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Abstract

Higher gauge theory is a higher order version of gauge theory that makes possible the definition of
2-dimensional holonomy along surfaces embedded in a manifold where a gauge 2-connection is present.
In this paper we study Hamiltonian models for discrete higher gauge theory on a lattice decomposition
of a manifold. We show that a construction for higher lattice gauge theory is well-defined, including in
particular a Hamiltonian for topological phases of matter in 341 dimensions. Our construction builds
upon the Kitaev quantum double model, replacing the finite gauge connection with a finite gauge 2-
group 2-connection. Our Hamiltonian higher lattice gauge theory model is defined on spatial manifolds
of arbitrary dimension presented by slightly combinatorialised CW-decompositions (2-lattice decomposi-
tions), whose 1-cells and 2-cells carry discrete 1-dimensional and 2-dimensional holonomy data. We prove
that the ground-state degeneracy of Hamiltonian higher lattice gauge theory is a topological invariant of
manifolds, coinciding with the number of homotopy classes of maps from the manifold to the classifying
space of the underlying gauge 2-group.

The operators of our Hamiltonian model are closely related to discrete 2-dimensional holonomy oper-
ators for discretised 2-connections on manifolds with a 2-lattice decomposition. We therefore address the
definition of discrete 2-dimensional holonomy for surfaces embedded in 2-lattices. Several results con-
cerning the well-definedness of discrete 2-dimensional holonomy, and its construction in a combinatorial
and algebraic topological setting are presented.

Keywords: Kitaev Model; topological phases in 34+1D; topological quantum computing; topological quan-
tum field theory; higher gauge theory; surface holonomy; crossed module; lattice gauge theory.

1 Introduction

In the absence of external symmetries, a topological phase of matter is characterised by a local, gapped,
quantum many-body Hamiltonian whose effective (infra-red) field theory is described by a topological quan-
tum field theory (TQFT) [36] 56, [73), [70]. A topological phase is therefore diffeomorphism invariant, and
thus insensitive to local perturbations in the sense that the amplitudes of physical processes are global
topological invariants. It is this latter property that makes topological phases of matter candidates for the
implementation of fault tolerant quantum computing [70] 58| [47, 56].
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Due to a lack of local observables, experimentally distinguishing different topological phases can be a
difficult task from a microscopic point of view. Instead the characterising properties of topological phases
are most efficiently described by their emergent behaviours. Signatures for the presence of topological order
include ground state degeneracies which depend on the spatial topology of the material in question [TT], 45],
universal negative corrections to the entanglement entropy [46, 39, [50] and the presence of stable topological
excitations which provide non-trivial representations of their respective motion groups [49] [43]. This means
the braid group for point particles (anyons) in 2+1D [56] and the loop braid group for loop excitations in
3+1D [6§].

In 241D there exist several constructions for TQFTs (see for instance [66]). Path-integral models arise
from Chern-Simons-Witten theory [75] and from BF theory [I], while the discrete realisation of BF-theory co-
incides with the Turaev-Viro [66] /Barrett-Westbury [6] state-sum (see [2]). In contrast, in 341D a framework
general enough to capture all features of 4D topology is still lacking [73]. Nevertheless, we have the Crane-
Yetter TQFT [25] [66] and its generalisations [73] [27]; and the Yetter homotopy 2-type TQFT [76] [61] [35],
derived from a strict finite 2-group [4]. All of these 341D TQFTs give rise to topological invariants which at
most depend on the homotopy 2-type, signature and spin-structure of space-time [66} [35], or are conjectured
to do so.

One successful approach to understanding candidate models for (d 4+ 1)D topological phases has been to
define Hamiltonian realisations of (d+1)D TQFTs [62,[73]. This means that a finite dimensional Hilbert space
V (M, L), and an exactly solvable (the sum of mutually commuting projectors) Hamiltonian Hy,: V(M, L) —
V (M, L) is assigned to each d-manifold M, with a given lattice decomposition L (e.g. L can be a triangulation
or a CW-decomposition of M). The constructions of both V(M, L) and Hy, should be local on L. To say
that such a Hamitonian schema [62] is a Hamiltonian realisation of the TQFT Z roughly means that given
a d-manifold M each ground state vector space GS(M, L) of Hy, is canonically isomorphic to Z(M). (In
particular this implies that the ground state degeneracy dim(GS(M, L)) does not depend on L and it is a
topological invariant of M.) In 2+1D, this Hamiltonian realisation approach has been successfully achieved
in the case of Dijkgraaf-Witten topological gauge theories |28, [47, 42} [69] and the Turaev-Viro TQFT,
giving rise to the so-called string-net models [51]. The Kitaev quantum-double model [47] can be seen as
a Hamiltonian realisation for the Dijkgraaf-Witten TQFT [28] with trivial cocycle and thus also for finite-
group BF-theory. Similar ideas were applied to the 3+1D Crane-Yetter TQFT [68] [67], giving rise to the
Walker-Wang model.

