one. It would certainly be interesting to consider how this generalizes in
higher dimensions. Once this more general scenario is well-understood, we could then apply
our results to so-called fracton models, which were recently suggested in [74-76] to have an
interpretation in terms of defect TQFTs. A related question would be to study invertible
domain walls such as duality defects and derive the underlying mathematical structure in
category theoretical terms. Another interesting direction pertains to the generalisation of
the results presented in this manuscript to the case of fermionic gauge models.

Another follow-up work pertains to the relation between the string-like excitations as
described by Z(2Vecg;) and the loop-like excitations of the model. In a recent paper [33], the
authors showed that loop-like excitations and their statistics were captured by the category
of modules over the so-called twisted quantum triple algebra. This algebra can be expressed
as the twisted groupoid algebra C[AQG]T2 (7) of the loop groupoid of the loop groupoid of G.
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In comparison, recall that the twisted quantum double is isomorphic to (C[AG]T(O‘) in this
language. This groupoid algebra was shown by the authors to be isomorphic to the tube
algebra associated with the manifold T? x1I, a local neighbourhood of a loop-like object being
a solid torus. Intuitively, we may expect loop-like excitations to descend from the string-
like ones via a tracing mechanism. This can be formalized using the notion of categorical
trace, building upon the fact that it maps a module category over Vecs to a module over
C[AG] [62, 77]. Another way to establish the connection between string-like and loop-
like excitations consists in first realising that, as braided monoidal categories, we have
the equivalences Z(VecA(W)) ~ Mod(C[AQG]Tz(”)) and Z(VecA(W)) ~ Dlm(MOD(VecT(Tr)))7
where Dim denotes the dimension of a bicategory [62, 78] obtained via an appropriate
categorification of the dimension of a vector space. The details of this correspondence will
be presented in a forthcoming paper.
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A Representation theory of the relative groupoid algebra

In this appendix, we collect the proofs of several important results of the representation
theory of the relative groupoid algebra C[A(G ap)]3,-

A.1 Proof of the orthogonality relations (5.12)

Let us confirm that the representation matrices as defined in (5.8) satisfy the orthogonality
relation (5.12):

1

L 2 P e )P )
95 AB
A4B) o . _
1 Io P (07 ap;, 07 a7 oy, 07 ) i
= — 6 1(5 1 ) -7 J DR 3 j
’AHB‘ EQG%(:GAB) 9,0; “algb,0; ﬁA(AB)( a’ql 1 b mn(| 0 lbq] >)
’ A(AB) L
. 6 % 0 a~lgb,0} A(AB? (pi ’Cll’qi 1 L) Dﬁlln/( % >)
o (pz apjap] |qZ bqg’ ) q;  ba)
! P;lap' / p;lap.
N |A[1B] Z 50‘4370143 9iir 0j 5 5(!_101'57%‘ Dﬁm( TJ> >)Dﬁ’n’ (’ —1 J >)
’ || | oi%)EHom(A(GAB)) q; bq] q; bq]
! DR (| o5\ Opap,plyy OLI 0.0
- ﬁ Z 60,43,(9143 51’,1" 5]',]'/ Dﬁm(‘ % >)Dm n,(| _> >) AB AdB 7
OAB (Cl?b)EZOAB oaE
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where we first expanded the representation matrices according to definition (5.8) and then

used the orthogonality of the irreducible representation in Zp ,, together with the relation
[Z04s] - 10aB| = |A]|B].

A.2 Proof of the invariance property (5.29)

Let us prove the invariance property (5.29), which we reproduce below for convenience

b’ /
%Dﬁ:;wdm%»Dﬁggjgcugm»[9?1;322\3§g}99321AC<|93%» (A1)
J
1 Zﬂ?f/*m(a,ab,Eng;BC)(bc6|c,e><§gﬁ30><a—lglb,b'-lggo
Bl &, 924D @ aral g, e )

