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Exactly solvable models for 241D topological
phases derived from crossed modules of
semisimple Hopf algebras

Vincent Koppen* Jodo Faria Martins Paul Purdon Martin?
School of Mathematics, University of Leeds, UK

October 3, 2024

We define an exactly solvable model for 2+1D topological phases of matter on a triangu-
lated surface derived from a crossed module of semisimple finite-dimensional Hopf algebras,
the Hopf-algebraic higher Kitaev model. This model generalizes both the Kitaev quantum
double model for a semisimple Hopf algebra and the full higher Kitaev model derived from
a 2-group, and can hence be interpreted as a Hopf-algebraic discrete higher gauge theory.

We construct a family of crossed modules of semisimple Hopf algebras, (Fc(X)® CE 9,
Fe(Y) x CG, ), that depends on four finite groups, F,G, X and Y. We calculate the
ground-state spaces of the resulting model on a triangulated surface when G = E = {1}
and when Y = {1}, prove that those ground-state spaces are canonically independent of
the triangulations, and so depend only on the underlying surface; and moreover we find a
2+1D TQFT whose state spaces on surfaces give the ground-state spaces. These TQFTs are
particular cases of Quinn’s finite total homotopy TQFT and hence the state spaces assigned
to surfaces are free vector spaces on sets of homotopy classes of maps from a surface to
homotopy finite spaces, in this case obtained as classifying spaces of finite groupoids and
finite crossed modules of groupoids.

We leave it as an open problem whether the ground-state space of the Hopf-algebraic
higher Kitaev model on a triangulated surface is independent of the triangulation for general
crossed modules of semisimple Hopf algebras, whether a TQFT always exists whose state
space on a surface gives the ground-state space of the model, and whether the ground-
state space of the model obtained from F,G,X,Y can always be given a homotopical
explanation.

Keywords: Crossed modules; Hopf Algebras; Topological Quantum Field Theories; Hamiltonian
models for topological phases; Kitaev quantum double model.
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1 Introduction

In his seminal paper Kitaev [I] defined a lattice model, henceforth called the Kitaev quantum double
model, or simply the Kitaev model, for (2+1)-dimensional, (2+1D), topological phases of matter on an
oriented surface X, with a triangulation, L. Initially proposed in the context of quantum computing,
as a model for an error-correcting quantum code, the so-called toric code, it allows for fault-tolerant
quantum gates by braiding (non-abelian) anyons [I, 2]. Due to its relation [3] to the Turaev-Viro



/ Barrett-Westbury constructions [4, [5] of quantum invariants of 3-manifolds from spherical fusion
categories, the Kitaev model also provides a link between low-dimensional topology, Hopf algebras and
tensor categories. In this paper we extend the Kitaev model to handle crossed modules of Hopf algebras
more generally, hence extending it to Hopf-algebraic higher gauge theory, as we now elaborate.

The Kitaev model on L, a triangulation of a surface ¥, has as input a finite group G, and can
be seen as a lattice gauge theory model [6]. The total Hilbert space of the Kitaev model on L is
’H%it = (CGLI, where L' is the set of edges of L. This vector space is the free vector space on the
set of discretised G-connections over (3, L), called in [7, §2.1] gauge G-configurations over (X, L).
One can then define vertex operators, Vi : ’H%it — HKit and plaquette operators, F ]‘f,”lw: ’H%it — HKit
where g,a € G, v € LY is a vertex of L, and P € L? is a plaquette of L, with a vertex w € OP.
The operator VJ: ’H%it — Hft performs a discrete gauge transformation supported on v, whereas the
operator F g,“w: ”HILG'“ — ’H%it ‘chooses’ the discrete gauge configurations whose holonomy around the
plaquette P; with initial point w, is @ € G. These operators extend respectively to representations
of the Hopf algebras CG, the group algebra of G, and Fc(G) = spanc{d, | a € G}, the algebra
of functions on G, (and if V4 and F}‘i , for the same v, are put together, of the quantum double
D(G) = Fc(G) x CG). The local operator algebra of the Kitaev quantum double model is the algebra
of operators HK“ — HK‘t generated by all vertex and plaquette operators. The topological excitations
of the Kitaev model are naturally those that are given by representations of the local operator algebra,
as these are the excitations that cannot be destroyed by local operators [, §].

The Hopf algebras CG and F¢(G) are both semisimple (and so is the quantum double D(G) =

Fc(G) x CG). In particular [9] they have unique Haar integrals, which take the form ¢ = ‘—é' > geGYE
CG and \ = 81, € Fc(G). Define, given a vertex v, a projector V,, := V,f = |G\ > ogeG VJ, called a vertex
projector, and given P € L?, the projector Fp := FPw, called a plaquette projector. (These plaquette
projectors turn out to be independent of the vertex w in the boundary of P.) The Hamiltonian of the

Kitaev model is Hy: HEt — HKI® [1] §5], where

Ho= ) (1-V,)+ > (1-Fp). (1)

vel0 Pel?

Here L° and L? are the sets of vertices and plaquettes of L. All projectors appearing in Hy: ’HIL{it — ’H%it
are mutually commuting. It is for this reason that the Kitaev model is called an exactly solvable model
[10]. Given that the Hamiltonian is the sum of commuting projectors, it is diagonalisable, and it has
a lowest-energy eigenspace, the ground-state space.

Even though the Kitaev model defined on (X, L) explicitly depends on the triangulation (or cell
decomposition) L of ¥, its ground-state space is naturally a topological invariant, canonically given
by the free vector space on the set of homotopy classes of maps > — Bg, where B¢ is the classifying
space of G. A 2+1D topological quantum field theory (TQFT) exists, sending a surface ¥ to the
ground-state space of the Kitaev quantum double model on ¥ derived from G. Namely consider the
Dijkgraaf-Witten TQFT [I1} 12] with group G and trivial cocycle. The latter TQFT is a special case
of Quinn’s finite total homotopy TQFT Qp [13, Lecture 4|[14] §4|, which depends on the choice of a
homotopy finite space BB, and sends a surface ¥ to the free vector space on the set of homotopy classes
of maps ¥ — B. (Dijkgraaf-Witten TQFT with group G and trivial cocycle w € H?(G,U(1)) is just
QB

The Kitaev quantum double model has been extended in a number of ways. In [I5], see also [3], a
generalised 2+1D model, henceforth called the Hopf-algebraic Kitaev model was defined. The latter
takes as input, instead of a finite group G, a finite-dimensional semisimple complex Hopf algebra H,
with Haar integral £ € H, and can be formulated in the context of Hopf algebra gauge theory on a
lattice [6]. The Hopf-algebraic Kitaev model is an exactly solvable model defined on the vector space
”HIL{K“ := H®L' This is a Hilbert space, and the vertex and plaquette projectors are Hermitian, if
one takes as input a finite-dimensional Hopf C*-algebra H [I5]. The local operator algebra of the
Hopf-algebraic Kitaev model likewise contains vertex operators Vv}fpz ”HEKit — ”HEKit, where v € LY,
h € H,and P € L? is an adjacent plaquette to v, which is used [3, Definition 2.2| to define a total order
on the set of edges adjacent to v (a cyclic order is given by the orientation, and P is used to specify



an initial edge adjacent to v). This additional data to define vertex operators is essential when H is
non-cocommutative. We also have plaquette operators Flﬁw: HEK“ — HgKit, where 1 € H*, P € L?
and w a vertex in the boundary of P. Note that the dual vector space H* is also a finite-dimensional
semisimple Hopf algebra [9] and hence it has a unique Haar integral A € H*. As in the Kitaev model,
we can define mutually commuting vertex projectors V,, := Vf p: ’HEKit — ’H%Kit (this is independent
of the adjacent plaquette [3, §2.4], because the Haar integraf ¢ is cocommutative [9] and hence any
coproduct of it cyclically invariant) and plaquette projectors Fp := F fg\w: ’HEKit — ’HEIKit. (Likewise
Fp,, is independent of the vertex in the boundary of P.) The Hamiltonian of the Hopf-algebraic Kitaev
model is also given by , and hence reduces to the Kitaev quantum double model if H = CG.

The ground-state space of the Hopf-algebraic Kitaev model defined on a triangulated surface (¥, L)
is, as for the Kitaev model, canonically independent of the triangulation L of ¥. This follows from
[3, Theorem 4.1] since the Turaev-Viro TQFT for the spherical fusion category H-mod of modules
of a semisimple Hopf algebra H is such that the state space assigned to a surface X is canonically
isomorphic to the ground-state space of the Hopf-algebraic Kitaev model for the Hopf algebra H, on
any triangulation of X, see also [16]. However, the Hopf-algebraic Kitaev model does not describe
the state spaces of every Turaev-Viro TQFT: only those coming from spherical fusion categories that
arise as representation categories of finite dimensional semisimple Hopf algebras. More generally, for
any spherical fusion category the Levin-Wen string-net construction [I7), 18] provides a commuting-
projector Hamiltonian model whose ground-state spaces recover the state spaces assigned to surfaces
by the corresponding Turaev-Viro TQFT. Those Hilbert spaces are smaller than the ones derived from
the Hopf-algebraic Kitaev model in the cases when both models are defined.

The model constructed in the present paper generalizes the Kitaev model in a different direction,
which we describe in the following.

A higher gauge theory ‘lifting’ of Kitaev’s quantum double model was constructed in [7, 19 20].
This model, here called higher Kitaev model, can be defined on manifolds of arbitrary dimension. In
loc cit, instead of generalising to Hopf algebras, the Kitaev model was extended to 2-groups [21], from
the point of view of discrete higher gauge theory [7, 22]. Let us give some details. Higher gauge theory
is a categorified version of gauge theory over a manifold M where one has not only path-holonomy
but also 2D holonomy along surfaces [23] 24] any time a 2-connection is defined on a manifold M. In
higher gauge theory, instead of having gauge groups, we have their categorified version usually called
2-groups [2I]. A (in this paper always strict) gauge 2-group is faithfully represented by a crossed
module G = (E LN G, ) of groups [21][25], §2.1 & 2.7]. Here G and E are groups, the boundary map
0: E — (G is a homomorphism and > is a left action of G on E by automorphisms, satisfying appropriate
compatibility relations (the Peiffer relations). Roughly speaking, path-holonomies take values in G and
surface holonomies in F, with a compatibility relation stating that the boundary of the 2D holonomy
along a surface coincides with the path holonomy around its boundary. This compatibility relation
was called fake-flatness in [7]. (This term originates from the closely related notion of fake-curvature
of a 2-connection [26], where its vanishing is essential for surface holonomy to be defined, and implies
the above compatibility relation between path and surface holonomy [23, 24].)

As for discrete connections [27], discrete gauge 2-group 2-connections on a manifold M can be
discretised given a triangulation, or 2-lattice decomposition, L of M [7, 22], by specifying their local
holonomies along edges (with a fixed orientation) and plaquettes P, provided with a choice of (fixed)
vertex vp in the boundary of P, its base-point. The underlying set of 2-gauge configurations in (M, L)
is hence GE' x EL* |7, §3.2[19]. Inside the set of 2-gauge configurations there is a subset of fake-flat
configurations which satisfy the fake-flatness relations for all plaquettes [7]. These are the configurations
that have well-defined 2-dimensional holonomy operators.

The higher Kitaev model defined in [7, 19] is a model defined on the free vector space, HT on the
set of all fake-flat 2-gauge configurations, and features vertex operators V7, where ¢ € G, v € LY:
they implement gauge transformations supported on a vertex v; edge operators Ef, where t € L!
and e € F, which implement gauge transformations supported on an edge ¢, and also blob operators
Bg“, where a € ker(9) and b € L, which choose those fake-flat configurations that have 2D holonomy
equal to a around a 3-cell (a blob) b € L3. In order for the latter blob operators to be well-defined
(and commute with all edge operators) it is essential to restrict to fake-flat gauge configurations [19].



That restriction is not necessary in the 2+1D case as there are no blob operators since a 2-lattice
decomposition of a surface has no 3-cells. However note that if fake-flatness is dropped, there are also
issues with commutativity between edge operators, which require imposing additional conventions in
the model, as elaborated below.

Following on from the previous paragraph, the starting point for the model constructed in this paper
is a generalisation of the 2-+1D version of the higher Kitaev model, whose construction was sketched in
[19, pages 7 and 8|, here called the full higher Kitaev model. This model and the 2+1D case of the higher
Kitaev model have the same ground-state space, however the full higher Kitaev model has a larger
Hilbert space ’HfL“H = C(GL1 X ELQ), the free vector space on the set of all 2-gauge configurations, and
a larger repertoire of operators, also containing plaquette operators F O , where g € G. Those plaquette
operators choose the configurations whose fake curvature around the plaquette P, with initial point vp,
is g. Passing to the Haar integrals, £ = |—61;| deGg e CG, A= ‘—]é' Y ccpe € CE,and A = 61, € CG*,
we can define mutually commuting vertex projectors V, := Vf, plaquette projectors Fp := F 1’} and
(after fixing conventions) edge projectors E; := EP, on ’H%ﬂl. The full higher Kitaev model is given by
the following Hamiltonian on HM! (see [I9, Equation (35)]):

SA-V)+ > (1-E)+ > (1-Fp). (2)

vell teL! Pel?

This model reduces to Kitaev’s quantum double model when considering crossed modules of the form

({1} 5 G); see [19]. We note that the commutation relations between edge projectors in the full
higher Kitaev model strongly depend on the convention chosen for edge operators, as we will clarify
in this paper, in the context of crossed modules of Hopf algebras. In particular in order that all edge
projectors commute in , we will stay in what we call here adequate lattice decompositions of surfaces,
as defined in This restriction is mild, and satisfied for instance by triangulations with a total
order on the set of vertices.

In this paper, we define a Hopf-algebraic generalisation of the full higher Kitaev model in 241D,
henceforth called the Hopf-algebraic higher Kitaev model. 1t takes as input a crossed module of semisim-

ple Hopf algebras (A % g ,>>), as defined in [28], and also considered in [29, 30 31]. Here A and H
are Hopf algebras, > is a left action of H on A making A an H-module algebra and coalgebra, and
0: A — H is a Hopf algebra map, which together with > satisfies two compatibility conditions (the
Peiffer relations, for crossed modules of Hopf algebras). Crossed modules of Hopf algebras were char-
acterized as a class of quantum 2-groups in [28]. Given an oriented surface ¥, with a triangulation
L = (L° L', L?), with a total order on the set of vertices, or a more generally an adequate cell decom-
position (see Definition , where each plaquette P € L? comes with a choice of base-point, the total
space of the Hopf-algebraic higher Kitaev model is:

H; = HOL' @ A®L?

Combining the Hopf-algebraic setting in [I5] [3] with the 2-group setting of [19] [7], in the model we can
define:

e Vertex operators, Vvhp: H1, — Hr, where v € L2, P is an adjacent plaquette, and h € H. For
each pair (v, P), these operators define a representation of H on Hy,. A vertex projector is defined
as V, = Vf p, Where £ is the Haar integral in H. This does not depend on the chosen adjacent
plaquette ]5, for ¢ is cocommutative.

e Edge operators, E¢: Hy, — Hp, where t € L' and a € A. For each edge ¢, we have a representa-
tion of A. The Haar integral A € A gives the vertex projector By := E}.

e Plaquette operators, F}ﬁ: Hy — Hr, where ¢ € H*. Again this defines for each plaquette P,
which recall comes equipped with a base-point vp, a representation of H*. If X\ is the Haar
integral of H*, the plaquette projector Fp is defined as Flé.

We explicitly compute the commutation relations between these operators. It follows from the
commutation relations, and the properties of Haar integrals for crossed modules of semisimple Hopf



algebras, that the vertex, edge and plaquette projectors are mutually commuting, as long as we use
adequate cell decompositions. Therefore the Hamiltonian defined as in defines an exactly solvable
model. This is our proposal for the Hopf-algebraic higher Kitaev model.

The Hopf-algebraic higher Kitaev model reduces to the Hopf-algebraic Kitaev model when A = C in

(A 9, H,>). (Here 9: C — H is z € C — z 1y, the unique Hopf algebra map. The action of H is given
by the counit map e: H — C.) More precisely, the total spaces H, and HEK“ of both models coincide,
and so do the Hamiltonians and vertex and plaquette operators. The additional edge operators EZ,
e € L', z € C, that were not in the Hopf-algebraic Kitaev model, amount to multiplication by z.

If (E 9, G, ) is a crossed module of groups, then, passing to the group algebras, we have a crossed
module of semisimple Hopf algebras (CE % ca ,>>). The resulting Hopf-algebraic higher Kitaev model

coincides with the full higher Kitaev model in [19] for (E % q ,»>). Given that the ground-state space of
the full higher Kitaev model coincides with that of the higher Kitaev model on the same triangulated
surface (X, L), it hence follows from [7, §5.2], and also [19, 20], that the ground-state space of the

full higher Kitaev model for (E LN G,>) on (3, L) does not depend on the triangulation of ¥ and is
canonically isomorphic to the free vector space on the set of homotopy classes of maps from ¥ to B,
the classifying space of the crossed module (£ 5 G,>); see |32, 133, 34]. (This was interpreted in terms
of the Yetter homotopy 2-type TQFT in [19]). Therefore Quinn’s finite total homotopy TQFT, Qz,
[13, Lecture 4|[14] §4] again gives a TQFT whose state spaces give the ground-state spaces of the full
higher Kitaev model.

The crossed module of Hopf algebras (CE 9, CG@, ) derived from a crossed module of groups can be
generalised. Indeed if f: Y — X is a homomorphism of groups, and we have a left action of G on X and
Y by automorphisms, such that f preserves the actions, and such that 9(E) C G acts trivially on X

and Y, we can define a crossed module of semisimple Hopf algebras, (Fc(X)® CE 9, Fe(Y) x CG, ).
Here 0 means f* ® 0, and the action is the product of the obvious action of CG on JF¢(X) ® CE and
the trivial action of F¢(Y).

We unpack the Hopf-algebraic Kitaev model derived from (E,G, X,Y), and the remaining data,
in some particular cases and compute its ground-state space, proving that in these particular cases
the ground-state space is canonically independent of the triangulation L of the surface. In all of
these cases, the ground-state spaces can be derived from Quinn’s finite total homotopy TQFT Qg, for
some homotopy finite space B. At this point we will not be self-contained, and use a deep result of
Brown—Higgins [32], Theorem A] (see also [33] and the recent monograph by Brown-Higgins—Sivera
[25] §11.4.iii]), describing the set of homotopy classes of maps M — By, where A is a crossed complex
and M is CW-complex, in terms of homotopy classes of crossed complex maps II(M) — A, where
II(M) denotes the fundamental crossed complex of a CW-complex M [33]. (Below note that a crossed
complex homotopy between groupoid functors [35] boils down to a natural transformation.) These
techniques to prove triangulation independence have already been applied in [34] [7], and are further
developed in [14] §8.2].

The cases of the (E,G, X,Y)-model that we will consider, on triangulated surfaces, (X, L), are:

e The (1,G, X, 1)-case, where £ =Y = {1}. (Our data reduces to a group G acting on another
group X by automorphisms.) In this case we obtain a coupling between the Kitaev model for G
and the | X |-state Potts model [36]|37, §1.1.]. The ground-state space for (X, L) is given by the
free vector space on the set of equivalence classes of functors m (%, 3%) — X//G, considered up
to natural transformations, where X//G is the action groupoid of the action of G on X. Here
(%, E%) denotes the fundamental groupoid of 33, with set of base-points being the set of vertices
veLlin 3.

By applying Brown—Higgins theorem, [32, Theorem A|, the latter space is canonically isomorphic
to the free vector space on the set of homotopy classes of maps ¥ — By, /q. Here Bx/,q is the
classifying space of the action groupoid X//G. Hence the ground-state space does not depend
on L. Quinn’s finite total homotopy TQFT, Qp,, .. [13, Lecture 4|[14, §4], gives a TQFT whose
state space on a surface ¥ coincides with the ground-state space on (X, L), for any triangulation
of L of 3.



e More generally, the (E, G, X, 1)-case, where Y = {1}. This includes the full higher Kitaev model
as a special case (when X = {1}). In this case, the ground-state space for a triangulated surface
(X, L) is canonically given by the free vector space on the set of homotopy classes of crossed
module maps (3,21, 39) — (X//E — X//G,p), where II5(3,%},59) is the fundamental
crossed module of (3, %} 329), the underlying CW-complex the triangulation L, with its skeletal
filtration; see [7, §3.3]. Also (X//E — X//G,>) is a crossed module of groupoids, where X//E
and X//G are action groupoids. (Here E acts on X trivially, and the action of the groupoid
X//G on the groupoid E//G is derived from the action of G on E).

By applying Brown—Higgins theorem, the ground-state space is similarly seen to be independent
of the triangulation L of ¥, and given by the free vector space on the set of homotopy classes of
maps X — B, where B is the classifying space of the crossed module (X//E — X//G,>). Hence,
Quinn’s finite total homotopy TQFT, Qg, gives a TQFT whose state space coincides with the
ground-state space of the underling Hopf-algebraic higher Kitaev model for each surface X.

e The (1,1, X,Y)-case, when E and G are both the trivial group. In this case the ground-state
space on (3, L) is canonically triangulation independent, and given by Qp, / /Y(E). Here Bx//y
is the classifying space of the action groupoid of the action > of Y on X, where y>x = f(y)z.
In order to prove that the ground-state space is indeed canonically isomorphic, regardless of
the chosen triangulation L of 3, to the free vector space on the set of homotopy classes of maps
¥ — Bx/ v, we use aslightly different trick as in the two previous cases. Namely, we consider the
dual cell decomposition (X, L*) to (X, L), and identify the ground-state space with the free vector
space on the set of equivalence classes of groupoid functors 71 (%, Z%*) — X//Y, considered up
to natural transformations. (Note that we now have a base-point of m (X, EOL*) for each plaquette
of L.)