A Hamiltonian realisation of Yetter’s homotopy 2-type TQFT was constructed in [73] 23]. This is a
higher gauge theory version of Kitaev quantum-double model [47]. In this paper we continue to develop
these Hamiltonian higher gauge models for topological phases. We note that topological phases protected
by higher gauge symmetry are also proposed in [44].

Higher gauge theory [3], [5] is a generalisation of ordinary gauge theory with further levels of structure
and symmetry. A key feature of higher gauge theory is parallel transport along surfaces embedded in a
manifold where a gauge 2-connection is present [3, [l [34] [65]. In higher gauge theory, instead of local gauge
symmetry groups we have local gauge symmetry 2-groups [4, [3, [5], which in this paper will always be strict.
Strict 2-groups are higher order (categorified) notion of groups, thereby possessing one additional layer
of structure in comparison to groups. Strict 2-groups, recall, are equivalent to crossed modules of groups
G=(0:E— G,>) 22118 7, 4). Here 9: E — G is a map of groups and > is a left action of G on E
by automorphisms, satisfying some compatibility relations: the 1st and 2nd Peiffer relations. As in [34],
throughout the body of this paper, we will mainly use the language of crossed modules. This will facilitate
using algebraic topological techniques as developed e.g. in [I1] [13] — we will review these techniques here.

In this paper, completing the programme initiated in [23], we define an exactly solvable Hamiltonian
model for higher lattice gauge theory on manifolds M of any dimension, here called the “higher Kitaev
model”. This lifts Kitaev’s quantum-double model [47] for topological phases from finite group topological
gauge theory to finite 2-group topological higher gauge theory [38, 33]. Typically M will be a 3-dimensional
manifold, and the higher Kitaev model is proposed to be a model for (3+1)-dimensional topological phases
[68] 73], [69] 23| 67, [49], 24l [44. [52]. We prove that the ground state degeneracy of the higher Kitaev model
is a topological (in fact homotopy) invariant of manifolds. Specifically, we show that the ground state
degeneracy is given by the number of homotopy classes of maps from M to the classifying space of the
underlying gauge symmetry 2-group [I8| B5]; hence the ground state degeneracy is closely related [35] to
Yetter homotopy 2-type TQFT. (The precise relation appears in [23], where a proof that the higher Kitaev



model is a Hamiltonian realisation of Yetter homotopy 2-type TQFT is given.)

1.1 Higher lattices and higher lattice gauge theory

Our model utilises ideas from higher lattice gauge theory [59, [44]. Similarly to [47], we take lattice gauge
theory as the starting point (with its good connection to physical observation [74] [48]) and lift the structure
through the process of categorification. We thereby replace the gauge group with a gauge 2-group and a gauge
connection discretised on a lattice with a discretised higher gauge connection, here called a fake-flat 2-gauge
configuration. Therefore we enrich the local variables of lattice gauge theory (holonomies along edges) to
include non-abelian 2-dimensional holonomies along the faces of the lattice; recall again that 2-dimensional
holonomies feature prominently in higher gauge theory; see [5, [34, [3] [65].

The model constructed in this paper extends and formalises the proposal of [23] for a Hamiltonian
model for the Yetter homotopy 2-type TQFT [76], from triangulated manifolds to manifolds with a slightly
combinatorialised version of CW-decompositions (here called 2-lattice decompositions — see Definition 22I).
Hence a 2-lattice decomposition L represents a manifold M as a disjoint union of ¢-cells, where 7 is an arbitrary
non-negative integer, where each i-cell homeomorphic to the interior of the i-disk [0,1]°. As customary, O-
cells are called vertices, 1-cells are called edges, 2-cells are called faces (or plaquettes), and 3-cells are called
blobs. These 2-lattice decomposition are considerably less rigid than triangulations. Therefore using 2-lattice
decompositions of manifolds, as opposed to triangulations, to decompose a manifold into smaller pieces has
the advantage that fewer cells are needed to decompose a manifold, leading to microscopic Hilbert spaces of
much smaller rank. We illustrate this fact by describing two small models for discrete higher gauge theory
in the 3-sphere; see §5.1.5

Many constructions in this paper would still work if we use CW-complex decompositions of manifolds
rather than 2-lattice decomposition; however a lot of the combinatorial flavour presented in the final con-
struction of the Hamiltonian model would be lost. By using 2-lattice decompositions instead of triangulations
some combinatorics is taken away; therefore, despite the fact that our model is fully combinatorial, some
algebraic topology will be required in proving that the model is well-defined.