~ /6
XD Sy tarontaa Dt (1912 DEEC (222 )
1K}

« |PaB pBC |PAC | DPAC (~—
KapKpc|Kac |  Kaclac

Let us consider the left-hand side of (A.1). In virtue of the gauge invariance (5.28) of the
Clebsch-Gordan coefficients, this is equal to

bl !/
Lhs.(Al)= Y. Dy (810 ) DR s (le2=0 ) D50 (83 —2)
g€Hom(s(d),s(?)) {J,.K}

X (D2 @D ) (as)

XD ko (9000 [R5, e [

E b ’
~ Plyeoia )){Z}Dﬁg"“('gl ) Plcase 182 )PIC 1 (193 =5)
81 €0b(A(Gap)) {J. K

/ i b A(ABC
HEORMGae) DR (02 Do ke (I8 5)) s (01.95)

pPAC 1 @ PAB PBC |pac
XDJAcKAc(’glg2—>>> |:KABKBC KAC:| ’

where we applied the definitions of the truncated tensor product ® p and the comultiplica-
tion map Ap. Using
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together with the fact that the representation matrices define algebra homomorphisms
yields

Il (a,8]6,8) 9 (67, Ble. ) 03, (@l )
Lh.s.( Z > ﬁA(AC)( e
b K -
111695{ } DPAB aﬁggDch bb
X IABKAB(|91—~>>) IBCKBC<’ " —))
AB
X 59 ,a” 191559' b~ 192C593,9192 Caég )(9/179/2)
< DR (8 et 50)) [0 5 R
AAB i T L
LZZ 7 (a,300,6) vpl ") (v, 8le, ) 92 G e @)
Bl & 65 924D @ a g, e
a b'b
X DL (0 -2) D (a2 2))
ABC — _
5gs,a lgybb/~ 1gch )(a lglb,b/ 192C)

w DPAC (|a—193c

Kaclac

nl Ql

>) PAB PBC |pac
KapKpc|Kac| -

Finally, using d®9a"“ (@,a ", o/[t,é2, ¢) = 1, we obtain

2547 (0,30, 6) 94" (0", Ble, ©) AP (@ g1 b, b/ )
Lh.s.( Z Z
| 19 (AC) 1.3 = /
beB{K} g (@,a” a|cc 1e/)
x DﬁngABﬂgl >)DZ§SKBC(|92 . >)
X 69375‘_1915[’/_1925 IDKAchaxc(|El_lg3c Z— >) [%ABB?(BBCC %ACC:| 5

which is the right-hand side of (A.1), as expected. Note that the above is true for every
morphism 4, ¢.

A.3 Proof of the defining relation of the 6j-symbols

In this appendix, we confirm the definition of the 6j-symbols

PABPBC PCD
PADPAC PBD

1
._ ) ) ) PABPBC
=1 E :a(OZAB’OlBC’OZCD)[IABIBC
PAD {1}

PAC | |PACPCD |PAD | |PABPBD |PAD | |PBCPCD |PBD
Tsc | |laclep |{ac | |IasIep |Iap | |IBcIcp |IBD |

such that they satisfy the relation

ZZ PABPBCPCD | |PABPBC |PAC | |PACPCD |PAD
pappAacPBD [ |IagIpc |lac | |laclep |Kap
pac {I}

X |palaB) ® |ppclpe) ® |pcplep) > Pasep

=3 [frzgelgar 1 [pechereen \panlas) @ losolse) @ lpoplon) (A.2)
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Inserting the definition of the 6j-symbols into equation (A.2) and writing down explicitly
the action of ® 4pcop using (5.8), we find that the left-hand side is equal to

Lhs.(A2) = — (0445 %pc Ojcp)

PAD pac (1,7} (0,5, 0ipe Oicp)

X PABPBC‘PAC:| |:pACPCD ‘ﬂADj| |:PAB PBD ‘PAD:| |:PBCPC’D ‘PBDj|

|:JABJBC’ Jac | |JacJep|Jap | |JasIep|Jap ]| |JBcJep |IBD

v PABPBC‘PAC] [PACPCD PAD

(v o Ve N et e KAD} lpaBlap) ® |ppcipe) @ |peplep)