Cf. [3, §2.3], indeed, the resulting (1,1, X, Y )-model has a particularly simple expression in the
dual cell decomposition (X, L*). Moreover the model reduces to the Kitaev model based on Y
on (3,L*) when X = {1} (which essentially is [3, Lemma 2.6]), to the |X|-state Potts model
if Y = {1}, and to a groupoid version of Kitaev model (with groupoid X//Y), also featuring
edge operators, in the general case. The (1,1, X, Y )-model on the dual cell decomposition is also
closely related to the construction in [38§].

e Finally, we have the (1,G,1,Y)-case when F and X are the trivial group. This is not a proper
crossed Hopf-algebraic higher Kitaev model, contrary to the previous three cases, in that the

crossed module of Hopf algebras is (C 9, Fe(Y) x CG,»>). The (1,G,1,Y)-model is hence a
special case of the Hopf-algebraic Kitaev model. In particular, the ground-state space is known
to be canonically triangulation independent [3].

It is an open problem whether the Turaev-Viro TQFT derived from the spherical fusion category
(Fc(Y) x CG)-mod, whose state spaces give the ground-state spaces of the (1,G,1,Y)-case, is
also a particular case of Quinn’s finite total homotopy TQFT and, in particular, if it has a
homotopical explanation.

We finish this introduction by presenting the following set of open problems which arise from the
present paper:

1. Are the ground-state spaces of the full (F,G, X,Y)-model triangulation independent and is
there a TQFT giving these ground-state spaces, which is a particular case of Quinn’s finite total
homotopy TQFT?

2. The following are likely the most important open problems resulting from our construction.
Considering general crossed modules of semisimple Hopf algebras:

e Is the ground-state space of the Hopf-algebraic higher Kitaev model in (X, L) always canon-
ically invariant of the triangulation L of ¥7

e Is there an underpinning TQFT whose state spaces give the ground-state spaces of the
Hopf-algebraic higher Kitaev model? In particular, what are the quantum gates that could
be realized by the underlying mapping class group actions?



3. Majid defined in [28] a generalisation of crossed modules of Hopf algebras that he called “braided

crossed modules of Hopf algebras” (B LN H,>). Here B is a Hopf algebra in Z(H-mod), the
braided category of Yetter-Drinfeld modules over H. It is an open problem whether our con-
struction of the Hopf-algebraic higher Kitaev model generalises to this setting.

4. What local excitations does the Hopf-algebraic higher Kitaev model admit? Previously [39],
defects of co-dimensions 2 and 1 (i.e. point-like and string-like excitations) in the Kitaev model
have been studied in the general Hopf-algebraic setting. It is an interesting open problem to
extend this to the Hopf-algebraic higher Kitaev model constructed in the present paper.

5. Finally, is there a 341D version of the Hopf-algebraic higher Kitaev similar to the original 2-
group higher Kitaev model |19, [7, 20]7 This extension would seem quite tricky when the Hopf

algebra H in (A S5 H ,I>) is not cocommutative. This is because there is not a natural way to
define vertex operators, since there is no given cyclic order on the edges incident to a vertex. A

model however exists for (CE N CG,>) where (E N G,>) is a crossed module of groups (as per
the construction in [19, [7, 20]).

Some broader motivation. A primary question for the field-theoretic approach to physical modelling
of gauge phenomena is that of the relationship between the representation of space(-time), and the
symmetry structure underlying the gauge fields. This may be cast as the choices of two categories
(space and gauge, informally put) — yielding the category of functors between them (see e.g. [22] §2],
[23, [7]) as (a basis for) the space of states. Such a categorical formulation can somewhat obscure the
direct tie to the physics being modelled, but facilitates the development of candidate generalisations
of the ‘classical’ suite of models. For example in [22] [7] one passes from the functor category of gauge
configurations to a lift to higher gauge configurations — nominally 2-functors from a 2-lattice 2-category
to a 2-group. In this setting space(-time) is modelled by a generalisation of a CW-complex — depending
on the requirements of the Hamiltonian, and the gauge group becomes a kind of higher group (or indeed
lower group! in the sense that in Potts models it can really be just a set, since the interaction is a
delta-function, furthermore requiring only graph data for the lattice). In parallel to this approach it
is natural to ask what other generalisations of group characterisations of symmetry can be supported
in principle (the $64 question is What is demanded by physical observation?, but this begs also the
question of where and how to observe — see later, and cf. [I7]). And what impact on the formalisation
of space—time this might have.

Hopf algebras, and in particular higher versions such as Hopf crossed modules [28] 29], offer a possible
line of generalisation from gauge groups in this context because Hopf algebras (miraculously) bridge
between the combinatorial and geometric worlds, at least in 2D [40]. However while the linear structure
on the resultant Hilbert space in the group cases is essentially passive, it plays a crucial role in the
Hopf case (confer e.g. [41], [6]). Here we take a first step to probe this challenge in a higher setting — a
higher theory, formally, but staying on surfaces. The version of this analysis relevant for higher Kitaev
models (and hence relatively straightforward use of Whitehead’s underlying free fundamental crossed
module technology) is discussed for example in [7].

2 Review of semisimple Hopf algebras and Hopf crossed modules

Algebras here will by default be unital, associative and finite-dimensional, and over some field, «, which
we will later on take to be C. The proofs of some crucial results on semisimple Hopf algebras and their
Haar integrals can be found for example in [9, 42] and [43]. These results had already been applied in
[3, 16, 15] to construct Hopf algebraic versions of the Kitaev quantum double model.

Crossed modules of Hopf algebras, which are discussed later in this section, were defined in [28], and
also discussed in [29] [30] 31].

2.1 Hopf algebras

A Hopf algebra [44] H is a unital associative algebra, (H, u,v), where the unit map v : kK — H sends
t to tly, together with a compatible structure of a co-unital co-associative co-algebra, given by a



unital algebra map A : H — H ® H, and a co-unit € : H — C. We denote its antipode as usual by
S:H — H,or Sy : H— H if we want to emphasize the Hopf algebra it belongs to. A Hopf algebra is
thus a 6-tuple (H, u,v, A e,S). We often write the multiplication u as p(z,y) = xy, and will usually
write the 6-tuple simply as H. But we may also write H to denote the underlying vector space; or
only the algebra structure. Such variations will be clear from context.

We will make extensive use of the Sweedler notation for co-multiplication:

h(l) & h(g) = A(h), where h € H,

which is in general a sum of pure tensors, even though we omit the summation symbol and summation
variable. Due to co-associativity, any n-fold composition of the co-multiplication tensored with suitable
identity maps has the same result, and one may therefore write:

ha) @ hig) @ - @ by = APD(R) = A@id5" 2 (- A ®idg(A(h))), where h € H.
A fact we will frequently use when we construct our model is the following.

Lemma 1. Any multiple coproduct of a cocommutative element h € H, i.e. one that satisfies h() ®
h(2)y = h(2) ® h1), is cyclically invariant, i.e.

h(l) & h(g) (SRR h(n) = h(g) & h(g) (SRR h(n—l) & h(l) =...= h(n) & h(l) & h(g) e ® h(n—l)- (3)

2.2 Left and right integrals for Hopf algebras, and semisimplicity

Nothing here is new. We follow chapter 10 of [43] very closely. We work over a general field k.
Definition 2. (Cf. [43] Definition 10.1.1]). Let H be a Hopf algebra. A left-integral, respectively right
integral, for H is an element, A; € H, respectively A, € H, such that, for all a € H, we have:

al; = e(a);, respectively Ara = e(a)A,.
An integral, A, for H, is an element, A € H, that is at the same time a left and a right-integral.

Non-zero (left or right) integrals can only exist if H is finite-dimensional; see [43], Proposition 10.2.1].
On the other hand, if H is finite-dimensional, then both (left and right) ideals, of left-integrals, and
of right-integrals, are one-dimensional (see e.g. [43l Theorem 10.2.2, (a)]). Hence, non-zero left and
right-integrals always exist in finite dimensional Hopf algebras. In the latter case, S is bijective, by
Larson-Sweedler Theorem [42], Proposition 2|, thus S gives a bijection between the ideals of left and
right integrals.

Definition 3. (Cf. [43, Definitions 10.2.3 and 10.2.5].) Let (H, u,v, A, e, S) be finite-dimensional Hopf
algebra. We say that H is semisimple if its underlying unital algebra, (H, p, ), is semisimple. We say
that H is unimodular if the ideals of left-integrals and of right-integrals coincide.

The following result is key for the construction in this paper, as was in [3]. For a proof see [43
Theorem 10.3.2 and Corollary 10.3.3].

Theorem 4. Let H be a finite-dimensional Hopf algebra over a field k. If H is semisimple, then H is
unimodular. Furthermore, the following conditions are equivalent:

1. H s semisimple;
2. for some left integral, equivalently for all non-zero left integrals, A;, we have £(A;) # 0.

On the assumption that H is finite dimensional and semisimple, hence unimodular, it then follows
that the ideal of integrals is one dimensional, and furthermore invariant under S.

Definition 5 (Haar integral). Let H be a finite-dimensional semisimple Hopf algebra, over a field k.
To the unique integral ¢ € H, satisfying £(¢) = 1 we call the Haar integral on H.

We can also define the Haar integral for H as the unique non-zero idempotent £ € H satisfying
2l =e(x)l =Lz, for all z € H.

It follows from our discussion that, if A is the Haar integral of H, semisimple, then S(A) = A.



2.3 Semisimple Hopf algebras in characteristic zero

When the field s has characteristic zero, stronger results concerning semisimplicity for Hopf algebras
can be obtained. We follow [43, Chapter 16]. Our discussion closely parallels that of [3] Section 1] and
[6, Appendix A1]|, which similarly then go on to define Hopf gauge theory models on a lattice.

Theorem 6 (Adapted from [43] Theorem 16.1.2]). Let H be a finite-dimensional Hopf algebra over a
field k of characteristic zero. Then the following conditions are equivalent:

1. the antipode S is involutive, i.e., S* = idy; 3. H is semisimple;

2. H has a non-zero integral £, with (> = ¢; 4. H* is semisimple.

Moreover, if H is semisimple, the Haar integral for H* is given by f: H — k, where

1

fla) = mTr(r(a)).

Here r(a): H — H, v — xa.. (Note that indeed: eg-(f) = f(lg) = 1)
Observe that f € H* above is cocommutative. Indeed, given a,b € H:

1 1
mTr(r(ab)) = 7’1‘1“(7“(6) o r(a))

(Ams(f))(a,b) = f(ab) = B dim, (H)
Tr(r(a) o (b)) = (A(f)) (b, a).

1
~ dim,(H)
The following result will be crucial for us to construct our model.
Proposition 7 (|3, Theorem 1.2|). Let H be a finite-dimensional semisimple Hopf algebra over k, of

characteristic zero. The Haar integral £ € H is cocommutative.

Proof. By the previous theorem, the Haar integral of H can be expressed as £ = mx H*, where

XH+ € (H*)* is the regular character of the dual Hopf algebra H*, and where the canonical identification
(H*)* = H is implicit. The cocommutativity of the Haar integral then is an immediate consequence
of the cyclicity of the trace, as the previous calculation shows. O

Example 8. Let G be a finite group. The group algebra CG is semisimple by Maschke’s theorem. We
will regard CG as a Hopf algebra in the usual way with A(g) = g®g¢, e(g) = 1 and S(g) = g~ !, for all
g € G. The Haar integral is ¢ = ‘—Cl;' >geG Y-

Ezample 9. Given a finite group G, the algebra F¢(G) of functions G — C, with the pointwise product,
can be turned into a Hopf algebra by putting e(f) = f(1g) and A(f)(x ® y) = f(ay) for all z,y € G,
noting the isomorphism Fc(G) @ Fo(G) = Fe(G x G). This Hopf algebra is semisimple, since it is the
dual of the group algebra of G. The Haar integral is ;,, where 01, (z) = 1 if z = 1, and otherwise 0.
2.4 Crossed modules of Hopf algebras

Crossed modules of Hopf algebras were defined by Majid in [28]. See also [29] B1].

Definition 10. A crossed module of Hopf algebras, or Hopf crossed module (A 9, H,»>), consists of:

e Hopf algebras A and H, each with an invertible antipode (this condition is redundant in the
finite-dimensional case), with a Hopf algebra morphism 0: A — H, called boundary map, and

o a left H-action>: H ® A — A.

These are such that:
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e the action turns A into an H-module algebra, i.e.:
hv (ab) = (k1) >a) (hg) > b), h14 =e(h)ly, (4)
and an H-module coalgebra, i.e.:
A(ha) = (hay>amy) @ (he) > ag), e(h>a) =e(h)e(a), (5)
the latter two equations holding for all h € H, and all a,b € A;
e the Yetter-Drinfeld condition holds:

hy ® (he)>a) = hig) @ (b > a), for all h € H, and all a € A; (6)
e the two Peiffer relations, below, hold, for all h € H and all a,b € A:

Pf 1: 8(h > a) = h(l) 8(0,) Sh(Q), Pf 2: a(a) >b= a(1) bSa(z).

Ezample 11. A crossed module of groups (E LN G,>) |34, 33, [32] is given by a group homomorphism
0: E — @G, together with a left action > of G on E by automorphisms, such that the Peiffer relations,
in the group case, as below, are satisfied:

1. O(gre) = g0(e) gt forallge Gande € E, 2. de)>f=efet foralle, f € E.

If we consider the induced map 0: CE — CG on group algebras and the induced ‘linearised’ action

> of CG on CE, then (CE 9, CG@, ) is a crossed module of Hopf algebras; see [29]. This example will
be generalised in Subsection

A crucial fact we will use about a Hopf crossed module (A NS ,>>) is the fact below, in |28 page
4]. We will delay the proof to later in this section. This will be a particular case of Lemma

Lemma 12. The antipode Sp: A — A is H-linear, namely:
Sa(h>a) =h>Sy(a), ifa€ A and h € H.

Remark 13 (Cf [28, page 4]). Definition |[10| can be equivalently rephrased as follows. H is a Hopf
algebra, (A,>) together with the trivial left H-co-action is a Hopf algebra in the braided monoidal
category of (left-left) Yetter-Drinfeld-modules over H, and 0: A — H is a Hopf algebra morphism
satisfying the Peiffer relations. This follows straightforwardly by spelling out the definition of the
braided monoidal category of Yetter-Drinfeld modules (see e.g. [45, §10.6]). Note that equation (6 is
precisely the Yetter-Drinfeld condition in the case of a trivial co-action.

We remark also that from this point of view the antipode S: A — A is by definition H-linear, since
any morphism in the category of H-Yetter-Drinfeld modules is in particular an H-module morphism.

The Yetter-Drinfeld condition @, combined with the coassociativity of A, implies the following
property, which we note here because we will frequently make use of it.

Lemma 14. For any h € H and a1 ® - -- @ ai, € A®*, the expression,
h(l) Q- Q& h(n) X h(n+1) Dal R h(n—i—k) >ag € Ho" ®A®k,

1s invariant under permutations, of (h(l), v by Ry s h(n+k)), which preserve the order of the
first n factors. So, explicitly, if o: {1,...,n+k} = {1,...,n+k} is a bijection such that o is strictly
increasing in {1,...,n}, then:

hy@- - @hin) @hni1)>a1 @ - hinyr)>ak = hio(1)) O @h(o(n) Do (nt1)) > A1 B - O N(g(ntk)) > -

11



For instance, where each step follows from a one-step application of the Yetter-Drinfeld condition

@, we have:

h(1) ® ha) @ hz) @ hay > a1 @ his) > a2 = by @ hz) @ gy @ hz) > a1 @ hs) > az
= h(1) @ h(g) ® hay @ hy > a1 @ hey > ag
= h(z) ® h(g) X h(4) & h(l) >a; ® h(5) > ag
= fu2) ® Ius) ® sy © hay > a1 @ hyg > az
= h(2) ® h(a) ® h(sy @ hy > a1 @ hey > ag
= h(g) ® h(4) & h(5) & h(l) >a; ® h(g) > as.

Moreover:
h(1) @ hay) @ hzy @ hig) > a1 @ hsy > a2 = hy @ hg) @ hzy @ hiz) > ar @ hyy > as.
Proof. Consider an expression of the form below,
ho) @ ® ho(j)) @ Mio(j41) @ - ® Mo(n) @ Mo(n+1)) > 01 @+ @ Ao(nry) > ks

where, as above, o: {1,...,n+k} — {1,...,n+k} is a bijection that is strictly increasing in {1,...,n}.
We first note that, if o(j + 1) — o(j) > 2, then

ho(1)) © - @ ho(s)) @ Po(j41)) @ - @ Pio(n)) @ No(ni1) > a1 @ -+ © Mg(ntk)) > Gk
= hor(a)) @ @ 1)) @ hior (1)) © - @ hior(n)) @ hior () > 01 @ - ® Doy P k- (7)

Here o/ = T(o(j),0(j)+1) © 0, the usual composition of permutations, and where 7(4(;) »(j)+1) is the
transposition exchanging o(j) and o(j) + 1. This follows by a one-step application of the Yetter-
Drinfeld condition @, since a term of the form h(,(;)) ® h(g(j)4+1)>a, where a € A, which is then equal
to h(g(j)+1) @ Mo (j)) > a, appears in the left-hand-side of

Second, note that, analogously,

ho(1)) © -+ @ o)) @ Po(nt1)) > 01 © - -+ @ Mo (ntk)) > Ak
=h(o(1)) @ @ hior(n)) @ Por(nt1)) > A1 @ - -+ @ Pigr(ntky) > ak,  (8)

where 0/ = T(5(n),o(n)+1) © 0

By successively applying and , it follows that the statement of the lemma holds if o is an
(n, k)-shuffle. (This is exemplified in the first calculation just before this proof.)

The general case follows by noting that, again by Yetter-Drinfeld condition @, and since consecutive
transpositions generate all of the symmetric group, if 7 is a permutation of {1,...,k}, then:

hy @+ @him) ®h(ni1) > a1 @ @ hinir) > ak = Iy @ @ hin) ® hngr(1)) > 01 D -+ @ M) > Ok
The remaining details are left to the reader. O

When we construct our model, we will also make use of the following result, which combines the
previous result with Lemma [I]

Lemma 15. For any h € H, cocommutative, and a1 @ - -- ® ay, € A®¥, the expression:

h(l)®"'®h(n)®h(n+1)>al®"'®h(n+k)>akz € H®" @ A%k

is invariant under permutations, of (h(1y, .-, Ry, Mnt1)s -+ Pntk)), that are cyclic when restricted
to the first n terms. So, explicitly, if o: {1,...,n+k} — {1,...,n+ k} is a bijection, for which the
restriction of o to {1,...,n} gives a cyclic permutation of {1,...,n}, then:

h(l) & - ‘®h(n) ®h(n+1)l>a1 Q- - '®h(n+k)[>ak = h(o’(l)) &-- ‘®h(g(n)) ®h(a(n+1))l>a1 - - '®h(g(n+k))>ak.
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For instance, where each step follows from one-step applications of @ or , we have:

h(1) ® h(2) @ h(z) @ hay > a1 @ hs) > az = hs) © by @ hz) @ hig) > a1 @ by > az
= h(4) ® h(l) ® h(g) ® h(g) >a; ® h(5) > a9
= h(z) ® h1) ® ho) @ hgy > a1 ® h(z) > az
= hs) ® by ® hia) © sy > a1 @ hgy > a.

Proof. The calculation just above indicates how the proof is performed,

h1y @« @iy @ Ripg1y)> a1 @ -+ @ by > ag
= hinyr) @h(1) @ - @ h(_1) @by > a1 @ - @ hpyp_1) > ak
= Nngh—1) O h(1) @ - @ h(n_1) @y > a1 ® -+ @ hpyp—2) > ak—1 @ h(pqp) > ay
=hik—2) @h() @ - @ hin_1) @y > a1 @+ @ hipyp—3) > ag—2
@ Ningk—1) > k-1 & h(pyp) > ag
. apply @ several times ...
=hipg1) @My @ -+ @ h(p_1) @ hny > a1 @ h(pga) > a2 @ ... @ hipqp) > ag
=hn) @h1)y @ - @ 1) @ hinr1) > a1 @ hpyoy> a2 @ ... @ Ny > ak.

We can now apply @ several times and arbitrarily change the order of the last k elements, noting that
any permutation can be generated by products of consecutive transpositions. O

2.5 Review of crossed product Hopf algebras

The following structure of a cross product (also known as smash product) is well known and arises
naturally from a crossed module of Hopf algebras |28, Section 2].

The definition below is a particular case of [46, Theorem 6.2.2.], where we consider the trivial right-
coaction, B: H - H ® A, of A on H, where 5(h) =h® 14.

Definition 16. / Proposition. Let H and A be a Hopf algebras. Suppose that A is a left H-module
algebra. Then the cross product algebra Ax H, as in [46, Theorem 1.6.6], is the algebra with underlying
vector space A ® H, and multiplication:

(a ® h) "X (b & k‘) = a(h(l) > b) ® h(2)k,

for a,b € A and h,k € H. This is a unital algebra, with unit 14 ® 15.
If A is additionally a H-module coalgebra, such that the Yetter-Drinfeld condition @, holds, then
the algebra A x H becomes a Hopf algebra, with the usual tensor product coalgebra structure,

A(a (%9 h) = (a(l) & h(l)) & (a(g) & h(2)),
together with e(a ® h) = ¢(a)e(a), and
Sla®@h) = (1a® Su(h)) -« (Sala) @ 1n).