By passing from triangulations to 2-lattices, we hence demonstrate the internal consistency of the model
in [23], which tacitly assumed that discrete 2-dimensional holonomy of a discrete higher gauge field is well-
defined, for instance when proving in loc cit that the ground state degeneracy is a topological invariant
derived from Yetter TQFT, and as such that our model is a Hamiltonian realisation of Yetter TQFT.

Prominent in this paper is the concept of a fake-flat 2-gauge configuration in a 2-lattice, to be a discretised
model of a higher gauge field; as well as the construction of discrete 2-dimensional holonomy operators for
surfaces cellularly embedded in a 2-lattice. (Fake-flat 2-gauge configurations are in line with the framework for
higher lattice gauge theory of [59,35] and also appear in formal homotopy quantum field theory constructions;
see [60]). We carefully construct these discrete 2-dimensional holonomy operators, in an algebraic topological
(834) and in a combinatorial manner (§3.5), and, using algebraic topology, prove that this discrete 2-
dimensional holonomy is gauge invariant and independent of the way we combine the faces of a particular
CW-decomposition of the 2-sphere and of the 2-disk. These are results, of intrinsic interest. They provide a
combinatorial construction of the 2-dimensional holonomy of a higher order bundle, completing its differential
geometrical construction discussed for example in [5] [63] 34} [3].

In sections 2 B] and @] we lift the construction of ordinary lattice gauge theory to a higher setting, as
outlined in [23] [59]. Let us summarise the general procedure.

A gauge configuration of ordinary lattice gauge theory with gauge group G is given by a map from the
set of (by definition oriented) edges of the lattice into G. The well-definedness of lattice gauge theory can
be expressed by saying that there is a lattice groupoid supporting well-defined groupoid maps (here called
discrete parallel transport functors §3.0) to a gauge group any time a gauge configuration is given. The
‘lattice groupoid’ is a groupoid version of the free category over a graph (see for example [54] [41]) for a
suitable graph derived from the lattice. It is the freeness that makes discrete parallel transport functors
well-defined. A ‘suitable graph’ is (it is claimed) the 1-skeleton of a suitable CW-complex decomposition of
physical space. If we aim for topological field theory then in principle any sufficiently regular CW-complex
will do. Normally there is a notion of local structure — chunks of space that are independent of each other,
which collectively encode extended structure. In this sense, the ‘big story’ of lattice gauge theory is that the
free groupoid over a suitable lattice is an adequate model of physical space.



Our first task here is to construct a well-defined lift of these notions to the higher setting. The main tool is
the concept of a lattice 2-groupoid (to be a model of space in lattice higher gauge theory), which in this paper
is constructed in an algebraic topological language as the fundamental crossed module ITy (M2, M, M) (see
[11] and [I8, Chapter 6]) of a certain filtered space associated to a 2-lattice decomposition L of the manifold
M; see §3.31 We will make a very strong use of a freeness result for the lattice 2-groupoid, which essentially is
a classical freeness theorem of Whitehead [72] [10], transported to the groupoid setting by Brown and Higgins;
see [18] 6.8] and [13] 14} [15]. Whitehead’s theorem provides also an equivalent combinatorial definition of
the lattice 2-groupoid of (M, L), i.e. of a pair consisting of a manifold with a 2-lattice decomposition.

Let M be a manifold with a 2-lattice decomposition L. Given a crossed module G = (9: E — G,»),
representing the underlying gauge symmetry 2-group, a 2-gauge configuration is defined as a map assigning
an element of the group F to each (pointed and oriented) face of L and an element of G to each (oriented)
edge of L. Physically relevant configurations furthermore satisfy a certain compatibility condition — called
fake-flatness. This is a discretised version of the well-established fake-flatness condition for differential
geometrical 2-connections; see [3| [ [63] [34]. The term fake-flatness was seemingly first used in [9].