The defining relation of the Clebsch-Gordan coefficients yields

aasclsae) esea b nammelrac racee e
- m . ﬁe%(jcm (DTinias ©B Dﬁﬁgmc)(b%>)1”§ﬁ§uc(!g%>) |
EI%GA(GAD) X (D%guc ®c Dﬁgﬁzw)(m’%ﬂ)pﬁgm])(|g/%>)
- mgw%% Dy (o % >),D§§EIBC (|92 % >),D§*:EIAC (Jorgs —=+))
e, Piienae 192 P58 50))
(b, Y eBxC

A(ABC) A(ACD)( ' ah)

X DAY e (0105 5)) Capre(01,82) Cuorg (01, 85

where the second sum is over g1 € Ob(A(GaB)), g2 € Ob(A(Gpe)), 91 € Ob(A(Gac)),
g5 € Ob(A(Gep)) and the corresponding morphisms, which we loosely identify with the
group variables they are characterized by. Furthermore, we have that

1 ,
e 2 deacPiene (912 ) D5 (e ) (A3)
PAC
Tac,Jac

1

= 5a—1g1ggc,a’—1g’lc’ W

> dpactr [P (101 )] = O gag) Gowr e (AA)
PAC

where we made use of the orthogonality relation (5.12) so that

[PAB pBC ’PAC’} [PACPCD ‘PAD} {PABPBC’PAC} {PACPCD PAD }

JasJdpc |Jac| |JacJep |Jap | [IaBIsc |1ac | [IacIcp |Kap
d b
= M% > / Dhr (e %>)D9221’BC(’92T>>)
91,982,895
waeaxc > Dicby, (10 5 ) PI Dk, (919202 57)
beB A(ABC)

A(ACD
X Cope  (01,02) Ca,E,a (192, 95) -
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Putting everything together so far, we obtain

(9j45+0pc: %cn) AABC) A(ACD) ,
ths (A= HBC)D] TR (91,92) (9192,92)
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xDoAE s (012 ) DD ke (910205 52))

JasIap JapKap
[@ﬁﬁﬁg ]5;}5] \paslap)®|psclpe)®lpeplep) -
In virtue of the definition of the representation matrices, we observe that we must have
0i,p =0 tg1b, 0ip = b7 1gac, 05, = ¢ 1ghd, 05, = 91, 0j,c = g2 and 0., = g in order
for the whole expression not to vanish. Applying the quasi-coassociativity condition

A(BCD ABD
h,f,a )(gz,gz)cuéa (01, 020%) B (g1, 92, b) (A5)
(ACD) ABC - 1 —1 170 :
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Let us now insert the resolution of the identity

b b
6JBD7JBD - Z Z 5gg]BD ?>>D§gglgp(|h?>) ? (AG)
h,h’€Ob(A(GBp)) IBD

where h and b’ are implicitly identified via the algebra product. As a special case of (5.29),
we have

b b
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We can finally use the gauge invariance of the Clebsch-Gordan coefficients
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and

A(BCD b
Z > o g2 0D (92— ) DIED L (19h <))
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« DPBD (‘929/2%» |:PBC’PCD ’psn}
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so as to yield (A.2) as expected.

A.4 Proof of the pentagon identity

As explained in the main text, the pentagon identity is the statement that the algebra
elements

[(id®id ® Ap)(®PapcE)] * [(Ap ®id ® id)(PacpE)]

and

(Lap ® ®pepr) * [(Id® Ac ®id)(Pappr)] * (Papcp ® 1pE)

induce the same isomorphism on the four-particle vector space ((V,,, @8V, 5.)QcVoep)®D
V,

PDE "

be demonstrated explicitly by showing the equality:

In light of the definition of the truncated tensor product of vector spaces, this can

(1ap ® ®popr) * [(id @ Ac ®1d)(PaspE)] * (Papcp ® 1pE) * L(aB)o)D)E
= [(d®id ® Ap)(®apcr)] * [(Ap ®id ®id)(®acpe)] * L((aB)c)D)E » (A7)

where we defined
ﬂ(((AB)C)D)E = [(AB & id) o (AC & id) o AD](ILAE) .