Proof. This is a particular case of [46 Proposition 1.6.16 and Theorem 6.2.2.], where the right-coaction
of A on H is the trivial coaction, S(h) = h ® 14. Indeed [46], (6.8)] follows from the fact that A is an
H-module coalgebra, [46, (6.9)] from (), and [46, (6.10)] from (6. O

We can now finish the proof of Lemma More generally we have that:

Lemma 17. Let H and A be Hopf algebras. If A is an H-module algebra and coalgebra, satisfying
moreover the Yetter-Drinfeld conditions @, then, given h € H and a € A, we have:

Sa(h>a)=h>Sa(a).
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Proof. We use the Hopf algebra structure of A x H. Given g € H and a € A, we consider the element,
(1®g)«(@®1)=(90)>a) @ ge) = (gnyPa®1) - (1®g@9) = (9Pa®1) - (19 ga))-
Let us compute its antipode, in two different ways, namely
S(1®g) « (@a®1)) = (Sa(a) ®1) - (1® Su(g)) = Sala) ® Su(g),

and

S((gypa®1) -« (1®gm)) = (19 Su(ga))) = (Salgey>a) @1).

Now note, given h € H,

(1® h(l)) x (Sala) ® SH(h(Q))) = (h(l) I>SA(CL)) & (h(g)SH(h(g))) = (hDSA(a)) ®1g,

and,
(1 X h(l)) 3V (1 & S(h(g))) . (S(h(3) l>(1) & 1) = SA(hDa) ®1g.

2.6 Crossed modules of semisimple Hopf algebras

From this section onwards, we work over C. We will make strong use of Theorem [6]
The following is a key lemma to prove the commutativity between vertex and edge projectors in the
commuting-projector Hamiltonian model defined in Section [3| below; see Theorem

Lemma 18. Let H and A be Hopf algebras, over C, with A finite dimensional and semisimple. Suppose
that A is a H-module coalgebra. Then the Haar integral A of A is H-invariant, namely:

h> A =e(h)A; for all h € H.

Proof. As recalled in Theorem [6] the Haar integral in A can be expressed by the regular character
XA+ € (A*)* of the dual Hopf algebra A* ie. A = mxm, where the canonical identification

(A*)* = A is implicit. The regular character of the dual Hopf algebra A* has the following expression
as an element of A, in terms of the co-multiplication of A:

dim(A)

Xar = Y (e)mye'((ei) ),
i=1
dim(A) iydim(A) % . .
where (e;),—;  and (e"),_;  are dual bases for A and A*, respectively. Hence, we compute, omitting
the summation symbol and letting h € H:

heA=ho((e)q) e'((e;)
= (h>(e:)(1) e'((es
= (hay > (ei)wy) € (5™ (b)) > hi) > () (2))
4 femod coale. (hay > ey € (S (b)) & (ha1y > €i)(2))
2 (ei) ) € (hay> S (he) > (ei) )

§7=5 e(h) (ei)(1)€i((ei)(2))
=e(h) A.

~— —~
—~
N
~
~—

Here in the fourth step (*) we have used the elementary property of dual bases which states that
S fle)®et =3, e @ (el o f), for any linear map f: A — A (which can be verified by evaluating
both sides of the equation on the basis). Hence we have, for all g € H, and where Ly: A — A, x — gz.

€' o Ly ® (e)1) ® (ei)2)y = € ® (9> ei) 1) ® (9> €i)(2):

14



and so, for h € H:
el o Lh(l) ® (ei)(l) ® S_l(h(g)) > (el’)(g) = ® (h(l) > ei)(l) ® S_l(h(g)) > (h(l) > 8i)(2).
O

Ezample 19. In the case of a crossed module of Hopf algebras (CE 9, CG@G, ) derived from a crossed

module of finite groups (F LN G,>), see Example the compatibility relation between the Haar
integral in CE and the action of CG simply means that:

1 1
g | — el =— e, forall ged.
(H2e) -2

ecE eckE

2.7 A class of examples of crossed modules of semisimple Hopf algebras from
crossed products of groups algebras with dual group algebras

Recall, from examples [§] and [0} our conventions for how given a finite group G we can form the Hopf
algebras CG and JF¢(G). The following result is proved in Subsection in the Appendix.

Proposition 20. Let (E 9, G,>) be a crossed module of groups. Let X and Y be finite groups on
which G acts by automorphisms. Let f: Y — X be a G-equivariant group morphism. Suppose that the
restrictions of the actions of G on'Y and X, respectively, to im(9) C G each are trivial.

The action below gives Fc(Y) a CG-module algebra and coalgebra structure,

(g 9)(y) = (g ' >y), where g€ G, p € Fe(Y) andy €Y,

and the Yetter-Drinfeld condition @ holds, so we can form Fc(Y) x CG as in Definition ,
Furthermore, we have a crossed module of Hopf algebras, (Fc(X)® CE 9, Fe(Y) x CG,»), where

0: St(c(X) ® CE — gj(c(Y) x CG,
E@er— ffE®0(e),

(here (f*&)(y) =&(f(y)), fy €Y) and
(P@g)>(E@e):=p()(grE) @ (gve),
forp@geFc(Y)RCG, ¢ ®e € Fo(X)®CE, where (g &) (z) :=E&(g7 > a), forz € X.

Lemma 21. The Hopf algebras Fc(X) ® CE and Fc(Y) x CG are semisimple with Haar integrals:

51X®<‘E1‘662E€) € Fe(X)®CE, and 51Y®<

Zg) € Fe(Y) % CG.

1
Gl %=

Proof. 1t is clear that both Hopf algebras are finite dimensional and involutory, hence semisimple, by
Theorem @ We verify the defining properties of the Haar integral in Definition [5} For F¢(X) ® CE
this is straightforward, since it is just a tensor product of two Hopf algebras and d;, € Fc(X) and

ﬁ > ccp € € CE are the Haar integrals of the two Hopf algebras.
To show the idempotence of the Haar integral for F¢(Y) x CG we calculate:

(51y ® (@ZQD “x (51y ® (;Zg)) = |G1|2 > 61, (gp01,) @ gh

geG geG g,heG

1 1
:51Y51Y®@ Zgh:5ly®’a29.
g,heG geG

15



Let us now show the remaining left and right invariance properties of the Haar integral. Let y € Y
and h € G. Then we have, on the one hand,

(6, @ h) (51Y ® <c1:| 2g)) 5,(hob1,) ® (‘G| Zhg) = 6,01, @ (|61¥| Zég)
ge ge
= 5y(1Y)<51y ® €] zc:;g) =¢e(dy ® h) (51y ® <|C111 29»7
ge ge

and on the other hand,

1
(51Y®(|G|g§g)) o (5, @ h) = |G|Z(51Yg>(5)®gh mzfsly oy @ g

geG
= ,(1y) (5 g) =6, @ 1) (8 9).
y(1y) {01y ® ’G|Z oy ® ) {01y ® |G]Z
(In particular, by Theorem [6] if follows again that the two Hopf algebras are semisimple.) O

3 Hopf-algebraic higher Kitaev model: Commuting-projector
Hamiltonian model for oriented surfaces with cell decomposition
from a crossed module of semisimple Hopf algebras

In [I9] [7] a 2-group commuting-projector Hamiltonian model for 2+1D and 3+1D topological phases
was defined. The model, henceforth called higher Kitaev model, takes as input a 2-group, which can be

represented by a crossed module (F LN G,>) of groups Definition see [21]25} §2.5 & 2.7|. Given a
manifold M, with a triangulation (or more generally a 2-lattice decomposition [7]) L, the total Hilbert
space of the higher Kitaev model is the free vector space on the set of all fake-flat 2-gauge configurations
in (M, L) |7, §3.2.1].

In 241D there is a variant of the higher Kitaev model, whose construction was sketched in [19]
page 8]. Its total Hilbert space is the free vector space on the set of all 2-gauge configurations in
(M,L). We will call this latter model the full higher Kitaev model. We note that in order that the
edge projectors in the full higher Kitaev model commute with each other, certain restrictions on the
2-lattice decompositions, ‘adequacy’, to be defined later, must be put. This restriction is however mild
enough for us to be able to work with triangulations of surfaces, with a total order in the set of vertices.

Crossed modules of Hopf algebras were defined in 28|, and there related to a special case of strict
quantum 2-groups; see also [29] 31, B0]. In this section, we define a Hopf-algebraic generalization of
the 2+1D full higher Kitaev model, defined on a surface ¥ with an adequate cell decomposition. The

input datum is a crossed module (A % g ,>) of finite-dimensional semisimple Hopf algebras A and H,
see Definition which we will fix throughout this section. To the model constructed in this section
we give the name: Hopf-algebraic higher Kitaev model.

3.1 Cell decompositions and the total state space of the model
3.1.1 Conventions for cell decompositions of surfaces
Let ¥ be a compact oriented surface.

Definition 22 (Cell decomposition of a surface). By a cell decomposition L of ¥ we mean the following.
We have an embedded graph L in ¥ with no loops and no univalent vertices, with finite sets L° and
L' of vertices and edges, such that its complement in ¥ is a disjoint union of open 2-disks, forming the
set L? of plaquettes. We will require that the closure, in ¥, of each plaquette is a topological 2-disk,
and that its boundary is a 1-sphere S', with a CW-decomposition constructed by vertices and edges
of I', with no repetitions of either edges or vertices.

We moreover require that two different plaquettes have at most one edge in common in their bound-
ary, and that at most one edge can connect a given pair of vertices.
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Furthermore, each edge is oriented and each plaquette P has a distinguished vertex vp in its bound-
ary, called its base-point. In other words L includes a function v : L? — L° such that vp € OP and a
function w : L' — LY such that w, € de.

The choice of orientations on edges and of a base-point in each plaquette is essential to establish
conventions for edge operators and plaquette operators, and was also considered in [I9 [7]. The
conditions on boundaries of plaquettes, and that we have at most one edge between a pair of vertices,
arise only in order to reduce the number of cases to consider in the proofs we give.

Remark 23. In particular, L is in this way a regular CW decomposition of ¥, which additionally has
that the attaching maps of the 2-cells are cellular, as the 2-lattices defined in [7].

Remark 24. The cell decompositions considered here in particular include triangulations of surfaces,
which in this paper we regard to be equipped with an orientation of each edge and a choice of a vertex
(base-point) for each triangle, unless explicitly stated otherwise. Here triangulations, as usual, come
with the restriction that two simplices can only intersect along a common face.

We will initially define our model for any cell decomposition of an oriented surface 3. This model
has the best properties when we restrict to, here called, adequate cell decompositions, which we will
now define.

Let P be a plaquette, with base-point vp. Its boundary is topologically S', and has a preferred
orientation, anti-clockwise, or positive, induced by the orientation that ¥ induces in the plaquette. Let
(ef ,...,eP ) be the ordered set of edges in the boundary of P, starting at the base-point vp and going

»Cnp
around the boundary in an anti-clockwise way, with respect to the plaquette.

Definition 25 (Adequate cell decomposition). Let L be a cell decomposition of ¥. Let P be a
plaquette. Let e and e’ be different edges in the boundary of P. We say that the pair (e, €’) is adequate
(with respect to P) if one of the following conditions holds:
1. either e and €’ are both oriented clockwise or anti-clockwise, with respect to P,
2. or, if e and €’ have opposite orientations, the edge which is oriented clockwise appears later than
than the one oriented anti-clockwise in the list (ef’,... el ).

»Cnp

What this means in practice, should be clear from Figure
We say that L is adequate if given any plaquette, P, all pairs, (e, €’) of different edges in the boundary
of P are adequate with respect to P.

adequate adequate adequate non-adequate
Figure 1: Adequate and non-adequate pairs of edges on a plaquette P.
Any oriented surface can be given an adequate cell decomposition, given the following result.
Lemma 26. Let > be a compact oriented surface as before. Let L be a triangulation of 3. Suppose

that we put a total order on the set of vertices of L. We can then base each plaquette by its ‘minimal’
vertex, and we can also orient each edge (a,b) in increasing order. This cell decomposition is adequate.

Proof. This follows from a case-by-case analysis (two cases only). Consider a triangle P, with vertices a,
b and ¢, with a < b < ¢. This can be embedded in the plane, so that the orientation of P coincides with
the orientation in its image induced by the plane. There are two possibilities for how the embedding
looks like, up to orientation preserving diffeomorphism of the plane, as shown below,

/L\ and a/;\b

Each clearly only gives adequate pairs of edges. O
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3.1.2 The total vector space of the Hopf-algebraic higher Kitaev model

Let (A % H ,»>) be a crossed module of finite-dimensional semisimple Hopf algebras. Given an oriented
surface 3 with a cell decomposition L, we define the total state space of the Hopf-algebraic higher

Kitaev model as: ) ,
Hy=H" @A = RQHe Q) A. (9)
ecL! PelL?

On the vector space Hy, we will define three families of linear endomorphisms: vertex operators, edge
operators and plaquette operators.

By the support of an endomorphism T of H; = H oL g A®L2, we mean the largest subset, M =
MU M2 C LY U L2, such that there exists an endomorphism T of Hys := H®M' @ A®M? guch that
T =T ®@idpg;\p1y,-

We will occasionally write H, or Ap, where e € L' and P € L?, for copies of the Hopf algebras H
and A seen as the tensor factors in Hp, associated with the edge e or the plaquette P, respectively.

Remark 27. As in [I5], one could consider C*-Hopf algebras H and A and this would turn #Hj, into a
Hilbert space and make the projectors, and hence the Hamiltonian, Hermitian.

3.2 Vertex operators of the model on (A LN H, )

Fix a pair (3, L), as in Definition Let v € LY be a vertex and let P € L? be an adjacent plaquette.
Such a pair (v, P) is also called a site [1]|3, Definition 2.1] [I5] §3.1]. Note that v is not necessarily the
base-point of P.

We define now a family of vertex operators, Vvhp, h € H, acting on Hp, whose support is the set of
the edges and plaquettes incident to the vertex v. Here P is a plaquette adjacent to v, which is used
to fix the convention for the vertex operator [3, Definition 2.2|. The definition of the vertex operators
in our model follows that of the vertex operators in the Hopf-algebraic Kitaev model [I5], and reduces
to the latter when A = C (up to minor differences in conventions). At the same time, the vertex
operators here recover the vertex gauge spikes in the full higher Kitaev model defined in [7] for a Hopf

crossed module (A N H,r) = (CE N CG, ) induced by a crossed module of groups (E N G,>).
Consider the set of edges incident to (that is, ending or starting at) the vertex v. The orientation
of the surface ¥ induces a cyclic order on this set, by going around the vertex in the counterclockwise
order with respect to the orientation of X. The choice of plaquette P incident to v furthermore lifts this
cyclic order to a linear one by starting with the edge that comes right after P in the counterclockwise

order around v. We write the edges in this specified linear order as (eq,...,e,). These edges might be
oriented away from or towards v. Define 8; := +1 in the former case and #; := —1 in the latter, for
i =1,...,n. These conventions should be clear from Figure

There are two canonical left actions of H on itself: By left multiplication, h ® x — hx for any
h,x € H, on the one hand, and by right multiplication pulled back along the antipode, h®@z — xS(h),
on the other hand; see [I5, §3.1]. In order to treat both cases at once, we use the notation

(+1) .— if O =41
L) _ {h h, if 0 = +1, (10)

=D = S(h), if 0= —1,

which is justified, since S, being involutive (Proposition , defines an action of the group {+1, -1} =
Zs. In some cases this notation will be combined with the Sweedler notation, where it is understood
that for instance h%f)l) ® héz_)l) means h(y @ S(h()), and hél_)m ® h§2—)1> means S(h(1)) @ S(h)), so we
always apply comultiplication before applying S.

Furthermore, consider the (possibly empty) set of all plaquettes P € L? whose base-point is v and
choose any order on this set, say (P, ..., P;). The definition of the vertex operator will be independent
of this choice, from Lemma

Definition 28 (Vertex operator). For any h € H, the vertex operator, V,U’fp, based at site (v, P), is

‘/;}}fp N HL — HL,
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Vey @ @ Ve, @ Xp, @@ Xp, > (h(l)véi)l>)<91> R ® (h(n)véin>)<0n>
& h(n—i—l) DXPl - Q& h(n+k;) > XPk7

where ve, @ -+ @, ® Xp, @+ @ Xp, € Hey @ @ H,, @ Ap, ® -+~ ®@ Ap, = H®" @ A®* are in the
tensor factors of Hj, associated with the edges (e, ..., e,) and plaquettes (P,..., Py). It is implicitly
understood that Vv}fp acts as the identity on all remaining tensor factors.

€3

Figure 2: Example of conventions for vertex operator VUhP. Here the plaquettes P, and P» each are
based in v. Furthermore n = 4, k = 2, and the sequence (61,02, 0s,604) is (1,1,1,—1).

In the case of the configuration in Figure [2| the vertex operator, Vvhp, takes the form below,

Ve, @ Vey @ Vez @ Ve, @ Xp; ® Xp,
h

VU7
*—P> h(l)vel ® h(2)vez ® h(3)'”e3 ® ve4S(h(4)) ® h(5) >Xp ® h(G) > Xp,.

Remark 29. By Lemma the definition of the vertex operator Vvh p is independent of the order chosen

on the set {Py,..., Py}. The vertex operator th does however in general depend on the plaquette P.

Lemma 30. Given any vertex v € L° and adjacent plaquette P € L?, the endomorphisms (Vvhp :
Hr — Hr)nen define a representation of H on Hp, that is:

VIip oVl =V forall h,h' € H.

Proof. This follows from the fact that AtE=1 . F —5 F®M+k) ig an algebra map, and the fact that
the antipode is an anti-homomorphism of algebras. O

Owing to the fact that a semisimple Hopf algebra H comes with a distinguished idempotent, the
Haar integral ¢ € H, as reviewed in Subsection [2.2] we can define the following projectors on Hp,
which will enter the definition of the Hamiltonian of the exactly solvable model.

(Cf. |3 §2.4] and [15] for the similar case of vertex projectors on the Hopf-algebraic Kitaev model.)
Recall by Proposition [7| that the Haar integral ¢ € H is cocommutative. By combining Lemma [1| with
Lemma it follows that the operator va,P depends only on the cyclic order of the set (eq,...,e,) of
edges incident to the vertex v, and is hence independent of the choice of adjacent plaquette P.

Definition 31 (Vertex projector). Let £ € H be the Haar integral of H. Then we define the vertex
projector, Vi : Hy — Hp,, based at the vertex v as below, choosing any plaquette P adjacent to v,

V’U = ‘/UE,P
(Note that a cyclic order on the set (eq,...,e,) is given by the orientation of the surface.)

Given that £2 = ¢, it follows from Lemma [30| that indeed V, = Vf’ p s a projector.

Lemma 32. Let v; and vo € L° be two distinct vertices. Then the corresponding vertex operators
commute with each other, that is:

v ooyhe —yhe

v1,Py v2,P v2,P2

o Vqﬁl,Pl for all hi,hy € H,

where P, and Py € L? are any plaquettes adjacent to vy and vo, respectively.
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Proof. The vertex operators only have intersecting supports if v; and vo are the end-points of a common
edge e € L'. In this case, the intersection of their support is only the copy of H that is associated
with e. On this tensor factor the two vertex operators in question act via left or right multiplication,
depending on whether the edge e is directed away from or towards a given vertex. Since this differs for
the two vertices, one of the operators acts via left multiplication and the other via right multiplication,
the vertex operator commute with each other. O

In particular, putting hy = ho = ¢ € H, and using this last lemma and the previous one, vertex
projectors commute: [V, Vi,] = 0, for all vy, vy € LY.

3.3 Edge operators of the model on (A % H, >)

Fix a pair (X, L), as in Definition Let e € L' be an edge. With respect to the orientations of the
edge e and the surface X, we can define the plaquette P € L? on the left side of the edge e and the
plaquette Q € L? on the right side of e, as we go from the starting vertex w, to the target vertex of e.

Figure 3: Conventions for edge operators E¢. Here | = 3 and (61, 602,03) = (1,—1,1), whereas r = 4
and (01,09,03,04) = (1,—1,—1,1).

We define now a family of edge operators acting on Hy, whose support consists of the plaquettes P
and ) and the set of the edges in the boundary of P and ). These operators do not appear in the

Hopf-algebraic Kitaev model. For a Hopf crossed module (A 5 H ,>) = (CE KN CG,r) induced by a

crossed module of groups (F 9, G,>) they recover the edge gauge transformations in the full higher
Kitaev model [19] and in its fake-flat subspace the gauge spikes in the higher Kitaev model of [7].

Denote by vp,vg € L the base-points of P and Q, respectively, and let v € LY be the starting vertex
of the edge e, i.e. the vertex from which e points away. Let (eq,...,es) be the (possibly empty) ordered
set of edges connecting vp with v in the boundary of P, starting from vp and going in counterclockwise
direction (with respect to the orientation of ¥) around P. (Another way to see this sequence of edges
is as the unique path from vp to v that does not pass through e.) The set is empty precisely when
vp=wv. Fori=1,...,¢ let 6; := +1 if ¢; is oriented in counterclockwise direction around P, and let
0; := —1 otherwise. These conventions should be clarified by Figure

Similarly, let (di,...,d,) be the (possibly empty) ordered set of edges connecting vg with v in the
boundary of @, starting from vg and going in clockwise direction (with respect to the orientation of
¥) around Q. The set is empty precisely when vg =v. For j =1,...,r, let 0; := +1 if d; is oriented
in clockwise direction around @, and let o; := —1 otherwise.