In analogy to lattice gauge theory, we prove that any fake-flat 2-gauge configuration F extends uniquely
to a crossed module map (called a discrete parallel transport 2-functor) from the lattice 2-groupoid of (M, L)
into the underlying gauge 2-group G = (0: E — G,>) (in the form of a crossed module); see §33 These
discrete parallel transport 2-functors are a discrete version of the differential-geometrical parallel transport
2-functors of [B] [63] B4]. Given an oriented 2-disk or 2-sphere ¥ embedded in M, as a subcomplex, and a
vertex (to be a base-point) v of 3, we can then combine the 1-dimensional and 2-dimensional holonomies of
the constituting pieces of X, and obtain an E-valued 2-dimensional holonomy Holz (F,%, L) of the fake-flat
2-gauge configuration F along 3. These are the 2-dimensional holonomy operators previously referred to.
By using some basic algebraic topology, and the fact that the oriented mapping class groups of the 2-sphere
and of the 2-disk both are trivial, we can then provide algebraic-topological and combinatorial descriptions of
Holi (F,%, L), and also show that the discrete 2-dimensional holonomy Holi (F,%, L) of F along ¥ depends
only on the base-point v (in a way controlled by the action of G on E) and on the surface orientation, and
not on any other data such as the order of multiplication of constituent 2-cells. This latter result does not
apply (in this form) to other surfaces since the mapping class group is then more complicated: in general an
isotopy class of embeddings is needed to define the 2-dimensional holonomy of a 2-gauge connection along
an embedded surface. For discussion see [34] 65].

Playing a prominent role in the construction of our model, we introduce gauge transformations between
fake-flat 2-gauge configurations. Gauge transformations initially come in two different types: vertex and
edge types. These correspond to the thin and fat gauge transformation of [33]. Vertex and edge gauge
transformations obey a semi-direct product structure, and can be assembled into a group of gauge operators,
which acts on the set of fake-flat 2-gauge configurations. This action is explicitly constructed using a double
category derived from the crossed module G = (9: E — G,») [15, [34], and ultimately originates from
a groupoid of fake-flat 2-gauge configurations and ‘full gauge transformations between them’, which we
will carefully construct in §£31 We prove in §£3.2 that gauge transformations preserve the 2-dimensional
holonomy of fake-flat 2-gauge configurations along cellularly embedded 2-spheres in M, up to acting by an
element of G.

As mentioned in the previous paragraph, a major underpinning construction is that of a groupoid of
fake-flat 2-gauge configurations and full gauge transformation between them §4.3] The latter groupoid can
be seen as a combinatorial description of a certain groupoid of crossed complex (a generalisation of crossed
modules) maps and their homotopies, which appeared in the work of Brown and Higgins on tensor products
and homotopies of crossed complexes; see [16] [I1]. This point of view will be essential when we discuss the
ground state degeneracy of the higher Kitaev model in §5.2

Let G = (0: E — G,>) be a crossed module, representing the underlying gauge symmetry 2-group. Let
L be a 2-lattice decomposition of M. A fake-flat 2-gauge configuration F in (M, L) is said to be 2-flat along
a cellularly embedded 2-sphere ¥ if the 2-dimensional holonomy Holﬁ (F,%,L) of F along X is the identity
element of E. This 2-flatness of F along a 2-sphere > C M is preserved by gauge transformations. A fake-flat
2-gauge configuration F in (M, L) is said to be 2-flat if it is 2-flat along the boundaries of all 3-cells of L.

A crucial fact that we will use in this paper is the following one, a consequence of the work of Brown
and Higgins [14], [15] [16, [I7]; a more recent reference by Brown, Higgins and Siviera is [I8, Chapters 9 and
11]. A 2-flat 2-gauge configuration F naturally yields a map fr: M — Bg, defined up to homotopy, from



M into the classifying space Bg of the crossed module G; classifying spaces of crossed modules are defined
in [I8] [17, [I1] and also [35, [30]. Moreover, by [17, THEOREM A] and [I8, Theorem 11.4.19], it follows that
given two 2-flat 2-gauge configurations F and F’, then fz, fz: M — Bg are homotopic if, and only if]
the 2-flat 2-gauge configurations F and F’ are connected by a full gauge transformation. These facts will
play a primary role in the proof that the ground state degeneracy of our model is a topological invariant of
manifolds M, counting the number of homotopy classes of maps from M into Bg; see §5.2