Writing down explicitly the definition of the comultiplication maps, we have
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B,6lp ) A B ¢ D
|C|Z o S o1 52) @ e =) @ s ) @ |ga ),
cGC
[(([d®id® AD)@ABCE)]
Ta

Z C]lc d g (93; 94 ’91
’D‘ {g} (glv 92, 9394) Ip
0eD

1 1
)@l ) @ los =) ® loa ),

[(Ap ®@id ®id)(®acpE)]

(ABC)
ZC]lAJ;]lC (91792)‘ 1a
|B|
bGB

_b 3 j¥e; 1p
(9192793 94) b >®|92 1c >®’g3ﬁ>®|g4ﬁ>a
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and

1 A(ADE A(ACD A(ABC
LaB)c)D)E = BICID| > C]11§7a,]1E)(919293794) Cﬂf(hc,a (9192, 03) le,,b,c (g1, 92)

1 b
(b,6,0)€BXxCxD X |g1 TA>> ® g2 ) @ |gs %ﬁ ® 194%» ,
Applying the definition of the algebra product, we then obtain

[(id RKId® AD)((I)ABCE)] [(AB QRIid® id)((I)ACDE)]

CDE' B
_ 1 Z Cnc,aﬂE)(QS,EM)CnA,b110)(91,92)
|B|| D o (g1, 92, 9394) (9192, 930,07 1g4)

b, BxD 1 1
COEEL g1 =) @ a2 ) @ los =) @ oa )

and

(1ap @ Ppepr) x[(1d®@ Ac ®id)(Pappr)] * (Papep @ 1pE)

) CA(BCD)
e Z o

1g,1p (927 93)
c€C

(g2, 93, 94) (01, 9203, 94) (g2, ga¢, c1g3)

1 1 1
<longo2) @ e =) ® s 52) @ loa )

It remains to multiply both expression from the right by 1((ap)c)p)E- First, we compute
the right-and side of (A.7):

A(CDE) A(ABC
1 C]lc( 2,15 (Q?n 04) C1j7b710) (91,92)

|BI2|C||D|? Z a(g1, 92, 9394) (9192, 930,07 1g4)
b, h’ I a v’

X C]IA > 1;(9192930 0 g4) C]lA Y )(9192,930)

(ABC
x )
(CD)(
3

r.hs. (A7) =

(916, b g2) 9B (14, 1416, 6) 955 (b, 0|1, )
X Ug 1c,c[o,0) 1994( (0,015, 15)

1 b 1 0
<o) ®lea ) @ les—) @ lga— ).

Using the cocycle relations

A(ABC)
ﬁA(AB)(]lAaﬂ |b,b") ¥ ( )(b,b’llc, )_ C]l,g,bb’ (91, 92)
AC (ABC
G 13,1l G (91,82) Gy Vv (316, b7 gsc)
and
A(CDE
9o P) (1, c[o, o) g ") (0,0 |15, 15) N (g3, 04)
CE A(CDE) A(CD
1993(94 )(:H-CvCH]-E):H-E) C]lc(v,b 1g (93794) CC D(’ g )(g a (U 194)
as well as the quasi-coassociativity conditions
A(CDE _ AN(BCE
G a(r 15 )(930 0 lgy) Cné,c,nE)(glg%g?)M) B a(g1g2, 930,00 'g4)

1 11
CEBME)(glggggb - 1g4)CﬂBca, )(glgz,ggb) a(gigac, c1g300’, 0~ 1o~ 1gy)
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and

A(CDE C
G (83, 04) Gl (192, 9304) _ (9192, 93, 94)

1 11
CJIB,DD/JI)E (919293, 94) CHB’C,DD/)(gng, g3) a(gigac, c1gs00/, 0/~ 1o 1gy)

yields

. A(CDE)

rhs. (A7) = C’a Le
|B|C]| D] Z

bcd

A(BCD A(ABC
(919293794)C]1]§,c,a (9192, 93) Cﬂﬁ,b,c (g1, 00)
(g1, 92, 9394) (9102, 93, 94)

x o1 —22) @ [ ) @ a3 5+) © lga )

Let us repeat the same procedure in order to compute the left-hand side of (A.7):