Definition 33 (Edge operator). For any a € A, the edge operator E¢ on Hp, based at the edge e, is

ES:Hp — Hy,
Ve @ Vey @+ ® Ve, ®Vgy &+ B vy, ® Xp @ Xg > daz)ve

® (Vey ) (1) ® -+ @ (ve,) 1)
® (vay)(2) @ -+ ® (v4,)(2)
® ((ve) o))+ (ver) s
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where we use the notation defined in , and where

Ve @ Ve; @+ QUe, Vg, ® -+ Qug, @ Xp® Xq

€EH ®H, ® - QH, ®Hyg ®---®Hy ® Ap ® Ag
— gOl+itr ®A®2

are in the tensor factors of H, associated with the edges e, (e1,...,e;) and (di,...,d,), and plaquettes
P and Q, respectively. It is implicitly understood that the edge operator is defined to act as the
identity on all remaining tensor factors in Hrp,.

Ezample 34. In the case of the configuration in Figure [3| the edge operator, E¢, is:
Ve ® (Vey @ Vey @ Veg) ® (Vay @ Vay ® Vdz & Vdy) ® (Xp ® XQ)

N Bagzyve @ ((Vey)(1) @ (Vey) (1) @ (Ves) (1)) © ((vay)(2) @ (Vay)(2) @ (Va3)(2) @ (Vay)(2))
® (((ver)2) S ((vex) (2)) (Ves) 2)) > aqry) Xp
® Xq ((va,)(1)S ((vay) 1)) S ((vas) (1)) (vay)1y) & S(agay)-

We also note that, due to the Yetter-Drinfeld condition @, and using that S is an anti-coalgebra-

map, with S? = idy, we can substitute any term (ve,)(1) ® (vei)ég;> by (ve;)(2) ® (vei)éei> in the formula

1)
for the edge operator, and the same for the vg,. To see this note that if v € H and a € A then:

V(1) ® S(v(2)) > a= S(S(v))) ® S(ve)>a=S((Sv)@e) @S(v)q)>a
YL 5((Sv) 1)) @ S() @) b a = S(S(v))) @ S(vay) ba (11)
—U(g)@S( (1))>a.

As in the case of vertex operators we have:

Lemma 35. Given an edge e € L', the edge operators E%: Hy — Hy form a representation of A on
Hr. Le., given any a,b € A we have:
E’o E* = Eb.

In the proof below, and others, in the case of iterated use of Sweedler notation, we will e.g. write:
U(1,2) instead of (U(l))(Z)

Proof. (Sketch.) The proof is quite clear from the explicit form of the edge operators, together with
the fact that A is a H-module algebra. It is crucial to note that, applying , given v € H and
a,b € A, we have:

S(v)) >a® S(vg)>b= (S(v))(l) >a® (S(v))(z) > b. (12)

As an example, which shows the type of calculations required, let us prove we have a representation
in the case of the configuration in Figure |3 and (in order to simplify the calculations) where the
base-point of P is moved to v. Applying E? followed by E? yields:

Ve® (Vgy @ Vgy @ Vg3 @ vg,) @ (Xp @ Xq)
Ee
— Oaz)ve ® ((Udl)(z) ® (vdz)( 2) @ (vdy)(2) © (vay)(2)) ® ayXp
® Xq ((va) (1) ((vax) 1)) S ((vaz) (1) (v ) y) & S(agz)

((va
(Vay)(2,2) © (Vdy) (2,2) © (Va3)(2,2) ® (va,)2,2)) ® bayaa)Xp
((va,) (1)) S ((vas) 1)) (var) 1)) & S(az)

% A(bezyacs))ve @ (
® X ((vay)1)S
((vdl)@,l)s((vdg)( 1)) S ((vay) 2,1)) (Vas) 2.1)) > S (b))
= 0(bzyaes))ve ® ((va)(2) @ (Vay)(2) ® (vas)(2) @ (va,)2)) ® byayXp
® Xq ((vay) 1,18 ((vay) (1,1)) S (vay) (1,1)) (Ve 1,1)) > S(agz))
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((Udl)(Lz)S((%)( 2))S((vas)(1,2)) (Vas) (1,2)) > S(bz))
= (beyags)ve @ ((va,)2) @ (Vay)(2) @ (Vay)(2) @ (vay)2)) @ bayay Xp
® Xq ((va)q) ((Udg)(l))S((Udg)(l)) (va) 1)) (1) > S (b))
= Eé’“(ve ® (Vd;, ® Vdy ® Vgy @ vg,) @ (Xp @ Xg) )

In the penultimate step we used the calculation in , and the fact that A is an H-module algebra. [
Lemma 36. Let 3 be an oriented surface with a cell decomposition L.

1. Suppose that e and €' are edges not on the boundary of the same plaquette. Then, given any
a,a’ € A we have:
EZo e, =FES o EY.
2. Suppose that e and €' are in the boundary of the same plaquette P, and moreover that the pair
(e, €') is adequate, Definition . Given any cocommutative elements, a and a’ in A, we have:

a a' __ ra a
B0 EY = B o EC.

The proof of this lemma is deferred to The reason why we must restrict to adequate pairs,
(e,€'), in the second item is that otherwise the application of E? affects the value of the edges between
vp and the initial vertex of €’ in an uncontrollable way, and analogously for the application of Eg//.

Analogously to the vertex projectors, we can now define the edge projectors by acting with the Haar
integral of the Hopf algebra A. This gives an idempotent endomorphism, because the Haar integral is
idempotent and the edge operators are a representation of A:

Definition 37 (Edge projector). Let A € A be the Haar integral of A. Then we define the edge
projector, E. : Hy — Hy, based at the edge e as

E. = EA.

Given the previous two results, we can see that if L is an adequate cell decomposition of ¥ then all
edge projectors commute. This is in general not the case for non-adequate cell decompositions.

3.4 Plaquette operators of the model on (A 9, H.p>)

Fix a pair (X, L), as in Definition Let P € L? be a plaquette and let vp € LY be its base-point.

We define a family of plaquette operators acting on H,, whose support is P and set of the edges in
the boundary of P. The definition of the plaquette operators in our model follows that of the plaquette
operators in the Hopf-algebraic Kitaev model [I5], and reduces to the latter when A = C (up to minor
differences in conventions). The starting point is the ‘1-holonomy operator’ in [I9, Equation (5)].

Denote by (eq,...,e,) the ordered set of edges in the boundary of P, starting at the base-point vp
and going around the boundary in a counterclockwise way with respect to the orientation of . For
i=1,...,n,let 6; = +1 if the edge e; is oriented counterclockwise along the boundary of P (i.e. if ¢;
is the first edge traversed proceeding counterclockwise along P from we,); and let ; = —1 otherwise.
Figure [ should clarify these conventions.

Figure 4: Conventions for plaquette operators. Here n =5 and (61,62, 03,04,05) = (1,—-1,1,1,—1).

Cf. the very similar case of plaquette operators in the Hopf-algebraic Kitaev model in [3| Definition
2.3] and [I5] Definition 1], our conventions are opposite. In loc cit only the formula for the plaquette
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operators when all the edge orientations match the direction in which we go around the plaquette is
presented. It is however understood [15, §3.2] that if an edge does not have the same orientation we
first apply S to the corresponding edge tensor factor.

Definition 38. For any ¢ € H*, the plaquette operator Fﬁ on Hy based at the plaquette P is
Lp Hrp, — Hi,

0
Ve @ @1, ® Xpr— I) W e e (001 @ (Xp)

@ ((087) )+ (08 ) (S0 a)((xp>(1))) ,

where we use the notation in (10), and where ve, ® -+ ® v, ® Xp € He, @+ @ He, @ Ap = H" ® A
are in the tensor factors of Hj, assomated with the edges (e1,...,epn) and the plaquette P.

Remark 39. For concrete values of the edge orientations ¢; the formula for the plaquette operators
simplifies significantly, as the antipode is involutive, S? = idy, and an anti-coalgebra map. Explicitly:
()0 & (u0)) = (ver) (1) ® (vey) (), if 61 = 1,

Yer ") (1) er /(2) (Uel)@) ® 5((%1)(1))7 if 5 = —

The idea is that on the tensor factors He, ® - -- ® H,, the plaquette operator acts via the left or right
co-multiplication depending on the orientation of the edge e; relative to the plaquette P. The formula
in Definition [38] captures this in one closed form for all possible configurations of edge orientations.

Ezample 40. In the case of the example in Figure |4] the plaquette operator Ff is:
(Uel Q) Vey @ Veg @ Ve, & Ue5) ® Xp

@

() (1) @ (te)2) © (Ve )y ® (e )1y ® (ves)2) @ (Xp)io
((ve)e) $((ve) ) Weada) (e S((ves) 1) (S 0 ) (X)) )-

Lemma 41. Let P € L? be a plaquette. Then the plaquette operators (Fp)pen~ define a representation
of H* on Hp, that is:
Ff oFf=F5%  forallg,¢ € H*.

Proof. (Sketch.) We show the proof in the particular case of the configuration in Figure 4} which shows
the type of calculations required. Applying Fj, and then Fj we get:

Vey ® Vey ® Vey ® Vey @ Vez ® Xp
rF—’f> (Ve ) (1) ® (Vey)(2) ® (Ve ) (1) ® (Veu) (1) @ (Ve ) (2) @ (XP)(2)
()@ S((e) ) (1)) (o)) S((ves) ) (8 0 D) (Xp)y))
s (o)1) © (er) 2 ® () 1,1) @ (v )1y © ()2 © (X))
((ve)@) S((vex)1) Wea)zy (ver)) S ((ves) 1) (S 0 D) (Xp)w))
@/((Uel)(l,z) S((Uez) ) ( 3)(1,2 (Ue4)( 1,2 ((%5)(2,1)) (508)((XP)(2,1)))
= (Vey)(1) ® (Ves) (2) ® (Ves) (1) @ (Vey)(1) @ (Ves)(2) ® (XP)(2)
(v S((ea) ) (o)) (ve4><2 5 8((es) 1) (S 00 (X)) )
90/<(Ue1)(2,1) S((Uez) ) ( 3)(2,1 (Ue4) (2,1) S((Ue5)(1,2)) (So a)((XP)(l,z)))
= (Vey) (1) ® (Vea)(2) @ (Vez) (1) @ (Veu ) (1) @ (Ves)(2) @ (XP)(2)
90((”61)(2,2) S((Wea) (1)) ) (Ves) 22) (Vea)2,2) S ((ves ) 1)) ) (S © 3)((XP)(1)))(2)>

@'((%)(2,1) S((vea) 1) 1y Wes) 21y (Vea)2,1) S((Ves)1,2)) ) (S0 5)((XP)(1)))(1))-

Since A is an H-module algebra, the last formula is exactly the result of the action by F‘}ﬁl“". O

’
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Since H is semisimple, then so is H*, as we recalled in Theorem [6] note that we are working only
with finite-dimensional Hopf algebras over C. Hence, we again obtain idempotent endomorphisms of
Hp by acting with the Haar integral of H* via the plaquette operators:

Definition 42. Let A € H* be the Haar integral of H*. Then we define the plaquette projector
Fp:Hp — Hy based at the plaquette P as

Fp = F.

For the case of a crossed module of Hopf algebras induced by a crossed module of groups (E 9, G,>),
the plaquette projectors recover the plaquette projectors in [19, Equation (20)]. Those latter plaquette
projectors choose the 2-gauge configurations that are fake flat around a plaquette. Plaquette projectors
do not arise in the higher Kitaev model [7], due to the fake-flatness being, by inception, imposed in
the 2-gauge configurations.

Lemma 43. Let P; € L? and P, € L? be any two distinct plaquettes. Then
Fil o FE2 = Ff2oFpl,  forall g1,p9 € H™.

Proof. If P and P, are not adjacent to each other, in other words if they do not have an edge in
common, then the corresponding plaquette operators Fﬁll and F' }f;, for any @1, 2 € H*, have disjoint
support in Hy, and therefore they commute.

Let us assume that P; and P, are adjacent to each other. Given the restrictions we put on L there
exists one single edge, e, which lie in both the boundary of P; and the boundary of P», as in Figure
Given that e has opposite orientations relative to P; and to P», the corresponding operators will act

Up,

P,
vPl 1 € P2

Figure 5: Two plaquettes, P, and P, intersecting along an edge e.

via opposite-sided co-multiplication (that is, one of them left and the other right) of the Hopf algebra
H assigned to e. Therefore, due to coassociativity the operators F‘Iﬁll and F}fj commute. O

In particular, putting ¢1 = ¢1 = A € H*, and using this last lemma together with the previous one,
plaquette projectors commute: [Fp,, Fp,] = 0, for each P, P, € L?.

3.5 Edge orientation reversal and plaquette base-point shift

The total state space Hy of the Hopf-algebraic higher Kitaev model defined in this section does not
depend on the edge orientations or plaquette base-points of the cell decomposition L, but the vertex,
edge and plaquette operators defined on it do.

Now we define linear maps on Hj which represent the reversal of the orientation of an edge and
the moving around of the base-point of a plaquette. By showing that these maps commute with some
of the vertex, edge and plaquette operators, in a suitable way, our calculations in the Appendix in
Subsection showing the commutation relations of the latter operators will simplify significantly,
because it will then suffice to carry out the computations for only the most convenient configurations
of edge orientations and base-points.

The edge orientation reversals and plaquette base-point shifts can also be of independent interest,
towards showing the independence of the ground-state space of the model of the cell decomposition, a
problem which we leave for future work.

Consider the total state space Hy, = H®L' @ A®L” of the Hopf-algebraic higher Kitaev model.
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Definition 44. For any edge e € L', we define the edge orientation reversal,
Re:Hp — Hi,

to act as the antipode S of H on the tensor factor in Hj, associated with the edge e and as the identity
on all remaining tensor factors. Locally we hence have, showing an edge e connecting vertices a and b,

Re
a H’U b — a<—-1m=".
e S(ve)
Due to the involutivity of the antipode, the edge orientation reversal is an isomorphism and, more

specifically, R? = idy, .
Definition 45. For any plaquette P € L% we define the (positive) base-point shift,
T;’; Hr, — Hi,

as follows. Let A be the tensor factor in Hj associated with the plaquette P and let H be the
tensor factor in ‘Hy, associated with the edge in the boundary of P incident to the base-point of P in
counterclockwise direction around P. Then define T; to act as

_9>

T; (
H®A9U®Xl—>v(1)®v(2)

>X = V(2) ®’U(<1_)9> > X.

Here # € {+1,—1} is +1 if the edge is oriented counterclockwise around P and otherwise —1. We have
used Equations @ and . The new base-point, v, of P, is the next vertex of P in counterclockwise
order around P.

We analogously define the (negative) base-point shift

T, - H — Hi
to act as:

(o) _ (o)
(2) >X = v ® V() > X,

where H be the tensor factor in Hj associated with the edge in the boundary of P incident to the
base-point of P in clockwise direction around P. Again, o € {+1,—1} is +1 if the edge is oriented
counterclockwise around P and otherwise —1. The new base-point, v}, of P is the next vertex of P in

o~
HoA300 X+ uq) Qv

clockwise order around P.
We call the edge from vp to vl the edge along which the plaquette base-point shift was performed.

For example, for a square plaquette:

° ° [ ] [ ] [ ] [ ] ° ° [ ] [ ] [ ] [ ]
X ’T_Ii_> S(vig)>X S(vy)»X and X 'T_11—> v(2)>X v1)>X

vp ——>o TU’P oﬁvﬁg vp<—e oTv}J o vp

° ° [ ] [ ] [ [ ] ° ° [ ] [ ] [ ] [ ]
X }2 vi)»X varX | and x i S(via) )X S(vay)pX

o ——up vjpﬁo v e o <~——up U}Wo v%v

Remark 46. Observe that the base-point shifts are isomorphisms and that, more specifically, if P’ has
the same underlying plaquette as P but its base-point is shifted once in counterclockwise direction
around P, then Tp, = (T3) L.

Remark 47. Note that moving the base-point of a plaquette P all the way around its boundary, coming
back to the initial base-point, does not in general induce the identity on H . This operation however

restricts to the identity on a certain subspace 7—[% (the fake-flat subspace) of Hp, as shown in Lemma
[74] in the Appendix.
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The following very useful result holds. Most calculations are quite trivial. We shall show examples
of the more involved ones in Subsection in the Appendix.

Proposition 48. Let X be an oriented surface with cell decomposition L.

1. Base-point shifts commute with edge orientation reversals.

Vertex operators commute with edge orientation reversals.

3. Edge orientation reversals along an edge commute with edge operators based on a different edge.

NB: the orientation of the edge in which we apply the edge operator affects the conventions for
this edge operator in such a way that we cannot expect edge operators to commute with reversal
of the orientation of the same edge.

Plaquette operators commute with edge orientation reversals.

. Base-point shifts commute with vertex operators.

6. Base-point shifts and edge operators commute, as long as the base-point shift is not along the

same edge in which we apply an edge operator

Base-point shifts on a plaquete commute with plaquette operators on a different plaquette. Base
point-shifts commute with plaquette operators F¢, on the same plaquette, if € H* is cocommu-
tative. In particular, base-point shifts commute with plaquette projectors.

Proof. (Sketch.) We deal with each point separately.

1.

This follows at once from @, and with the fact that S is anti-coalgebra map.

2. This follows at once from the fact that S is an anti-algebra map.

b

NS o

This follows from the explicit formula for the edge operators, combined with the fact that S is
anti-coalgebra map. The Yetter-Drinfeld relations @ also play a crucial role.

This again follows from the fact that S is anti-coalgebra map.
The proof is more involved, and can be found in §5.2.11 Lemma [14] plays a crucial role.
The proof is in

This is the most laborious proof, and a comprehensive discussion is in §5.2.3] The tricky case is
when the base-point shift happens in the same plaquette where we apply the plaquette operator.

O

3.6 Commutation relations between vertex, edge and plaquette operators

Having defined all operators, we can now state some of their commutation relations, which we prove in
the Appendix. The following generalises [3, Theorem 2.4]. We do not require L to be adequate here.

Proposition 49. Let ¥ be a compact oriented surface with cell decomposition L, and let (A 9, H) be
a crossed module of finite-dimensional semisimple Hopf algebras. Then the associated vertex, edge and
plaquette operators, on Hy = H®L' g A®L2, enjoy the following relations:

1.

2.

Let e be any edge of L and v be any vertex of L. For all h € H and a € A we have:
l.a) EZ‘”D“ o ng) = VJ?P o B2, if v is the starting vertex of e,

1.b) Ef¢o VJj’P = VJ’LP o B¢, if v is not the starting vertex of e.

Let P € L? be a plaquette and let e € L' be an edge.

2.a) If e is in the boundary of P, then

FPoE!=FE!oFf,  for all cocommutative a € A, and cocommutative p € H*.

2.b) If e is not in the boundary of P, then

FpoE!=FE!oFf, forallae A pec H".

26



3. Let P € L? be a plaquette and let v € L° be a vertex.
3.a) If v is in the boundary of P, then

Ffo U}fp, = Vv}fp, oFf,  for all cocommutative h € H, and cocommutative p € H*,

where P' € L? may be any plaquette with base-point v.
3.b) If v is not in the boundary of P, then

FfoV]'p =V}'poFf, foralheH, o€ H"

Proof. See Lemmas [76] [77) and [7§] in the Appendix. O

The commutation relations between plaquette operators, and vertex and edge operators become
considerably more complicated outside the cocommutative case, and a general formula would become
quite involved. Below we show a sample, for a very particular configuration of the base-point of the
plaquette. It is not possible to reduce all other cases to this one, outside the cocommutative case, in
that plaquette operators, in general, only commute with base-point shift in the cocommutative case.

Proposition 50. Let P € L? be a plaquette with base-point v € L° and let e € L' be an edge in the
boundary of P, with starting vertex v. We have:

1. Foralla € A, and ¢ € H*, then:

1.a) if e is oriented counterclockwise:

SO 7.0
Fﬁ( a(3) a(1)) ° Eg@) _ EZ o F}f’,

1.b) If e is oriented clockwise then:
(e, Fp] = 0.
2. For allh € H and p € H* we have:

P(She)Thw) [y he) h ©
Fp onP =V, 'po Fp.

Here, given g,h € H, we define ¢(S(g)-7-h): H— C by xz — ¢(S(g)) -z h).
Proof. See lemmas [77 and [78] in the Appendix. O

As a consequence of the fact that the vertex, edge and plaquette operators define on Hj, represen-
tations of the algebras H, A and H*, respectively, and that they satisfy the commutation relations in
Proposition we obtain in total a representation of the algebra which has underlying vector space
H* ® (A x H), with the multiplication defined by

(p@(a®h)) (P& (bE)) = ¢ (S0as)She)-? - haydany) @ (a@) @ hey)

p, e H Ja,be A h, k€ H.