(BCD
1 CﬂBcﬂD)(g2a93)

|B||C|?| D] Z a(g2, 93, 94) (91, 9203, 94) (g2, g2¢, ¢~ Lg3)

b,c,c 0
X C]lA,a 1g (919293,94)C1A7c/ )(g1ggc ¢ gg)gh bo! )(ghggc)
x I P (14, Lal 1, b) 90 (1, bc, )
x 9P (¢, ¢|1p, 0) 9o PE (1p, 0|1, 1)

1a 1
X \91ﬁ>®\g2ﬁ>®\93ﬁ>>® |94 5)-

Lh.s.(A.7) =

Using the cocycle relation

(BCD
92O (1 ble, ) 92D (e, d|1p,0) ot (g2, 93)
A(B (BCD CD _
P15, b/1p,2) R (02.0) Gty (e g
as well as the quasi-coassociativity conditions
(BCD _ A(ABD
Ch 0 )(92"75 193)4115,,5,3 )(9179293) - a(g1, gac, ¢ Lg3)
CﬂA,c'Cja )(9192C, c1gs) Cﬁiﬁ?) (g1, 92¢) a(g1b, b= 1gacd’, ~le1gs0)
and
(BCD A(ABD
Cb o )(92,93)@5‘75,0 (01, 8203) B o(g1,92,93)
A(ABC - -1 11
CﬂA,cc’,D)(glg27g3) Cll/(;,b,cc’)(gl’QQ) a(glb,b ggcc”c/ ¢ 930)
yields
A(ACD A(ABC
HA,D 11E (919203, 94)CL§,C,D )(9192793)Cﬂ,§,b,c (a1, 92)
Lhs (A7) = i c 5 Z
| B||C||D] (g1, 92, 93) (g1, 9203, 94) (g2, 93, 94)
bcd

x o1 —24) @ g2 +) © a3 =+) © lga 5= )

The equality between 1.h.s.(A.7) and r.h.s.(A.7) finally follows from the groupoid 3-cocycle
condition d®a = 1, hence the pentagon identity.
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B Canonical basis for boundary excitations in (2+1)d

In this appendix, we collect the proofs of some properties crucial to the definition of the
canonical basis presented in section 5.5.

B.1 Proof of the canonical algebra product (5.52)

Using transformations (5.48) and (5.49), as well as the definition of the *-product, we have

\paBIT) x|yl ')

1

_WM‘TB) P DI (90 )) DYE (19 <)) lg ) |9/ )
(@) ) Ax B

(dpABdPQB)% paz Pap AB b, b ad’

:W ggzejg & (| >)Dw1(‘9 —>>)5g’7a*19b199 (a’a’b’bﬂgﬁ
(a,b),(a’ b )EAX B
1

= a5 D) D s ol )

9.9'€G
(a,b),(a’ b )EAXB

B) 11 Tl
<A||B|) Zd,, > DI,,J,, bb, 99 W s T

Ill J//

But by linearity of the representation matrices, we have
AB 1 p 13
Syt 93008 D18 o 5000) = S P o )P ) (B
Orthogonality of the representation matrices finally yields the desired expression

0 O
1 1 , J,I
paBLT) x |papI'J') = |A]2|B|2 Z2252E—|p,p1.T") (B.2)
dp2AB
B.2 Ground state projector on the annulus
Let us evaluate the quantity
1 ~ a \—1 a ~ a a
TAIB| 2 > (185 * g * a5 ) g5 (B.3)

geG geG
(a,b)€EAXB (a,b)cAxB

and confirm that it is equal to Pg, as defined in (5.60). By direct computation, we have

-5 ) |55 ) = 3,01 V5 0, b, D) |9 -22) (B.4)

and

a1 ad a—lgb —1j, a"lad,
— 5 b B.5
197> *|9——>b6 ) =049 9B (a,a1|b, b1 9 ) (B.5)
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so that

55) g+ |5 (B:6)
948 (a, albb) 9245 aa ,aalb~?, bb) i lgh i
=05, 5§,a*19b 79513( |g h— 1) ’ b1 >

Using the groupoid cocycle condition d(z)ﬂg‘B (@,a', aalb,b1,bb) and performing the sum-
mations finally yield the desired result.