In the case that A = C is the trivial Hopf algebra, this algebra is the Drinfeld double D(H) and we
therefore recover the well-known fact that in the Kitaev model for a semisimple Hopf algebra H the
local operators form a representation of the Drinfeld double D(H) [15], 3].
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3.7 Commuting-projector Hamiltonian and its ground-state space

Recall the definition of vertex V,,, edge Ee, and plaquette Fp projectors, in Definitions [31] 37] and [42]

Theorem 51. Let X be a compact oriented surface with an adequate cell decomposition L, and let

(A 9, H) be a crossed module of finite-dimensional semisimple Hopf algebras. Then the following
operators, on Hy, = HOL ® A®L2, are pairwise commauting projectors:

Vi, for allv e LY E., for alle e L'; Fp, for all P € L.

As a consequence, the following operator (the Hamiltonian) is a diagonalizable endomorphism of Hp,:

he=Y (1-Vo)+ > (1-E)+ > (1-Fp), (13)

veLO ecL! PelL?

whose eigenspace for its lowest eigenvalue 0 (the ground-state space) is

w(x)=x for all v LO,
ker h :im< IR IR FP) - {x € Hy | By o i eng’}
veL0 ceLl! Per? Fp(x)=x for all PEL?.
Proof. The commutativity of the projectors follows from Lemmas [76] [77] and Apart
from the case of commutativity between vertex and edge projectors, which requires Lemma [I8] the
commutativity relations are proven more generally for V' p, Eg and Pg, for all cocommutative elements
a € H b€ Aand ¢ € H*. In particular (by Proposition the commutativity relations hold for
pr, E) and Pﬁ—‘,, where ¢, A and A, recall, are the Haar integrals of H, A and H*.

Mutually commuting projectors are simultaneously diagonalizable and, hence, the map h is diago-
nalizable, with eigenvalues being all the non-negative integers up to |L°|+|L'|+|L?|. The ground-state
space is therefore the eigenspace for eigenvalue 0, i.e. the kernel, which is the space on which all the
projectors occurring in the Hamiltonian act by 0. O

Proposition 52. The ground-state space ker h can be described as follows. A wvector

T = ®ve® ® XPGH®L1®A®L2,
ecLl! Pel?

which by abuse of notation we consider to be a sum of pure tensors while omitting the summation
symbol, is a ground state, if, and only if, the following conditions are satisfied:

1. For every P € L?, and, following the notation of Deﬁnition (e1,...,en) are the edges in the
boundary of P in counterclockwise order, starting at vp, we have:

Y& (<U§f1>)(1))<91> R ® ((’Uéi’n>)(l))<9n> ® (Xp)2) ® ((U§?1>)(2) . (”éi">)(2)5(8(XP)(1))>
:y®U61 ®®Uen®XP®1H

(Here §; = +1 if the edge e; is oriented counterclockwise, around P, and 6; = —1 otherwise.)

2. For everye € L':
El(z) =¢e(a)x, foralla e A.

3. For every v € L°, and for any choice of P € L?, adjacent to v:

V(Z,P) (x) =e(h)x, forallh € H.

This result ultimately follows from the representation-theoretical properties of the Haar integral; see
e.g. |3l Corollary 1.4|[6, Lemma B.9].
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Proof. By the previous proposition, the ground state is [0 im (Vv) Neerr im (Ee) Nper2 im (Fp).
For any module M over a finite-dimensional semisimple Hopf algebra H’, the Haar integral ¢/ € H’
projects onto the subspace of H'-invariants:

0. M=M":={meM|hm=e(h)m, forall h € H'}.

(This follows since the Haar integral ¢’ is idempotent and 20’ = 'z = e(x)¢', for all x € H'.)

Now apply this respectively to H*, A and H, and their actions on Hj, given respectively by plaquette
operators, edge operators and vertex operators. This leads directly to Items [2|and [3] showing when an
element is invariant under all edge and all vertex projectors.

The formula for when an element is invariant under all plaquette projectors, F' ﬁ, in Item (1 follows

from the fact that an element x € H, lies in the space of H*-invariants under the representation F ](3—)

of H* if, and only if, for any ¢ € H*:

y@ (1) @ @ (089) 1)) @ (Xp)g) ¢ ((U§?1>)(2) e (U§Z">)(2)53(XP)(1))
=Y QU @ Qe, @ Xpt(lpy),

since recall e(¢) = ¢¥(1g). O

4 Some particular cases of the Hopf-algebraic higher Kitaev model
4.1 The (E,G, X,Y)-class of models

Let (E LN G,>) be a crossed module of groups. Let X and Y be finite groups on which G acts by
automorphisms, and let f : Y — X be a G-equivariant group morphism, such that im(9) C G acts
trivially on Y and X. In Subsection we constructed a crossed module of semisimple Hopf algebras

(Fe(X)®CE 9, Fc(Y)xCG, ). The resulting class of Hopf-algebraic higher Kitaev models as defined
in Section 3| is here called the (E, G, X, Y )-class of models.

In this section we investigate more closely three particular cases of the associated (F, G, X,Y)-class
of models. We will also determine their ground-state spaces on a surface ¥, proving that they are
canonically independent of the adequate cell decomposition of X..

In order to simplify our discussion, we will only discuss the typical case when 3 is an oriented surface
without boundary and L is a triangulation of ¥, with a total order on the set of vertices. This gives
an adequate cell decomposition as explained in Lemma [26]

The particular cases considered for (F¢(X) ® CE LN Fe(Y) x CG,>) are:

e The (1,G, X, 1)-case, where the groups E and Y both are trivial. This turns out to give Potts
model [36] when G is trivial. The general case of the model is a coupling between Kitaev
quantum-double model [I] and Potts model.

e A generalisation of (1,G, X, 1)-case, the (E,G, X, 1) case, where also E may be non-trivial will
be briefly discussed.

e The (1,1, X,Y") case where the groups G and E each are trivial.

Note that the (E, G, 1, 1)-case, where the groups X and Y each are trivial, coincides with the n = 2
case of the 2-group Kitaev model in [I9, Equation (35)], in the Introduction called the full higher Kitaev
model. In loc cit, its ground-state space was proven to be related with Yetter homotopy 2-type TQFT
[47], and in particular to be canonically independent of the triangulation of ¥. The (F, G, 1,1)-case
reduces to the Kitaev model [I] when E is trivial; see [19, page 8§].

In all the particular cases above, the ground-state space is identified with the C-linear span of the set
of homotopy classes of maps > — B. Here B is a certain space, actually a homotopy 1-type or 2-type,
[34] [48], obtained as the classifying space of a certain groupoid, or crossed module of groupoids, [32] 33|
derived from (E,G, X,Y). (The way the groupoids and crossed modules of groupoids are constructed
depends on the example, so we do not have a general treatment of the full (E, G, X,Y)-model.)
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The latter identification of the ground-state spaces as free vector spaces on sets of homotopy classes
of maps from ¥ into 1-types or 2-types, here homotopy finite spaces [13| [I4], means in particular that
Quinn’s finite total homotopy TQFT [13| 14] provides a TQFT whose state spaces are canonically
isomorphic to the ground-state spaces of the corresponding Hopf-algebraic higher Kitaev model, in the
particular cases we consider. A discussion is in Subsubsection [4.2.3]

The calculation of the ground-state space of the (1,G, X, 1), (E,G,X,1) and (1,1, X,Y)-model
is based on results of Brown and Higgins [32] Theorem A], and Brown-Higgins-Sivera [25] 11.4.iii|,
expressing the set of homotopy classes of maps M — By, where A is a crossed complex of groupoids,
a generalisation of crossed modules, and B4 is its classifying space, in terms of homotopy classes of
crossed complex maps II(M) — A. Here M is any space with a CW-complex structure and II(M)
denotes its fundamental crossed complex [33]. The classifying space of a crossed complex was originally
constructed in [32], using a simplicial setting, for which some more explanation can be found in [I4],
and, more recently, in a cubical setting in [25, Chapter 11].

It should however be re-emphasised that the tricks that permit the application of Brown-Higgins
theorem are quite different in the (E, G, X, 1)- and (1,1, X, Y )-models. It is an open problem whether
the results can be generalised to the full (£, G, X,Y)-model.

In the (1, G, 1,Y)-case, the Hopf algebra Fc(X) @ CE becomes C, so this example is not a crossed
module case. In particular our model reduces to the Hopf-algebraic Kitaev model (with Hopf algebra
Fc(Y) x CG) [15]. Therefore its ground-state space is known to be triangulation-independent.

4.2 The (1,G, X, 1)-case and its relation to Quinn’s finite total homotopy TQFT

Let G be a finite group. Let X be a finite group on which G acts by automorphisms. The general
construction in Subsection for E =1=Y gives a crossed module of Hopf algebras:

(Fe(X) S Ca, ).

Here G acts on F¢(X) as (g>v)(z) = (g~ > ), for ¢ € Fe(X) and z € X. The boundary map 0 is
trivial: 0(¢)) = ¢¥(1x)1g. Recalling Examples [§| and |9} the Haar integral of CG is ¢ = é deG g and
the Haar integral of Fc(X) is A = 6;,. Clearly g> A = A for each g € G; cf. Lemma

4.2.1 An explanation of the (1,G, X, 1)-model

Let X be a surface with a triangulation L, with a total order on the set of vertices, with the adequate
cell decomposition in Lemma

Definition 53. The total state space assigned to (3, L) is
Hixq = CG® @ Fe(X)®F.

The total state space assigned to (X, L) is naturally described in terms of, what we call here, (G, X)-
colourings. We define:

Definition 54. For sets A and B, an (A, B)-colouring, F = (F1,F2), of L is a labelling, Fy: L' — A,
of the edges of L by elements of A, and another (independent) labelling F»: L? — B of the plaquettes
of L by elements of B.

Clearly Hr, x ¢ is isomorphic to the free vector space on the set of (G, X)-colourings F of L. The
language of (G, X)-colourings, similar to that of [I, [7} [34], is quite suitable for specifying the actions
of the vertex, edge and plaquette operators of the (1, G, X, 1)-model.

Let F = (Fi1,F2) be a (G, X)-colouring of (3, L).

Vertex operators

Let v € LY be a vertex and let P € L? be an adjacent plaquette. The vertex operators va p depend only
on the underlying vertex v, va p = Vi, due to cocommutativity of the group algebra CG. Given a vertex
v € LY and an element g € G, we obtain the (G, X)-vertex operator, Vi/ (F) = (Vi (F)1, Vi (F)2):
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e givent € L
g Fi(t), if v is the starting vertex of ¢,
(V,Ug(]:))l(t) = Fi(t)g~!, if v is the target vertex of ¢,
Fi(t), if v is not incident to ¢;

e given P € L%

g> Fo(P), if v is the base-point of P,
F>(P), if v is not the base-point of P.

(VI(F)),(P) = {

The vertex projector is given by:

1
_ 1t _
VU—VU—|G| E V.
geG

Edge operators
In order to describe the edge operators, we need another bit of notation. Let F be a (G, X )-colouring
of (X,L). Let P € L? be a plaquette. Let ¢ be an edge in the boundary of P, and w be the initial
point of t. Let as usual vp denote the base-point of P.

Let us define the following notation holﬁ + (where hol stands for holonomy):

o If w=uvp, let holf.ﬁ:t = lg

e Otherwise, consider the unique path from vp to w, that does not pass through ¢. Then let holﬁ .
be the product of each element of G assigned to the edges transversed when going from vp to
w (or its inverse if the edge is transcribed in the opposite direction to its orientation). Some
examples are in the diagram below (an edge going from a vertex a to a vertex b is denoted #(, 3)):

twvp) twp,v)
- >
v UP ya1%, . vp U holf,
t — fl(t(v,vp)) Fl(t(v,w))a . fl(t(vp,w))a
t t
(v,w) (vp,w)
w w
t(vp,v) t(UPﬂ))
v UP holZ, vp U haf, )
t ; fl(t(vp,v))fl(t(v,w))’ t — Jrl(t(w,vp))i .
t(v,w) t(w,'up)
w w

Given an oriented edge t € L', let P and @ be the two plaquettes that have ¢ in common, where P
is on the left-hand side (noting that 3 is oriented). Then, unpacking Definition |33} for £ € Fe(X):

_ _ ~1
Ef(F) = &(((nolf) ™ o Fa(P)) (holfy ) ™' > F2(@Q)) 1) F.
The Haar integral A in F¢(X) is the delta function d;,. So the edge projector E; is such that:

F, if (holﬁt)—l > Fo(P) = (holg;,t)—l > Fa(Q),

0, otherwise.

Et(}-):Eé\(]:):{

Plaquette operators

Let P be a plaquette, with base-point vp. Let ¢ be an element of the dual algebra of CG, i.e. ¢ is
canonically a function ¢: G — C. Given a (G, X )-colouring F, we need a new bit of notation, holgp,
to be the product of the elements of G assigned to the edges of the boundary of P, when we trace
the boundary of P counterclockwise from vp to vp. As in the definition of hol“; . above, if an edge is
transversed in the opposite orientation, we put F;(¢)~! instead. An example is below:

tv,up)
V———Up

holZ; _
\;T%,@) = Filtwor) " F1(tww) Fr ()

w
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Unpacking Definition we have for the plaquette operator, given ¢ € (CG)*:
FE(F) = plholfp) 7.

The plaquette projector is Fp(F) = F;_ila (F), using the Haar integral of (CG)*, see Example@ Hence

Fp(F) = F, if holdp = 1,
F B 0, otherwise.

Ezample 55. Suppose G is the trivial group. Let us see that the (1, G, X, 1)-model coincides with the
| X |-Potts model on (X, L*) [36], where | X]| is the cardinality of X. Here L* is the dual lattice to L,
[4, Section 3|, so we have one vertex (of L*) for each plaquette of L, an edge (of L*) connecting a pair
of vertices any time two triangles (in L) share an edge, and finally each vertex of L gives a plaquette
of L*. (We will go back to dual cell decompositions later, in )

Indeed, the Hilbert space for the (1, G, X, 1)-model, with G = {14}, is isomorphic to the free vector
space on the set of labellings of the vertices of L* by elements of X. Vertex projectors and plaquette
projectors each are the identity. Each edge projector acts as the identity if the labels on the plaquettes
on each side of the edge coincide, and as zero otherwise. This is exactly the |X|-Potts model, in the
conventions of [37, §1.1.].

Note that the Hamiltonian for the (1, G, X, 1)-model does not depend on the group structure in X,
and only on the cardinality of the set X. However the edge operators do depend on the group operation
in X.

Remark 56. If X has only one element then the (1, G, X, 1)-model coincides with Kitaev’s quantum
double model [I] for G. The general case of the (1, G, X, 1)-model can be seen as a coupling between
the | X|-state Potts model and the Kitaev model for G.
4.2.2 Fully flat (G, X)-colourings of (X, L) and the ground-state of the (1,G, X, 1)-model
Definition 57. A (G, X)-colouring of (X, L) is called fully flat if:
e (Flatness on plaquettes) Given any plaquette P € L?, holj«;T p=1g.
e (Flatness on edges) Given any edge t € L',
(holp, )~ > Fa(P1) = (holf, ) ™' b Fo(P2),
where P, and P» are the two plaquettes that have ¢ as the common edge in their boundaries.
We let @(; ¢ x,1)(2, L) denote the set of fully flat (G, X)-colourings of (X, L).

Lemma 58. The set <I>(17G,X71)(E,L) is invariant under vertex operators ViJ. Moreover, we have an
action of GL” on the set of fully flat (G, X)-colourings, where (gy)ycro € G*°, acts as [Toero V.

Proof. An easy calculation proves that indeed ®(; ; x 1)(%, L) is invariant under all vertex operators.
The second statement follows from the fact that vertex operators Vi{ and V! commute for any two
distinct vertices v, w € LY. O

It is clear that the subspace of the total state space of the (1,G, X, 1)-model on (X, L) of vectors
that are invariant under all plaquette projectors and edge projectors is isomorphic to the free vector
space on <I>(17G,X71)(E, L). Moreover, the ground-state space of the (1, G, X, 1)-model is the subspace

of GL’-invariant vectors in the free vector space on ®¢ x (3, L). Therefore:

Lemma 59. The ground-state space of the (1,G, X, 1)-model on (3, L) is canonically isomorphic to
the free vector space on @1 ¢ x 1)(2, L)/GLO.
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Since G acts on the underlying set of X, we can define the action groupoid, X//G. Objects of X//G
are elements x € G. The set of morphisms z — y is given by the set of all pairs (z,g) € X x G such
that ¢~ > 2 = y. The composition of the morphisms,

1 h
(z ———>(x’g) g_1 > z) and (g_1 > —>(g >ah) (gh)_1 > ),
is
h
(@ 9 (gh) b ).

(We shall use several other examples of action groupoids, Z//H, below, for a group H acting on a set
Z, which will follow the conventions just stated. The set of objects of Z//H is Z, the set of morphisms
is Z x H, and source and target maps, and composition are as above.)

Given a triangulation L of ¥, we put X9 for the set of vertices of L, and ¥} for the subspace of ¥

made out of the union of 0- and 1-simplices of L. So ZiL is the i-skeleton of the CW-decomposition
given by L; see e.g. |7, Definition 16].

Lemma 60. There is a one-to-one correspondence between fully flat (G, X)-colourings, F, of (X, L)
and groupoid functors
frim(%,%7) = X//G.

This means that we have a one-to-one correspondence between fully flat (G, X)-colourings F = (Fi, F2)
of (£, L) and pairs of maps Fo: L° — X and Fyi: L' — G (Fy does not change), such that:

e flatness around plaquettes: given any plaquette P € L?, holgp =g,

e given any edge t € L', with starting verter v and target verter w: Fo(w) = Fi(t) ™1 > Fo(v).

Proof. Cf. [T, §2.5 & §5.1.6]. The fundamental groupoid (3, X9 ) is the quotient of the free groupoid
on the graph (LY, L') consisting of the vertices and edges of L, with a relation at each plaquette
P € L2. That relation says that the composition of the elements of 71 (%, EOL) assigned to the edges in
the boundary P, when going around P from the base-point vp to vp again is the identity; see [33], as
explained in [7, §2.5]. Therefore F gives a functor m1(3,%9) — {x}//G = G. To lift it to a functor
(%, %Y%) — X//G we start by giving the value of the latter on vertices.

Let (Fi,F2) be a fully flat (G, X)-colouring. Then if P is a plaquette, its base-point vp can be
assigned the element R(P,vy) := F2(P) € X. We can extend this to the other vertices of P using the
rule R(P,v") = F1(t)~! > R(P,v), whenever t is an edge in the boundary of P, connecting v to v’, and
oriented from v to v'. (If ¢ is oriented from v’ to v we put instead R(P,v") = Fi(t) > R(P,v).) Given
the flatness condition of F; around plaquettes, this gives a well-defined map v' — R(P,v’) from the
set of vertices in the boundary of P to X.

Now let us see that R(P,v) depends only on v and not on the plaquette P that v belongs to. If v is
a vertex, and v belongs to P and P’, and there is an edge ¢ incident to v, separating P and P’, then
the flatness condition of F on the edge ¢ implies that R(P,v) = R(P’,v). This can easily be used to
show that all plaquettes @ containing v give the same R(Q,v).

So given v € L% we can put Fo(v) := R(P,v), where P is any plaquette containing v.

The rest of the statements follow straightforwardly. O

Lemma 61. Under the correspondence of Lemma [60, we have a one-to-one correspondence between
orbits of GL° i O x (S, L) and equivalence classes of groupoid functors fr: m(3,%%) — X//G,
considered up to natural transformations.

Proof. Cf. |7, §4.3.1]. These calculations only require checking compatibility between the languages of
functors and natural transformations and that of vertex operators. O

Given a groupoid I', we let Br be its classifying space [49]. Classifying spaces of groupoids are
particular cases of classifying spaces of crossed complexes, as defined in [32] [33] 34].

Cf. |7, §5.2]. We will now use [32 Theorem A] (see also [33] Theorem 7.16] and |25 §11.4.iii|).
This theorem gives a canonical identification between the set of groupoid functors m1 (2, ¥%) — X//G,
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considered up to natural transformationﬂ, and homotopy classes of maps ¥ — By/q, for any triangu-
lation L of ¥. This permits us to see that the ground-state space of the (1, G, X, 1)-model is canonically
independent of the chosen triangulation L of X.

Theorem 62. Consider a pair of finite groups G and X, with G acting on X by automorphisms. Let %
be an oriented surface with a triangulation L, with a total order on the set of vertices, and consider the
adequate cell decomposition in Lemma[26 There is a canonical isomorphism between the ground-state
space of the Hopf-algebraic higher Kitaev model for (1,G, X, 1) and the free vector space on the set of
homotopy classes of maps from X to Bx/,q, the classifying space of the groupoid X//G. In particular
the ground-state space of the model is canonically independent of the triangulation L of X.

Proof. This follows directly by applying Brown-Higgins classification theorem [32, Theorem A|[25]
Theorem 11.4.19]. For explanation see |7, §5.2], [34] and [14] §8.2]. O

4.2.3 Relation with Quinn’s finite total homotopy TQFT

Let m be a non-negative integer. A space X is called an m-type |34, 48|, if m;(X,z) = 0 whenever
i > m, for all possible choices of base-point x € X. A space is called homotopy finite [13, 14} [50] if
it is an m-type, for some m, and furthermore it has only a finite number of path-components and all
of their homotopy groups are finite. Classifying spaces of groupoids I' are homotopy 1-types, whose
fundamental group at each point is isomorphic to a corresponding hom-group homr(a, a) in I', where
a is an object of I'. Consequently, classifying spaces of finite groupoids are homotopy finite spaces.

Quinn constructed in [I3] what he called the finite total homotopy TQFT, Qp; see also |14, Section
4] for a more recent account. It is a (n + 1)-TQFT defined for all spatial dimensions n; in particular
it gives a (2 + 1)-dimensional TQFT. Quinn’s finite total homotopy TQFT, Qp, depends on a (fixed)
homotopy finite space B, called the base space. Explicitly, the (n + 1)-TQFT Qg sends a closed n-
manifold M to the free vector space on the set of homotopy classes of maps M — B. The linear maps
assigned to cobordisms W: M — N between manifolds are derived from the homotopy order, called in
[50, B1L 14] homotopy cardinality, of certain spaces of functions W — B.

We hence have:

Theorem 63 (Relation with Quinn’s finite total homotopy TQFT). There exists a (2+1)-dimensional
TQFT whose state spaces are canonically isomorphic to the ground-state spaces of the Hopf-algebraic
higher Kitaev model for (1,G, X,1). Namely consider Quinn’s finite total homotopy TQFT Qp [15, [T/
with base space B = Bx;/q. This TQFT sends each surface ¥ to the free vector space on the set of
homotopy classes of maps ¥ — Bx//q-

Proof. This follows directly from Theorem [62] and the construction of Quinn’s finite total homotopy
TQFT Qp. O

Note that the finite total homotopy TQFT Qp is for B = By, ¢ constructed as the Dijkgraaf-Witten
TQFT, with trivial cocyle [11], except using a groupoid, in this case X//G, rather than a group. This
follows from the discussion in [34]. More details can be found in [14] §8.2 and §8.4.1], in the more
general languages of crossed complexes and of extended TQFTs.

4.3 The ground-state space of the (£, G, X, 1)-model

The results in Subsubsection extend to the (F,G, X, 1)-model. So consider a crossed module of

groups (F 9, G,>), and another group X on which G acts by automorphisms, such that im(9) C G
acts trivially on X. We will use the language of crossed modules of groupoids [33][35][7, §2.1], and in
particular the fundamental crossed module IIa(%, E}J, Z%) of a surface ¥, with a CW-decomposition
[33]. Here ¥ is given the CW-decomposition arising from a triangulation L.

Consider the trivial action > of E on X, soif z € X and e € E, then erpx = = = Jd(e) > x.
Therefore, the action groupoid X//FE is totally disconnected (i.e. there are no morphisms between

'In the case of functors between groupoids, crossed complex homotopies (the language of [32]) boil down to natural
transformations between groupoid functors.
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different objects), and we have a groupoid functor f: X//E — X//G, which is the identity on objects,
and sends the morphism (z,e) to (z,0d(e)). We have a groupoid action of X//G on X//E such that

(x ———>(r’g) g ' x) > (g_1 > ———>(x’e) g o x) = (x

(z.g9>€) 2).
This gives a crossed module of groupoids denoted by G(G, E, X). The same type of argument as in
Subsubsection combined with the construction in the last section in [7] gives:

Theorem 64. Let (X, L) be an oriented surface with a triangulation, with a total order on the set of
vertices, with the adequate cell decomposition of Lemma [26]

There exists a canonical isomorphism between the ground-state space of the (E, G, X, 1)-model and the
free vector space on the set of homotopy classes of crossed module maps 1I(%, 1, 39) — G(G, E, X),
as defined in [35, [32)[7, §4.53.1]. In particular, there is a canonical isomorphism between the ground-
state space of the (E,G, X, 1)-model and the free vector space on the set of homotopy classes of maps
¥ = Bga,E,x), the classifying space [32,133] of G(G, E, X).

Proof. On the combinatorial side, the proof of the statements follows the same pattern as in the
(1,G, X, 1)-case. The fact that (E) C G acts trivially in X plays a key role. The final statement
follows (directly) from [32], Theorem A|[25, Theorem 11.4.19], as explained in |7} §5.2]. O

Remark 65. Cf. Theorem [63] including the preliminary discussion in Subsubsection [£.2.3] Classifying
spaces of crossed modules of groupoids are homotopy 2-types [32], 33, B4]. If the crossed modules
are finite then their classifying spaces have only a finite number of path-components, each of which
with finite fundamental and second homotopy groups for all choices of a based point. And hence
they are homotopy finite spaces. In particular, Quinn’s finite total homotopy TQFT Qg, with base
space B = Bg(q,E,x), again gives a TQFT whose state spaces are the ground-state spaces of the
(E,G, X, 1)-model.

4.4 The (1,1, X,Y)-model and its relation to Quinn’s finite total homotopy TQFT

Let f: Y — X be a group homomorphism, where X and Y are finite. We consider the Hopf crossed
module defined in Subsection [2.7]for the case when G and E are both the trivial group. We thus obtain
a crossed module of Hopf algebras (F¢(X) EAN Fe(Y),r), where the action of Fr(Y) on Fe(X) is the
trivial one, namely:
ben=e()n=v(ly)n.
We will use the Haar integrals in F¢(X), Fc(Y) and Fe(Y)* = CY, as in Examples [§ and [9]
Let ¥ be an oriented surface (with no boundary). We continue to work with adequate cell decom-

positions arising from triangulations of L, with a total order on the set of vertices, as in Lemma [26]
First, as a vector space, the total state space H, as defined in Section [3|is here:

Hp = ffC(Y)@Ll ® ?C(X)®L2 = Span(c(YL1 X XLZ).

As in Subsection[4.2] it is convenient to reformulate the total state space in terms of (Y, X )-colourings
R = (R1,R2) of (X, L), pairs of maps Ro: L? —+ X and Ry: L' — Y, see Definition Clearly H .
is isomorphic to the free vector space on the set of (Y, X)-colourings of (X, L).

If P is a plaquette, with vertices ap < bp < cp, recall we put as base point vp = ap. Put
do(P) = (bp,cp), di(P) = (ap,cp) and do(P) = (ap,bp).

4.4.1 Plaquette operators

Let 2 € YC Fc(Y)* =CY. Let P € L?. We will now determine the plaquette operator F%, in the
(1,1, X,Y) case, according to the general definition of plaquette operators in Definition

Suppose that the orientation on P induced by the order of the vertices is opposite to the orientation
induced by Y. The plaquette operator I is such that the colours on the plaquette P and its edges
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transform as:

bp
Ydy (P) Ydg (P) F (R) _ _ _ P’ q
’ / \ > 60q)6p,r ) 5(f(), ()71 6(z,p) 6(f(2), (5) ) / 8\
P'P=Ya,(pP) ap —=¢
ydl(P qq:ydj(P) P (r)t P
=Y, ()
_ yda(P)Z/ &T(P)Z !
Zyd (P)

Outside of P the colourings on simplices do not change.
If the orientation on P induced by the total order of the vertices of the triangle is the same as the
orientation induced by that of X, the plaquette operator F3 is:

Yo ( V YTO(P) FE(R) Zde(P/ Yio(l’)

ap ————> a %‘ C
Yar(P) F Ydy (P)Z~ P

4.4.2 Edge operators

Let t € L' be an oriented edge. Given 1 € Fc(X) = spang{d, | € X}, let us determine the edge
operator EZ’Z’ , as in Definition Let P and @ be the two plaquettes that have ¢ as a common edge.
Given that the action of Fc(Y) on Fc(X) is the trivial one, namely ¢ >n = 1(1ly)n, the formula for
the edge operators Ezp in Definition |33| simplifies enormously. In particular the edge operators EZ’Z) are
independent of the base-points of the plaquettes P and @), and only depend on the colouring of the
edge t. Let us explain the general formula for Ef“’ if w € X. In the figures below, t is the middle edge
coloured by z € Y. The other edges in the figure can have arbitrary orientations. For w € X, the edge
operator Efw is

/T\ »Eiw> S(f(z)w ta, x) /1\

(Note that 0(f(z)wta,2’) = d(z 2’ f(2),w).) The edge projector E; = Eflx is hence:

y/w* L 5(f(2)as ) y/T*
y\4

4.4.3 Vertex operators

We now unpack how the vertex operators defined in the general case in Subsection look like in the
case of the (1,1, X,Y)-model. Let v € L, and choose a plaquette P that has v as a vertex. Given
Y € Fe(Y) = spanc{d, | z € Y}, we determine the vertex operator V;pp. It suffices to consider the
case Vv‘izp, where z € Y.

Let t1,...,t, be the edges of (X, L) incident to v, starting from the second (hence last) edge of P
incident to v, when going around v counterclockwise, and in counterclockwise order. We let 6, ;, = —1
if the edge ¢; is pointing towards v and 6, ;, = 1 if ¢; is pointing away from v. Let Pp,..., P, be the
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plaquettes of (3, L), possibly none, that have v has a base-point. Fix a (Y, X)-colouring R. Then VU‘SZP
can only change the colours of edges t1, ..., t, and the plaquettes Py, ..., Py. Let (y1,...,Yn;T1,...Tk)
be those colours. (It turns out that only the colours of the edges change under the vertex operators.)
Put:

APTR) () = Z Wy Q- ® Wyt

W, Wy kEY
W1 . Wn4p==%2

Noting that the action of Fc(Y) on Fc(X) is the trivial one ¥ > ¢ = (1ly )¢, it follows that:

(yla" 5 Yni L1y .- - 73:/6)
Vi 0o 0
’_,P> 5(wl)y1 ’tl) ce 5(wn7ynv’tn) 6(wn+1) 1Y) s 5(wn+k7 ]-Y) (yla sy Yns L1, - - ,fl?k)

W ... Wy =2
0., Ot
= Z 5(7»017291 tl)"'a(wnayn ! )(yla"'ayn;xlv"')xk)
W ... W =2
av,tl vatn
=0(y; oy 2) (U, YR T, D)
Hence given an (Y, X)-colouring R we have:

V2%(R) = 6(Ra(t)?" .. Ra(tn)™, 2) R.
The vertex projector V, = Vf?’ takes the form:
Vv(R) = 5(R1(t1)0“’t1 Ry (tn)e“’t", 1y) R.

4.4.4 The (1,1, X,Y)-model on the dual cell decomposition.

The explicit forms of the plaquette, edge and vertex operators in the (1,1, X,Y)-model become very
transparent in the dual cell decomposition to (X, L). (This is essentially as in [3, Lemma 2.6], which
corresponds to the X = {1} case.) So consider the dual cell decomposition L* to L; see [4, Section 3].
We have a 0-cell P* of L* for each 2-cell (plaquette) P of L, at its barycentre. We have an oriented
1-cell t* of L* for each oriented 1-cell (edge) ¢t € L', oriented from the vertex of L* corresponding
to the plaquette on the right-hand side of ¢, towards the vertex corresponding to the plaquette on
the left-hand side of ¢. Finally we have a 2-cell v* of L* for each 0-cell (vertex) v of L. The local
configuration is as in Figure [6]

Figure 6: The local picture of a triangulation L (in red) and its dual cell decomposition L* (in black,
and with thicker edges).

The total Hilbert space of the (1,1, X,Y)-model is given by the free vector space on the set of all
(Y, X)-colourings of (¥, L). Dually, such a colouring R = (Ry : L' = Y, Ry : L? — X) corresponds to
labellings R} : (L*)! — Y and R} : (L*)? — X. To R* = (R§, R%) we call the dual colouring to R.
The total Hilbert space of the (1,1, X,Y)-model will from now on be seen as the free vector space on
the set of those dual colourings R*. We will graphically represent dual colourings as in Figure

37



Figure 7: A dual colouring R* to an (Y, X)-colouring R. The simplices of the original triangulation
have labels in red. Cells of the dual cell decomposition are labelled in blue. The labellings
given by the dual colouring R* are all in black. Hence y1,...,y5 € Y and z1,...,25 € X.

Plaquette operators in the dual picture

Cf. §4.4.1] The plaquette operator F5: Hy — Hy, for z € Y, is such that for an edge t € (L*)!:

z (R*)1(t), 1ft€( “)1 starts in P*,
)1(t) 271, if t € (L*)! ends in P*, (14)

Fp(R™)1(t) = ¢ (R
(R*)1(t), if ¢ is not adjacent to P*;
and for a vertex w € (L*)%:

f(2) Fp(R*)o(w), if w = P,

Fp(R*)o(w) = {FIZD(R*)O(UJ)’ if w#£ P*.

The graphical picture for the action of F, on the dual colouring in Figure [7]is as in Figure

Figure 8: The plaquette operator F' ]‘Z in the dual colouring picture. The figure shows the action on the
colouring in Figure

The edge operators in the dual picture

Let t € L'. Cf 51 The edge operator Efz, for x € X, is such that, if @) is on the left-hand side of
t and P is on the right-hand side of ¢, so we have an edge P* LN @* in the dual cell decomposition,

then:
E(R") = {Z)z itfhf(@*)l(t*)) 2™ (R)o(Q7) = (R*)o(P"),
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. 1 .
So the edge projector E; = E, X g

R, Af f((R*)1(2Y)) (R*)o(Q") = (R*)o(P"),

0, otherwise.

E(R") = { (16)

Looking at the dual colouring R* in Figure |7} the edge operators Eff (R) and Ef 2 (R) satisfy:

R*, if o' f(yo) " tws = o,

E)r(R*) =
u (RY) 0, otherwise.

R*, if af(y1) " toy = o,
0, otherwise,

and Ef;/ (R*) = {

. 1
So the edge projectors E;, = Etllx and F;, = Fy,01, are:

R*, if f(yg)_l.fg = 9,
0, otherwise.

R*a if f(yl)_lxl = T2,
0, otherwise,

Et1 (R*) = { and EtQ (R*) = {

Remark 66. Later on in §4.4.5) we will consider the action groupoid X//Y of the action of Y on X
such that y>x := f(y)z; conventions for action groupoids are as in §4.2.2} Note that the edge projector

on a dual edge coloured as x LN x’, where z, 2’ € X and y € Y, hence chooses the configurations that

make z ¥ &' an arrow in the action groupoid X//Y. This will play a key role in determining the

ground-state space of the (1,1, X,Y )-model.

Vertex operators in the dual picture

Let R* = (R§, R}) be a dual colouring. Let v € L! and P be an adjacent plaquette. We resume the
notation in §4.4.3] The choice of P equips the plaquette v* € (L*)? of the dual cell decomposition with
a base-point P* € (L*)?. Put:

holgz(z*) = R’{ (t’f)ev,il . R’{ (tn)gv,tn .
Let w € Y, the vertex operator nyg is such that:

de (R*) _ R*, if hOlZaz(:)*) :RT (t’{)‘gu,tl . RT (tn)evyln = w,
o 0, otherwise.

. . g .
So the vertex projector is V,, =V, g, is such that:

R*, if hollS ey = R (#1)01 .. Ry (tn) 0ot = 1y,

(17)
0, otherwise.

Vo(R7) = {
Cf. [3, §2.3] for the X =1 case.
If R* locally looks like Figure the vertex operator Vv‘s}’s and the vertex projector V,, = leg are:

R*, ifyiys L ysys L ys = w, R* fyiyy tysys ys =1,
VYU&;D(R*) _ Al .y2 Y3Yy Ys and V:U(R*) _ Al 'yQ YsYs Ys
’ 0, otherwise, 0, otherwise.

4.4.5 The ground-state space of the (1,1, X,Y)-model and its relation with Quinn’s finite
total homotopy TQFT

As for the (E, G, X, 1) model, we can prove that the ground-state space of the (1,1, X,Y)-model on a
surface ¥ with a triangulation L is canonically isomorphic to the free vector space of homotopy classes
of maps from the surface ¥ into a homotopy finite space B = By/,y. From this it follows that the
ground-state space is canonically independent of the triangulation L of 3.

Cf. Remark[66] Consider the action groupoid §4.2.2]of the action of Y on X defined as y>z := f(y)z.
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Lemma 67. There is a canonical isomorphism between the ground-state space of the (1,1, X,Y")-model
and the free vector space on the set of equivalence classes of groupoid functors 71 (%,%%.) — X//Y,
considered up to natural transformation.

Here the notation X¥. means the set of vertices of L*, i.e. Z%* is the O-skeleton of the underlying
CW-decomposition L* of X.

Proof. The result follows as in the proof of Lemma First of all, the fundamental groupoid 7 (%, EOL*)
is the free groupoid on the vertices and edges of the dual cell decomposition L*, with one relation for
each vertex v € LY of L, i.e. plaquette v* € (L*)? of the dual cell decomposition L*; see [7, §2.5]. The
latter relation imposes that the composition of the arrows around v* is an identity, as in the formula
for the vertex projector in Equation ([17)).

Consider the subspace of the total Hilbert space H obtained as:

(Moo= ([T & T Vo))

teL! vel0

Given the explicit formula of the vertex and edge projectors of the (1,1, X,Y)-model in the dual
picture, it follows that (Hy)o has a basis in one-to-one correspondence with the set of all groupoid
functors T: m1(%,2%.) — X//Y. (Remark [66] is used here.)

Each plaquette operator F: Hy — Hp, restricts to a map F: (Hr)o — (Hr)o. This can be seen
from Equations , and . Given that plaquette operators F7 and Fs, based at different
plaquettes P and () commute, Lemma we hence have a representation of [[pc;2 Y on (Hr)o via
the obvious product action by plaquette operators.

The space (Hz)o is the free vector space on all functors T: m1(2,3%,) — X//Y. Each element of
[Ipes2Y acts on a functor T': m(X,%9.) — X//Y by inducing a natural transformation of functors.

This correspondence between actions by elements of YL and natural transformations is easily seen
to be one-to-one. (Again this is just about checking compatibility between the languages of plaquette
operators and that of natural transformations between functors.)

Hence the ground-state space of the (1,1, X, Y )-model, namely (HpeLz Fp)((Hp)o), is canonically
isomorphic to the free vector space on the set of all groupoid functors (%, EOL*) — X//Y, considered
up to natural transformations. O

As in §4.2.2{and |7, §5.2], we now use [32] Theorem A| (see also [33] Theorem 7.16][25, §11.4.iii]) to
find a canonical identification between the set of isomorphism classes of groupoid functors 71 (X, E%*) —
X//Y, considered up to natural transformation, and homotopy classes of maps ¥ — Bx//y.

Theorem 68. Let (X, L) be a surface with a triangulation with a total order on the set of vertices. Let
f: X =Y be a map of finite groups. The ground state space of the (1,1, X,Y")-model is canonically
isomorphic to the free vector space on the set of homotopy classes of maps ¥ — By, y, where Bx//y
is the classifying space of the groupoid X//Y , and hence it is canonically triangulation independent.

In particular there is a (2+1)-dimensional TQFT, namely Quinn’s finite total homotopy TQFT
QBX//Y, whose state space on a surface ¥ is given by the ground-state space of the (1,1, X,Y")-model
on (3,L).

Proof. Again the first statement follows from [32, Theorem A|. The second follows as in from
the construction of Quinn’s finite total homotopy TQFT [13] and [14, §4 and §8.2|, considering the
space Bx,/y. The latter is a 1-type, and moreover (as the groupoid X//Y is finite) a homotopy finite
space; see [32]. O

Remark 69. As we can see from Subsubsection in the dual lattice decomposition to (X, L), the
(1,1, X, Y )-model reduces to the Kitaev model based on Y if X = {1}, [3, Lemma 2.6]. In the general
case the (1,1, X, Y)-model gives a groupoid version of the Kitaev model based on the groupoid X//Y.
We have additional edge operators, that do not exist in the original Kitaev model, that impose an
energy penalty on configurations outside X//Y’; see Remark The case when Y = {1} is just Potts
model on | X| (see [36][37, §1.1]), considering again the dual lattice.

40



5 Appendix (full calculations)

5.1 Proof of Proposition a class of examples of Hopf crossed modules

Proof. (Of Proposition [20))
Fe(Y) is a CG-module algebra and coalgebra.
We check the module algebra conditions, where ¢, € Fc(Y), and g € G:

(9> () () = (e¥) (g b y) = wlg ' e y) (g b y) = (9> ) (y) (9> 1) (y)
= ((gr @) (g>¥)) (),

and
(95 15ev) (¥) = Lo (97 B y) = 1T =c(9) 5. v) (1)
We check the module coalgebra conditions, where y, z € Y:

(A(g> @) (y,2) = (g> @) (yz) = (g > (y2) = (g7 py)g ' p2) = Alp) g ' py,g ' >2)
= ((g® g)> A9))(y, 2),

and e(g>¢) = (9> ¢)(1) = p(g~ ' > 1) = (1) = e().
Let us further explicitly verify the CG-linearity of the antipode:

(9> SN = w9 py) ™) =wlg by ") =S(g> @) v)-
Note that this also follows from Lemma [I7] together with the fact that CG is cocommutative.

Since CG is cocommutative (and hence the Yetter-Drinfeld condition () automatically holds), we
can thus form the crossed product Fc(Y) x CG, see Definition which is a Hopf algebra with
underlying vector space Fc(Y) ® CG, and the following multiplication and comultiplication:

(p®g)- (Y@ h):= (g >¢)®gh
Alp®g) = (p1)®9) ® (@) ®9).
Next, consider the tensor product Hopf algebra Fc(X) ® CE.

Fe(X) ® CE is a (Fc(Y) x CG)-module algebra and coalgebra.
For p g€ Fc(Y)®CG, {®e € Fe(X)®CE, recall

(pg)>(E®e)=p(1)(grf) @ (g>e),

where (g &)(x) := &(g~ ! >x) for x € X. This is indeed an (Fc(Y) x CG)-action, because:

(pegv(Wah)r(Eoe)=(peg)> 1) (hey) @ (h>e))
= (L)Y ()(g>(h>§))®(g>(h>e))
=o(Wp(g~ > 1)(g> (h> &) @ (9> (he))
= (plg>¥) @ gh)>(E®e)
((p®g) = (WO h))>(Ee).