B.3 Proof of the diagonalisation property (5.71)

Given the action of the Hamiltonian projector (5.69) on YA, we show that the basis states
defined as

\paBlag, pecIpc, paclac)y

b/
= 3 3 D) P (o) (50555 5

91,92€G {J}
a,a/’EA
ﬁjﬁég x DA ; o (|a'g1gac™! —Z:—> M g1,a,b, 92,0, ¢c,a )y,
satisfy the relation
Py, (IpaBlaB, peclIBe, paclac)y,) = |paBla, pclpe, paclac)y, - (B.7)

By direct computation, we have

Py, (|paBlas, pecIpe, paclac)y,)

b/
> > P (o) Dintrye (le2 =)

el |
el {’E'zf;f;z\Giz}wfsm<|afglg?cf4%»»
3 é‘gmc 1(d,ald e
!AHBHO\ i 9B atalb,b-1b) 95C (0,010, & Le) (P (g1, 92)
bl

x |a tgib,a ta, b0, b ged, b e, da, )y .

Using the invariance property (5.30) of the Clebsch-Gordan series, we can rewrite the
previous quantity as

Py, (lpaBlas, pecIBe, paclac)y,)
1

> _ -1y
= EEE 2 2 Db, (aTtab ==t )) Do, (g =)
AlBFCT 2 2 = =
a,a,a’€A -
b, bbeEB PABPBC |PAC PAC _1 da
75’67’07/660 X |:JABJBC ‘JAC:|DIACJAC (|a/gngC/ e > >)

928 (a,a alb!, 1) 0BC (W, b1 |6, L) (2B (g1, g2)

a,b’,é

VA8 (a,a 'alb, b=1b) 9B (b,b- 1|, ¢ 1c) gfh (91, 92)

X |a~ Yoib,aYa, b7, b g, b, & caacc)yA

- 79 —



Let us now use the fact that

2091, 92)

¢1BC (g1, g2)

a,b,¢

_ gffglg,,ﬂc(aflgliy, b1 g28) 918 (@, 1.a]b, b 18) 0EC (8,676, 1¢)

as well as the groupoid cocycle conditions
dP928 (@, 14,a " alb, 70,07 0) =1 and  d@9EC(b, 671, 0 b|e, 1o, e)

in order to rewrite
928 (a,a Lalb', b'~1b) 0B

V4B (a,a- La|b, b1

V0 E e e ¢) 2E (91, 92)
b, b~ 'e, et )CA (91392)

01) 195101925@*%’,b’*lb’mc,e*lc) Sy 1@ g1b, b7 928

A
b) 5; (0,
=028 (La,a alb 'Y

Performing a simple relabelling of summation variables, we then obtain

Py, (lpaBlas, pecIpe, paclac)y,)
1

— = 1b
~ TAIBRIC| Z Z DgfngAB |glb lblTl——)>) Dgg(c]IBc(}b/ 1b92 ))
AIBPICT 2 2 i
a,a,a’ €A a’
E,f;',b,f;'%B X Bilgggg‘%g}pﬁgucﬂ%?»
c,ce,c' e

x 938 (1a,alb™ 10,6/ 1b) 95C (6710, 01 |1, 0)
X C]lA h—1f 10(91792) ’gl7a7 I;_lbvg% B_lb/7 G, a/7cl>YA

Moreover, let us notice that (5.30) induces

717, 17 b
|ZZ f}ﬁngB |glb 1b/5—/f1_b_)>) ’DgggIchbl 1b927)>)
v {J}

PABPBC |PAC | THPAC / /—1 a';
[JAB JBc ’JAC} DIACJAC (|a 9192¢ o >>

x 0% (La, alb™'8, 5" 10) 1950(6—16’, VY 1, 0) (g 4 (91, 92)

lb/
=3 D5 (9 =) D (92 =)
{/3

PABPBC |pAC | ypAC
JapJdpc|Jac| T TacJac

(la'g1g2¢ 1 2=)).

A final relabelling of summation variables yields the desired result.
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