Now we check the module algebra conditions, where p®g € Fc(Y)RCG and £®e, (®d € Fe(X)RCE:

(peg)r(Ee)((®d)=(rog)>(E®ed)

(1)(g> (£¢)) ® g > (ed)

(g &(g>¢) @ (g>e)(g>d)

(9> &) @ g>€))(9>€ (9> d))

( g>£ >e)) (pe)()(g> <) @ (9> d))
)(902)®9 K ®d),

Pa)

@
@
w1
= (i
(e
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and:

(p®@g)> (Ig.(x) ® 1E) = 9(1)(g> 15.(x)) @ (9> 1E) = 9(1)(15.x) @ 1r) = (¢ ® g)1g.(x) ® 1E.

Next we check the module coalgebra conditions, where ¢ ®g € Fc(Y)®CG and {é®e € Fe(X)RCE:

Allp g (E®e)) =A(p(1)(g> ) @ (gre))
=e(L)((gr &1y @ (g>e)) @ (9> &) ) ® (g>e))
=o(1)((g> ) @ (9> e) @ ((g> &) ® (g>e))
=) (D((g> &) ® (g e) ® o) (1)((g>Ew@) @ (9> €))

>e
((p1) @ 9) @ (p(2) ® 9)) > A(E @e)

and

e(lp@g)v(E@e)) = p(1)E(g™ > De(gre) = p(1)E(L) = e(p @ g)e(€ ®e).

Fc(X) @ CE satisfies the Yetter-Drinfeld condition i.e. (6)).
For this we have to check that

(1) ®9) @ (p2)®@g)> (E®e) = (pr) ®9) @ (pa)®@g)>(E®e)

holds for p ® g € Fc(Y) @ CG and £ ® e € Fe(X) ® CE. Indeed, it is easy to see that both sides of
the equation are equal to (p ® g) ® (&R g>e).

There is a Hopf algebra morphism 0 : Fc(X) ® CE — Fc(Y') x CG, where

8:Fc(X)® CE — Fe(Y) x CG,
f@er— ffE®0(e).

Let us check the above is a morphism of algebras. We have:

I((t@e)(¢®d)) =06 ®ed) = f*(£¢) @ A(ed) = (f*)(f*¢) @ A(e)d(d)
= (f*¢®0(e)) (f*¢®I(d)) =0 ®e) I @d),

where, in the penultimate step, we used the fact that 9(E) acts trivially on X. Also

INlgo(x) @ 1p) = fF(lgyx) @ I(1E) = lg.v) @ 1g.

Next we check that 0 is a morphism of coalgebras:

A ®e)) = ((fE)ay®@d(e) @ ((f*) @)y @ad(e) = ((€o fluy®a(e) @ ((§o fe) @)
TEOLE (£0)0 ) © () ® (€ 0 f) @ 0(e)) = DEy @ €) ® D€z @ )

and

e(0(§@e)) = &(f(1y))e(0(e)) = E(1x)e(e) = e(§ @e).

0:Fc(X)®@CE — F(Y) x CG satisfies the Peiffer conditions.
We check the first Peiffer condition. On the one hand we have, for y € Y,

I(p®g)>(E®e))(y) =p(1)d(gr &) @ gre)(y)
(&g~ e f(y)d(g>e)
(WEf(g e y))d(gre).

¥
¥

On the other hand we have

() ® 9)I(E @ e)S(p@) ®9)) (y) = ((pa) ® 9)(f*E @ (e)(1® g ") (S(pwe) ®1)) ()
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(g fro ®
((pay(gr> frE @
((py(g> frE) ® (g e))(S(p) @ 1))(y)
= (py(g> f€)(9(g>e) > S(p ())) (gre))(y)
ey W Ef (g7 > )@ ((B(gre)  by) (g e)
0

W ES (g > y)eey )algse)

)
e(WE(f(g™ > y))o(gre),
)

99(e)(1® g7 (S(p(e) ® 1))(y)
90(e)g™ )(S(wz))@l))(y)
0

—

*

=

where in (%) we use the assumption that im(0
this condition is used.
It is only left to check the second Peiffer condition: On the one hand we have, for z € X,

@€ @e)r((@d)@) = ((fEed()>((@d)()
=&(f(1)(9(e) > ¢ @ (e) > d) (x)
= €(1)¢(0(e) " b 2)A(e) > d

Y (1)¢(@)ale) > d.

where in (%) we use the assumption that im(0) acts trivially on X. On the other hand we have

(ny@e)C@d)S(Ee ®e))(z) = ((Eq)@e) C®d)(1®€ (S () ® 1)) ()
= (£1)CS(E2)) (x)ede™!

= (£1)¢S(€2)) ()d(e )

E(za )¢ (x)0 ()

£(1)¢(x)0(e) >

acts trivially on Y. In fact, this is the only place where

5.2 Commutativity of edge orientation reversals and base-point shifts with
vertex, edge and plaquette operators: some calculations

In this subsection, we sketch the rest of the proof of Proposition
Until the end of this paper, fix a compact oriented surface X, with a cell decomposition L, as in

Definition and a crossed module of Hopf algebras (A SH ,>).

5.2.1 Base-point shifts commute with vertex operators

Lemma 70. Let P € L? be any plaquette and let v € L° be any vertex with adjacent plaquette
Q. Denote by (V’)ZLQ for any h € H the vertex operator for the vertex v with respect to the cell
decomposition L', obtained from the given one L by shifting the base-point of P once in counterclockwise
direction around P. Then:

(V) goTd =Tf o Vg, for allh € H.
The analogous result holds for negative base-point shifts.

Proof. (Sketch ) First note that this clearly holds when v is not in the boundary of P, because then
(V’)U Q= V 'o- and VhQ and T3 have disjoint support. So suppose that v is in the boundary of P.

Let us prove only that (V')? v.Q oTI“;L = Ti Vv}f for the configuration in Figure @ This is representative
of the type of calculations required, and addresses all possible orientations of the edge along which we
shift the base-point.

To prove that (V' )ZQ oThH =Th o VhQ, we have, applying T after applying the vertex operator:

V1 @ U2 QU3 Qs ® X1 ® Xo
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€1 €4 v =vp
v = ”UPQ
Py

€3

Figure 9: Example case that vertex operators commute with base-point shifts: (V' )ZQ oT]JDr = T;; on}fQ
and (V/ )ZQ olp =Tp o V;JhQ The plaquettes P; and P = P, are based at v.

o
=% hiyor @ 028 (h)) ® hizyvs @ hayvs @ hisy > X1 @ h(g) > Xo

»T—;> (hyv1) 1y ® v25 (h(2)) ® h(zyvs @ h(ayvs @ hisy> X1 @ S((hayv1)(2)) he) > Xo
=T hay(v1) ) ® vaS (b)) @ hayvs ® hisyoa @ gy > X1 © S (hia) (1)) hiry > X
= (1)) ® 125 (h(s)) @ hiayvs @ hisyva ® b > X1 ® S((v1)(2)) S (h2) ) hry > Xo
Lemma Ty (01) 1) @ 028 (hiay) © hisyvs © hieyva ® by > X1 @ S((01)2)) S (hay ) sy > X

= h(l)(”l)(l) ® UQS(h(Q)) ® h(g)vg ® h(4)U4 &® h(5) >X1® S((’Ul)(Q)) > Xo.

On the other hand, applying the base-point shift before applying the vertex operator:

T+
V1 QU2 ®U3 @ vy ® X1 ® Xa — (01)(1) @2 ® vz @ vs © X1 ® S((v2)(2)) > X2
vk
b—)Q h(l)(vl)(l) & UQS(h(Q)) ® h(g)vg &® h(4)1)4 X h(5)X1 &® S(('Ul)@)) > Xo.

Note that the same argument would work if we had chosen a different plaquette ) to give us the
convention for the vertex operator: this only affects which edge we consider to be our initial edge, e,
and we would still be able to apply Lemma [T4]

For (V' )ZQ oT, =Tp o Vv}fQ, applying T, after applying the vertex operator, we get

v QU2 @ U3 @y QX1 ® Xo
Vvh
ﬂ h(l)vl ® UQS(h(Q)) & h(g)vg & h(4)v4 & h(5) >X1® h(ﬁ) > X9

5 by ® (228 (hey)) gy © hisyvs © hiayes © hisy b X1 © (18 (h2))) (9 ()6) > X2
= hyvr @ (v2) )8 (h(3) © hiayvs © hiyva @ hgy > X1 © (v2)(2)S (i) ) age) > X
Fmm Bl o1 @ (02)0) S (i) © hisyvs © heyos © hiry & X1 © (1) )8 (o) sy > Xo

= h1yv1 ® (v2)(1)S (h(2)) ® hz)vs @ hayvs ® by > X1 @ (v2)(2) > Xa.
This exactly what we get if we apply first the negative base-point shift, and then the vertex operator.

Again, the argument would still work if we have chosen a different plaquette @ to give us the convention
for the vertex operator. This choice only affects which edge we consider to be our initial edge, e;. [

5.2.2 Commutation relations between edge operators and base-point shift operators

We show now that base-point shifts commute with edge operators if the edge is not the one along
which we shift the base-point.

Lemma 71. Let e € L' be an edge and let P € L? be a plaquette adjacent to the edge e. We further
require that the base-point of P is not equal to the starting vertex of e if e is oriented counterclockwise
around P, and not equal to the target vertex of e if e is oriented clockwise around P. Then

T oE¢=FE'CoTyh  forallac€ A,
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where E'S denotes the edge operator of the edge e for the cell decomposition L' obtained from the given
one L by shifting the base-point of P once in counterclockwise direction. The analogous result holds for
negative base-point shifts.

Proof. We assume for the proof that P is the plaquette on the left of the edge e (with respect to the
orientations of e and of the underlying surface ¥), so that e is oriented in counterclockwise direction
around P. So the configuration is analogous to that in Figure 3] The calculations for the case that e
is oriented clockwise with respect to P can be done analogously.

Let us consider the edge operator E¢, a € A, for the edge e and the base-point shift operator T;
for the plaquette P. The condition that the base-point of P and the starting vertex of e differ is just
to say that we shift the base-point along an edge different from the edge e.

Denote by (e, ..., e¢) the (non-empty) set of edges in the boundary of P connecting the base-point
with the starting vertex of e in counterclockwise order. By applying edge orientation reversals where
necessary, since these commute with the plaquette operator and base-point shifts arising here (by

Proposition [48]), we may assume that the edges (e1,...,es) are oriented counterclockwise. Similarly,
let @ € L? be the plaquette on the right of e, and let (di,...,d,) be as in Definition Using edge
orientation reversals, we may assume that any edge in (dy,...,d,) is oriented clockwise around Q.

Using Definition [33] for the edge operator we calculate:
(TF 0 B2)(ve; ® Ve, @+ ® Ve, @ Ve @ 0y ® -+ QD va, ® Xp ® Xq)
= T ((ve) ) @ (ea) ) ® -+ ® (Ve )y © Daayve © (va)2) © -+ & (v, )2)

® ((Uel)(Q)(UeQ)(z) “(veg)(2) > (1)) Xp @ X ((vay) 1) - -~ (va, )1y & S(G(z))))

= (Ve)(1,1) ® (Vez) (1) @ + -+ @ (Ve ) (1) ® Dazyve @ (Vay )(2) @ - @ (v4,)(2)
@ S((ve)1.2)) (V) ) (Vea)2) -+ (v ) ) > a)) X )
® XQ((”dl)(l (vdr)(l S(a))
Amog = (Ver)(1,1) ® (Vey) (1) - ® (Vey) (1) @ Dazyve @ (Va,)(2) @ - @ (va,)(2)
® 5((ver) 1, )) > ( ((ver) @) (Vea) )+ (Veg)2) > a(l))) S((ver)(1,2)) () > Xp
®XQ((Ud1)(1) ~(va, )1y > Sa))
=(ve)(1,1) ® (Ve )(1) @+ @ (Ve, ) (1) ® 3a 3)Ve ® (Va,)(2) @+ @ (v4,) (2)

® S((vey)(1,2,2)) © (((vel)@)(v@)(z) e (Vey ) (2) B a(1))> S((ver)a,2,1)) > Xp
® Xq((vay) )+ (va,) 1y > Slag))
=(Vey ) (1) ® (Vep ) (1) @+ @ (Vep ) (1) ® Da(zyve @ (Vgy ) (2) @ - @ (va, )(2)
®5((ve)@) > (e ()= ()@ > aqr) ) S((wer)) o X
® XQ((”dl)(l) - (va,) 1) > S(ag))
=(Vey ) (1) ® (Vey) (1) ® * ++ ® (Ve ) (1) @ Da3)Ve ® (Vay ) (2) @+ + @ (v, ) (2)
® ((Uez)@) (Ve (2) NL(l)) S((ve) 2)) > Xp

® X ((va,) )~ (va,) 1) > S(ag))
= (E'eoTE) (vey ® Ve, @+ © Ve, ® Ve ® g, @ -+ @ g, ® Xp ® Xq).

The calculation proving the commutativity for the case where P lies to the right of e is analogous. [0

5.2.3 Base-point shifts commute with plaquette operators (for cocommutative elements)

Lemma 72. Let P and Q be any two (not necessarily distinct) plaquettes. Denote by (F')% for any
@ € H* the plaquette operator for the plaquette P with respect to the cell decomposition L' obtained
from L by shifting the base-point of QQ once in counterclockwise direction around (). Then:

(F")§ o Tg = Tg oFp,  for all cocommutative p € H*.
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The analogous results holds for negative base-points shifts.

In particular, putting ¢ = A, the Haar integral of H*, the equation above holds for the respective
plaquette projectors at P.

Proof. If P and @ are distinct and not adjacent, then the two maps have disjoint support in Hy, and
hence commute with each other.

Figure 10: Two particular cases of commutativity between plaquette operators and plaquette base-
point shifts. We will prove that Tg oFf =(F)po Tg and that T o Ff = (F)% o T5.

Let P and @ be distinct but adjacent to each other and let e € L' be the edge shared by the
boundaries of both plaquettes and assume that the base-point shift Tér shifts the base-point of @) along

e. (This is as in Figure ) Then the base-point shift Tg and any plaquette operator Fp, ¢ € H*,
for the adjacent plaquette P, commute with each other. Indeed, the two operators affect the tensor
factor H in Hp, associated with the edge e only by applying co-multiplication and then acting with the
additional resulting tensor factor of H on a copy of A associated with the two different plaquettes P
and Q. Due to Lemma [I4] these two operators thus commute with each other.

Now assume that P = @ and denote by (eq,...,ey,) the edges in the boundary of the plaquette P in
counterclockwise order starting at the base-point of P. Then for the transformed cell decomposition
L’ the edges in the boundary of the plaquette P in counterclockwise order starting at the base-point
of P are (eg,...,en,e1). By applying edge orientation reversals where necessary, we may assume that
the edges (eq,...,e,) are all oriented in counterclockwise direction around P.

Let ve, @ -+ ® v, € H®™ and X € A. We calculate, on the one hand:

(T 0 FE)(ve, @ -+ @ e, @ X)
=T ((ve) ) @ ® (e,) 1) @ X(2) @ ((Ver)2)+ (ve, ) ) (S 0 0)(X(1)))
= (ver)(1,1) @ (Vea) (1) @ -+ @ (e ) (1) ® S ((ver ) 1,2)) > X(2) @ ((Ver) @)+ (Ven)2) (S © D) (X))
= (Ver) (1) ® (Ves) (1) @+ @ (Ve ) (1) @ S ((ver)2) > X2) @ (ver)3) - (ven)2) (S 0 D) (X)) -
On the other hand, where we apply that S is an anti-coalgebra morphism without comment:
(FY6oTE) (ve, ® - @ ve, ® X)
= F%, ((vel)(l) ® - @ e, @S ((vey)(2)) P X)
= (Vey ) (1,1) ® (Ven) (1) ® - -+ @ (Ve ) 1) @ (S ((vey)2)) DX)(Q)
@ ((veg)(z) <+ (Ve ) (2) (Vey ) (1,2) (S ©0) ((S((”el)@)) > X)(1)>)
A mod. coalg. (Ver)(1,1) ® (Ve)(1) @+ @ (ve, )1y ® (S ((vey)21)) > X2y
(p((’l)e2)(2) o (Ven) (2) (Ue1>(1,2) (S00) (S((”el)(ﬂ)) > X(l))>
"L ()1 @ () 1) @ - @ (0e,) 1) @ (S((ver)21)) > X2
¢<(v€2)(2) - (Vey) (2) (Ver) (1,2) S((Vey ) (2,2,1)) (S © 9) (X (1)) (Uel)mz))
=(ver) (1) ® (Ve (1) @+ ® (Ver) (1) @ (S((ver)(3)) > X2
(p<(@eg)(2) o (Ve ) (2) (Vey ) @) S (Vey ) (ay) (S 0 9) (X (1)) (%)(5)))
Y-D

=" (Ver) 1) ® (Ve) (1) @+ ® (ve,, ) (1) @ (S((vey ) a)) > X(2)
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¢ cocomut.

(Ver) (1) ® (Ves) (1) @ -+ © (Ve ) 1) @ (S ((ve)(2)) B X2
()@ )y (v, ) (S0 ) (X)) ).

This shows that indeed (F')% o Tp = Tj o Ff for any cocommutative ¢ € H*. O

Remark 73. Now we know that base-point shifts commute with plaquette operators for cocommutative
elements of H*, in particular for the Haar integral A. Therefore base-point shifts preserve the subspace:

H% ;= im H Fp| CHp.
PelL?

We call ”H% the fake-flat subspace. In the full higher Kitaev model, this subspace coincides with the
subspace of the total Hilbert space spanned by the fake-flat configurations [7].

Let P be a plaquette. As mentioned before, moving the base-point vp of P around the boundary of
the plaquette P, to return to vp again, by using base-point shifts, does not in general yield the identity
in Hy. However this operation restricts to the identity over the subspace ’H%.

Lemma 74. Let P € L? be a plaquette. Let Tg : Hrp — Hp be the composition of successive
base-point shifts, moving the base-point counterclockwise once around the entire plaquette. Then:

®) .
Tp lyg=idyyg -

Proof. Let (eq,...,ey) be the edges in the boundary of P in counterclockwise order starting and ending
at its base-point. Assume that they are each oriented in counterclockwise direction, which we may by
applying edge orientation reversals where necessary. For v, ® - ®@ve, ® Xp € H®" ® A we then have

T (Ve ® -+ @ e, @ Xp)
= (Ve ) (1) @ - @ (Ve,) (1) @ (S((Ve,)(2)) -+ S((vey ) (2)) > Xp).

Now assume that (- ®@ve, ® - Q@ v, ®XpR-+-) € (- QH®" Q@ A®---) = Hy is a fake-flat state,
in particular (cf. the proof of Proposition :

(Ver)(1) @ -+ @ (Ve,, ) (1) @ (XP)(2) @ ((vey)(2)  ** (Ve )2)SO(XP) (1)) = Vey @ -+ R v, ® Xp @ 15

Then we see that for such a state we have:

Ty (Vey @ -+ ® ven ® Xp)
= (Vey) (1) (Ven ) (1) ® (S((Uen S((Uel)(z)) >Xp)
(’Uel) Uen ) ® (S((ve1 )( )) > Xp)
= (Vey) (1) (Ven ) (1) ® (5((%1 Ve, ) 2)05(Xp1))0(Xp2) 1) > (XP2)(2)

fake- ﬁ:atness Ve, ® -+ ® Ve, @ (S(a(XP>(1)) > (XP)(Q))
o

pf alg. map Ve, @+ @ Ve, ® S(Xp)(2)(Xp) @) (Xp))
antip.prop. Ve; @ ® Ve, @ Xp,

which proves the claim. O
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5.3 Commutation relations between vertex, edge and plaquette operators
5.3.1 Commutation relations among edge operators in the adequate case

Lemma 75. Let e; and ey € L' be two distinct edges. Then

1. If e1 and es are not edges of a common plaquette then:

Egl o B¢ = Eg2 o B¢} for any two ay,az € A. (18)

er’?

(For instance, this is the case on the left image in Figure . )

2. If e; and ey are edges in the boundary of a common plaquette, then, as long as the pair (e1,e2)
is adequate, then:

Ea1 o Ea2 = Ea2 o F*

e for any two cocommutative elements a1,as € A. (19)
(For instance, this is the case on the three middle images in Figure[11])
NB: if the pair (e, e2) is not adequate, vertex projects do not commmute in general.

Proof. The edge operators E¢! and E¢2 have intersecting supports only if they lie in the boundary of
a common plaquette, or if not, but there exists an edge e that lies simultaneously in the boundary of a
plaquette adjacent to e; and in the boundary of a plaquette adjacent to eq, see the left of Figure [I1]

NGRS IUA

adequate (i adequate (ii) adequate (iii) non-adequate

Figure 11: Different cases of commutatlwty, or non-commutativity, for non-adequate pairs, between
edge operators, along e; and es.

Let us start with the latter case. In this easier case, E¢! o Eg? = E¢2? o E¢!, regardless of a; and ag
being cocommutative or not. The supports of the two operators only mtersect at e. We now only need
to observe that if v € H is the value associated to edge e, then, using the Yetter-Drinfeld condition
@, given any m,n € A:

U(1,1) ® U(2) P M Q v(1,2) >N = V(2,1) @ V(2,2) > M & V(1) >N,
for the case when the edge e, in Figure [11|is oriented upwards, and, now using calculation ,
'1)(171) & S(’U(Q)) >m S(U(l’z)) >n = U(Z,l) ® S(U(sz)) >m & S(U(l)) >n

for when e is oriented downwards. We have now dealt with Item [ of the lemma.

Let us now deal with the case when e; and ey, lie in the boundary of a common plaquette P € L?,
but yet the configuration (e, e2) is adequate. We show in what follows that E¢! o Eg? = Eg2 o EZ! for
any cocommutative ay,as € A.

Up, dg

Py

P vp,

Figure 12: Configuration to prove E¢l o Eg2 = E¢2 o E¢l. We move vp,, vp to the initial point of e;.
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Denote by P; the other plaquette adjacent to e; and denote by P, the other plaquette adjacent to
e2. Given the requirement, in Definition that two different plaquettes have at most one edge in
common in their boundary, the plaquettes P, P; and P» are all different.

By applying base-point shifts that do not affect e; and ea (Lemma and exchanging e; and eg if
necessary, we may assume that the base-point of P is equal to the starting vertex of e;. This is a point
where the condition of adequacy comes in. Furthermore, we may assume that the base-point of P; is
equal to the starting vertex of e;, and that the base-point of P, is equal to the starting vertex of es.

For the explicit calculation of the commutation relations of edge operators, for adequate configura-
tions, it is convenient to distinguish the following cases, already marked in Figure [T}

(i
(ii

(iii) e; and ey are in opposite orientation to each other with respect to P.

) Both edges e; and ey are oriented counterclockwise with respect to P. This is as in Figure
)

Both edges e; and e are oriented clockwise with respect to P.

Let (di,...,dg) be the edges between e; and e (possibly none) in counterclockwise order around
P. By applying edge orientation reversals where necessary, we may assume that the edges (di,...,dx)
are all oriented in counterclockwise direction around P. Let ve, ® v, @ -+ ® Vg, @ Ve, € Hey @ Hg, ®
@ Hy, ® He, = H®¥#+2) and let Xp ® Xp, @ Xp, € Ap @ Ap, ® Ap,. For the edge operators E¢
and Eg;, if a € A is cocommutative, we then have:

(ES 0 B2 )(ve, ® vy, ® ++ ® g, ® Ve, ® Xp ® Xp,@Xp,)
= Eg; (8(a(3))vel Q@ Vgy ® - ® Vg, @ Vey ® a()Xp ® XplS(a(z))®Xp2)
= (9(ag)ve,) 1) @ (Va) (1) @ -+ @ (va,) 1) @ O(afs))ve,
® ((0(a))ve;) D) (vay )2 (vay, ) 2) > a/(l))a(l)Xp ® XplS(a@))@XpQS(a/@))
1) @+ ® (vg) 1) ® O(afs))ve,
(Ver)(2) (V) (2) - (vay ) 2)) B afy)) ay Xp @ Xpy S(a(2))@Xp,S(afy)

=" 9(a3)) (Ve (1) @ (Vay) 1) @ -+ @ (va ) 1) @ O(a(z))ve,
® ag) (((Uel)@) (vay)(2) -+ (va, ) (2)) > a'(1)> S(ags))aq)Xp ® Xp S(aw)®@Xp,S(ay)
C O Aa@)) (ver) 1) @ (vay) (1) @ -+ ® (va ) (1) © D(ag))ve,

® ags) (((vel)@) (vay)2) - (Udk)(2)) > a’(l)) S(awy)aEXp ® XplS(a(l))®Xp25(a’(2))
"L ) a2)) (Ve ) (1) @ (Vay) (1) ® - ® (v, ) 1) ® 9(a(s))ve,
® a) (((Uel)@) (vay) (@) -+ (Va, ) 2)) > al(l))XP ® Xp S(an))®Xp,S(ay)
SO Aag) (ver) 1) @ (vay) (1) @ -+ @ (va ) 1) © D(az))ve,
® aq) <((ve1)(3) (vay)(3) -~ (vay, ) (3)) > a'(1)>XP ® Xp,S(a() @ Xp,S(aly)
= (B2 0 EX)(vey ® ve, ® Xp @ Xp,@Xp,).
[(ii)} Here the calculation is as for

(iii); In this case, EZ and Eg; for any a,a’ € A act on the tensor factors Ap by multiplication from
opposite sides, and exactly the same in Ap, and Ap,. Hence EZ and Eg; commute, regardless of a
and a’ being cocommutative or not. Note that it is crucial that the configuration is adequate, so that
the action of E¢, does not affect the edges that are used to compute Eg;, and vice-versa. O

5.3.2 Commutation relations between vertex and edge operators

Lemma 76. Let v € L° be a vertex, with adjacent plaquette P € L?, and let e € L' be an edge. Then
for any h € H and a € A the following hold:
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h h
1. E, > oV, g) = szP ¢ if v is the starting vertex of e.
In particular, by Lemma m the vertex projector V, = VU p and edge projector E, = EA commute
with each other, where £ € H and A € A are the Haar integrals of the respective Hopf algebras.

2. E¢o Vh = Vhp o B¢, if v is not the starting vertex of e.

Proof. (Sketch.) Let P; and P; be the plaquettes on the left and right of the edge e with respect to
the orientations of ¥ and e. The supports of the corresponding vertex operator Vv’fp, where h € H,
and edge operator E?, where a € A, intersect only if v lies in the boundary of one of the two (or both)
plaquettes P; and P, adjacent to e. Some possible configurations are in figure [I3]

gpl UPQ' gP1 UP2'

P
v P1 1 2 v P2

es el Py Py
v v

P P
case (i) case (ii) case (iii)
Figure 13: Different configuration for commmutativity between edge and vertex operators. In all cases,
(i), (ii) and (iii), we shall move the base-points of P; and P» to the initial point of e, using
a path that does not pass by edge e.

[

We show the calculations for the particular cases of Figure Item [1] corresponds to case (i), and
Item [2| to cases (ii) and (iii).

Case (i): We move vp, and vp, to v, applying Items [5| and |§| of Proposition and make edges e; and
eg point away from v, applying Items [2] and [3] of Proposition [48 Let us show that if h € H and a € A

ha h(2 h
Ee() Vv;)—vv,PoEg-
We hayve:

(BED™0V,2) (e © ve © vy © Xp, © Xp,)
— BLO™ (higy ey ® higyve ® hiayve, @ his) > Xpy @ hgy > Xp,)
= h2)ve, ® I((h(1) > a)3))hE)ve @ hiayve,
® ((hay > a))) his) > Xpy @ hig) > Xp, S((har) > a)2)
= hyve, ® A(h(z) > az)))hs) Ve @ hig) Ve,

® (hqy > a)hin > Xp, @ his) > Xp, S (hez) > agz)
S4 H-lin.
- h(4)'Uel &® 8(h(3) > a(3)))h(5)ve &® h(ﬁ)UeQ

& (h(l) > a(l))h(7) >Xp ® h(g) > Xp, h(z) > S(a@)).
On the other hand,

(V2 poE2) (ve, ® ve ® ve, ® Xp, @ Xp,)
= V'p (vey ® D(a3))ve @ ve, @ a1y Xp, ® Xp,S(a(2))
= h(1yVe; @ h2)0(a(s))ve @ h(z)ve, @ hay > (ayXp) @ bz > (Xp,S(a)
= h1)Ve, ® h(2)0(a(3))ve @ h(3)Ve,
@ (hiay > aw) (hs) > Xey) @ (hie) > X)) (hery > Sag))
= h1yve; ® Ohz) > a(:a))h(s)“e © hig)vey
@ (hes) > a) (he) > Xen) @ (hery > Xpy) (s > S(ag).

We used the 1st Peiffer condition in the last step. The two expressions coincide, due to Lemma [T4]
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Case (ii) Here v is the end vertex of e, and again we move vp, and vp, to the initial point of e, and
make edges e; and ey point away from v. Let us show that if h € H and a € A

EloV)'p=V,'poEL
We have:
(Eg © v}fP) (Uel @ Ve @ Vey &@ XPl ® XP2) = Eg (h(l)vel @ Ues(h(Q)) ® h(3)v62 ® XP1 ® sz)
= h(l)ve1 ® a((l(g))veS(h(g)) ® h(3)1162 ® CL(1)XP1 &® XPZS(G(Q)).

On the other hand,

(VU}jPOEg) (’Ue1 X Ve @ Vey & )(131 & Xp2) = V;;]?P (’Uel X 8(@(3))@6 &) Vey & a(l)Xpl X XPQS(G(Q))

= h1yve, ® d(a(z))veS(h(2)) @ hzyve, @ ayXp, © Xp,S(a)).

These two trivially coincide.

Case (iii): Here v is neither the initial nor the end-point of e. We can move the base-points of P; and
of P5 to be the starting vertex of e (see above). Since v is not adjacent to e, the corresponding vertex
operator and edge operator have disjoint support and therefore clearly commute with each other. [

5.3.3 Commutation relations between edge and plaquette operators

Lemma 77. Let P € L? be a plaquette and let e € L' be an edge. If e is in the boundary of P, then
FfoE?=FE!oFf,  for all cocommutative a € A, and cocommutative p € H*.

Moreover, if additionally the starting vertex of e is the base-point of P, then

Fg(saa@-?-aa(l)) o

E® =EloFg,  foralac A pe HY,
if e is oriented counterclockwise around P, and if e is oriented clockwise around P,
FfoE! =E2oFf, foralae A pe H".
If e is not in the boundary of P, then
FioE!=FE!oFf, forallae A pe H".

Proof. We refer to Figure There are two types of situations in which the plaquette operators Fj
and the edge operators E¢ can have a non-trivially intersecting support. Either the edge e is in the
boundary of the plaquette P, this is case (i). Or it is not, but some edge in the path connecting the
base-point of a plaquette, say @), which is adjacent to the edge e, with the starting vertex of e lie in
the boundary of P. This is case (ii). We deal with the cases separately.

Q Q

vQ
case (i) vQ case (ii)

Figure 14: Two particular cases of commutation relations between edge and plaquette operators.

Case (ii): Let us refer to Figure Let us see why

FpoE! =E!oFj, forallac A ,pe H,
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and also, in order to treat other orientation conventions that:
FgoE;‘ :E}LOFg, forallae A,p € H*.
This follows from that given h € H,n € A, where h is the element of H associated to the edge c,

(h1)@) @ hey @ (hay) @y > n = (b)) @ (hz))@) @ ha) > 1,
(b)) @) @ S(hz) @ (hay)ay>n = (b)) @ S((hw))2) ® he)>n.

Case (i): Let us first assume that e is oriented in counterclockwise direction around P. We let @ be the
other plaquette adjacent to e. For now assume further that the starting vertex of e is the base-point
of P. Denote by (e = e1,...,e,) the edges in the boundary of P in counterclockwise order starting
and ending at the base-point of P. By applying edge orientation reversals where necessary, we may
assume that also the edges (e, ..., e,) are oriented in counterclockwise direction around P. Then for
Ve, @ ® Ve, ®XpRXg € He, @+ Q@He, @ Ap @ Ag = H®" @ A® A, the plaquette operator Fj;
for any ¢ € H* acts, according to Definition as

Fi(ve, ® - ®@ e, @ Xp ® Xq)
= (Vey)(1) ®@ -+ ® (Ve,) (1) ® (XP)(2) @ X @((vey)(2) -+ (Ve ) 205 (XP) (1)),

and the edge operator E? for any a € A acts, according to Definition as
Eg(vel R Q Ve, X XP ® XQ) = 8(a(3))vel & U(e2) QK- Ve,, ® a(l)Xp ® XQS(LI@)).

We calculate, also recalling that S = S~! when we apply the antipode property,

Sda(sgy-7-0
(Fz( a(g) 7-a(y)) oEa(Q))(Uel Q- D Ve, ®XP®XQ)

_ F o(S0as)-7-0a 1)) (a(a(4))U61 ® Vey @ -+ @ Ve, ® a)Xp ® XS (a )))
= (0a))ve ) 1) ® (ver) ) ® - ® (ve, )1y @ (a2 XP)(2) ® X@S(a(3)
(S 5)(6(a(4))vel)(2) (vez)(g)  (Ven) (2500 X P) 1) da(1))

)X

(
= 0(a5)) (Ve ) (1) © (vez) (1) ® (Ve ) (1) @ a3)(Xp)2) © XoS(acy))
(saa < (©) (Ve )2 <v62><2> (v, )2)50(Xp ><1 S5da(z)daq))
antipode prop. 3(&(3))('%1)(1) ® (Uez)(l) ® - (Uen) (Xp)(g) X XQS( a2 ))

@ ((vey)(2) (Vex) (2) - - (Uen)(Z)Sa(XP)(l))
= (E¢oFp)(ve, ® - ® e, @ Xp @ X).

For cocommutative elements a € A and p € H*, this implies that the operators commute:

Sdas)-7-0a 1))

° EZ(Q)

(700150
o B ¥ cocom Fg( a(1)S9az))

Elo Ff = F}f(

. ?7-0a(9)S0a
a cocom Fﬁ( (2) (1)) o E:(s) = Fg o Eg.

Next assume that e lies in the boundary of P, but the starting vertex of e is not equal to the base-
point of P. Then, since all edge operators at e commute with base-point shifts along edges other than
e, and the plaquette operators for cocommutative elements of H* commute with base-point shifts, see
Lemma [72] we may reduce the situation to the above situation where the starting vertex of e and the
base-point of P were the same, and we obtain:

Saa(g) 78(1(1))

F;.f( o E.®? = EloFf, foralla€ A, and cocommutative ¢ € H,

and, hence, for a € A and ¢ € H* both cocommutative we obtain again: F5 o E¢ = E% o Fj.
Finally, assume now that the edge e, in the boundary of P is oriented clockwise around P. This is
the situation for ¢’ in figure We again first consider the case where the starting vertex of e coincides
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with the base-point of P. Again by applying base-point shifts where necessary, we may assume that the
base-point of the other plaquette @, in Figure [14| denoted @’ adjacent to e is also equal to the starting
vertex of e. Denoting by (ey,...,e, = €) the edges in the boundary of P in counterclockwise order,
we may assume, by applying edge orientation reversals where necessary, that the edges (eq,...,ep—1)
are oriented counterclockwise around P, whereas e, = e is by assumption oriented clockwise around
P. Now a very similar calculation as the first one in this proof above will show that

FfoE=E!oFf, foralla € A,p € H*.
We calculate:

(F£ 0 BE) (v, @ - @ e, @ Xp @ Xq)
=Ff(Ve;, ® - @ e, , ® 0a3)ve,, ® XpSag) @ a()Xq)
= (Vey)(1) ® =+ ® (Ver_1) (1) ® (0a(3)Ve,, ) (2) @ (XPSaa))2) ® a1y Xq
©((vey)(2) -+ (Ven_1)(2)S(Bazyve, ) (1)SO(XpSac)) 1))

A alg. map

S anti-alg.ma
=5 (0e) 1y @+ @ (Ven_y ) (1) @ Vs (Ve, ) (2) @ (Xp)(2)Saga) @ a1y Xo

©((ver) )+ (Ven_1)(2)S Ve, ) (1S (Da(ay) D3 SO(Xp) 1))
Vey ) (1) @+ @ (Ve, 1) (1) @ Oa(z)(Ve, ) (2) ® (Xp)(2)5a(2) @ a1y Xq

©((ver) @)+ (Wen_1)(2)S (Ve, ) 1)SO(XP) (1))
= (EgoFg)('Uel X Q Ve, ®XP®XQ).

antipod.prop. (

Finally, for the case that the starting vertex of e and the base-point of P do not coincide, as above it
follows using base-point shifts that Fj; o E¢ = E? o F'f still holds for all cocommutative ¢ € H* and
all a € A. O

5.3.4 Commutation relations between vertex and plaquette operators

Lemma 78. Let P € L? be a plaquette and let v € L° be a vertex. If v is in the boundary of P, then

Ffo pr/ = VU{LP, o F5,  for all cocommutative h € H, and cocommutative p € H*,

where P' € L? may be any plaquette with base-point v.
If additionally v is the base-point of P, then

FEMOTIO) oyt _yh o FE forall he H,p € H.
If v is not in the boundary of P, then
FfoV)ip =VlpoFf, forallheH,peH"
Note that since h is cocommutative, the plaquette P’ has no effect in the conventions for Vv}fp/.

Proof. If v is not in the boundary of P, then the operators have disjoint support and therefore clearly
commute with each other as claimed. Let hence v be in the boundary of P.

Let us first assume that v is the base-point of P. Denote by (eq,...,e,) the edges in the boundary
of P in counterclockwise order starting at the base-point of P. By applying edge orientation reversals
where necessary we may assume that these edges are all oriented counterclockwise around P.

Let (f1,..., fr) be the edges incident to the vertex v in counterclockwise order starting and ending
at P. Note that e; = fi and fi = e,. By applying edge orientation reversals where necessary we may
assume that the edges fo, ..., fx—1 are oriented away from v. Let (Q1,..., Q) be the plaquettes which
have v as their base-points, such that Q1 = P. Let us calculate for (ve, ® -+ ® Ve, @Vf, ® -+ Q Vs, ) ®
(Xp®Xg, ® - ® Xg,) € HE"Th=2 @ A%

Sh(3y-7-h h
(Ff.f)( (3) <1))Vy$))(7)52®"'®Uen®Uf2®"‘®vfk®XP®XQ2®“'®XQ5)
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Shzy-7h
_ F]i( @ Thay) (%2 R ® Ve, , venS(h@)) ® h(g)% R ® h(k+1)Ufk

® h<k+2> > Xp @ hiki3)> XQe @ @ Rieporn) XQe)
= (Ves) (1) ® (Ven 1) (1) ® (Ve, S(h(2))) (1) @ hzyvp, @ -+ @ hayvp ., @ (hrg1)vs,) (1)
® (h(k+2) > XP)(2) ® hirt3) > XQo ® -+ @ hyer1) > X,
@ (Shirrer2)(Ps1yvs) 2) (Vey) 2) - -+ (Ve 1)(2)(vens(h(2)))(2)53(h(k+z) > Xp)wyha))
= (Vey) (1) @+ @ (Ve 1) (1) @ (Ve )(1)S (h(3)) @ hayvy, @+ -+ @ g1y, @ hrya)(vr) )
® hirts) > (XP)2) ® higro) > XQo @+ @ hipora) > X,
@ (Shirrersyhers) (Ve @) (Vey)2) - - (Ven_1) (@) (Ven ) 2)S (h(2)) SO(hegay > (XP) (1)) 1))

Y.-D.
=7 (Ves)(1) @ @ (Ven_1) (1) @ (Ve ) (1)S(hay) @ hsyvpy, @ -+ @ hgayvp,_y @ hirgs) (V) (1)
® hikts) > (XP)(2) ® higt6) > XQo @+ @ hpyoray > X,
@ (Shk+o5)Pe+a) (V) 2) (Vea) @) -+ (Ven_y) 2) (Ven ) 2)S (h3)) SO(h2) > (XP) (1)) (1))
Pf. 1

=" (Vea)(1) @ @ (Ve 1) (1) @ (Ve ) 1) S (hs)) @ Ry @ -+ @ higgsyvp,_, @ hipray(vp,) 1)
® higre) > (XP)(2) @ Ay > XQo ® -+ ® higyoys) > Xq,
@ (Shierereyhirrs) (Vf) @) (Ves) @) - - (Ve,, 1)(2)(Uen)(2)S<h(4))h(3)Sa(XP)(l)Sh(Z)h(l))
= (Vey) (1) @+ @ (Ve 1) (1) @ (Ve ) (1)S(h(1)) @ hayvy, @ -+ @ h_1yvy,_, @ by (vy,) )
® hgy2) > (XP)(2) @ hys) > X, ® - @ hgyoy1) > Xq,
@ (Shikrer2)hka1) (V5 2) (Ve ) 2) * * (Ven_1)(2) (Ve ) 2090 (XP) (1))
v (Vey) (1) @+ @ (Ve, 1) (1) @ (Ve )(1)S(h1)) @ hayvp, @ -+ @ h_1yvy,_, @ by (vp,) )
® h(1) > (XP)2) @ Mgy > X@y @ -+ @ by > X,
@ (Shipter2)hre41) (V1) @) (Ves) 2) -+ (Ven_1)(2) ('Uen)(Z)Sa(XP)(l))
= (Ve2) (1) @ @ (Ve,,_1 ) (1) ® (Ve ) (1)S(h(1)) @ h2yvs, @ -+ @ h_1yvpy_, ® higy (V) (1)
® h(1) > (XP)2) @ Mgy > Xy @ -+ @ hgeyp) > X,
@ (V) 2) (Wea) 2) -+ (Vep_1 ) (2) (Ve ) 2)SO(X P) (1))
= (VpFE) (e, @+ @ Ve, ® Vg, @+ @ vy, @ Xp® X, @+ ® Xq,),
proving the second relation in the statement of the lemma.

In particular, for cocommutative h € H and ¢ € H*, the relation just shown implies that the vertex
and plaquette operators commute:

(Shz)?ha)) o(?hyShs))

Fp

h(2) ¢ cocom.
P =

VlipoFg=F} oV,

v,

h
(2)
© Vv,P

h cocom. @(?-h2)Sh(1)) hizy h
= Fp oVop =LIpoVyp.

Finally, let v be different from the base-point of P. In this case, we may apply base-point shifts where
necessary, in order to reduce it to the previous case where v is the base-point of P, since plaquette
operators for cocommutative elements of H* and vertex operators commute with base-point shifts.
This proves the first relation in the statement of the lemma. O
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