Overview of the paper

In Section 2], we recap and fix conventions for: crossed modules, fundamental crossed modules, CW-complexes
and 2-lattices, defined in §2.41 In section Bl we firstly define and discuss fake-flat 2-gauge configurations
(called “cellular formal C-maps” in [60]); see §3.21 In §3.3 we define the lattice 2-groupoid for a pair (M, L),
consisting of a manifold M with a 2-lattice decomposition L, and show how fake-flat 2-gauge configurations
give rise to 2-dimensional discrete parallel transport 2-functors, from the lattice 2-groupoid of (M, L) into the
gauge crossed module G. In §3.4] we give an algebraic topological definition of the 2-dimensional holonomy
of a fake-flat 2-gauge configuration along a 2-sphere and along a 2-disk. In §3.5] we give a combinatorial
definition of 2-dimensional holonomy along 2-disks and 2-spheres, and prove that the two definitions of
2-dimensional holonomy coincide.

In Section @] we discuss gauge transformations between fake-flat 2-gauge configurations defined on a 2-
lattice. In particular we define a group of gauge operators and prove that it acts on the set of fake-flat
2-gauge configurations in a way such that the 2-dimensional holonomy along cellularly embedded 2-spheres
is preserved. The underpinning groupoid of fake-flat 2-gauge configurations and full gauge transformations
between them is constructed in §4.31

In Section B we address a Hamiltonian model for higher lattice gauge theory on a pair (M, L), consisting
of a manifold M with 2-lattice decomposition L. This will be our proposal for a higher gauge theory version
of Kitaev quantum-double model for topological phases: the higher Kitaev model. The underlying Hilbert
space of our model is the free vector space on the set of all fake-flat 2-gauge configurations, and hence
coincides with the Hilbert space in [23] for triangulated manifolds. In §5.1] we explicitly construct the higher
Kitaev model, and give detailed description of all operators involved. In §5.1.3] we define the local operator
algebra. The Hamiltonian §5.1.4] for the higher Kitaev model is a sum of three mutually commuting terms.
We have two sums over 1-cells and 2-cells, respectively, constructed by using the action of the group of gauge
operators, which impose higher gauge invariance along gauge transformations of vertex and edge types; and
one sum over 3-cells, imposing 2-flatness along their boundary 2-sphere. A comparison with the Kitaev
model is done in §5. 1.6

In §5.2lwe show that the dimension of the ground state of the higher Kitaev model is given by the number
of homotopy classes of maps from the space manifold M to the classifying space of the gauge crossed module
G and therefore ground state degeneracy is a topological (in fact homotopy) invariant of M. (At this point
we needed again to appeal to some basic algebraic topology for crossed modules and crossed complexes as
given in [I8, B0, B5].) This ground state degeneracy can be proven to coincide with Yetter’s invariant on
M x St (the level D invariant of the TQFT); see [23] for a proof of this fact.
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2 Preliminaries on crossed modules, CW-complexes and 2-lattices

As mentioned in the Introduction, in higher gauge theory, instead of gauge symmetry groups we have gauge
symmetry 2-groups [3} B], which in this paper will always be strict. It is well-known that the category of
strict 2-groups is equivalent to the category of crossed modules of groups; see e.g. [I8| §2.5] and [4) [7], [22].
Throughout the body of this paper, only crossed modules will be mentioned. Using the language of crossed
modules facilitates the use of homotopy theoretical techniques, as developed in [11} 13| [16, 18, [17], of which
we will take advantage here. Higher gauge theory formalised by using crossed modules appears in [34].

In §3.2] we give the key definition of a fake-flat 2-gauge configuration on a 2-lattice decomposition of a
manifold. This makes extensive use of crossed modules; we assemble some fundamental definitions in §2.1]
and §221 Then in §2.3 we recall some facts about CW-complexes which we will need in §2.4] for defining
2-lattice decompositions of manifolds.

Remark 1. In this paper we will use bd(M) to denote the boundary of a manifold M. (We avoid the
common notation dM, in order not to overuse the symbol 9, which appears in several other contexts.)



2.1 Crossed modules (of groups and of groupoids)

Crossed modules of groups are discussed in [, 111, B0]. Crossed modules of groupoids, discussed extensively
in this paper, appear in [I8, §6.2] and [I1} B85, 19]. Crossed modules of groups and groupoids can be used
for formalising 2-dimensional (2D) notions of holonomy (surface holonomy), in the same way that groups
appear in the formulation of the holonomy of a connection in a principal bundle.

Definition 2 (Crossed modules of groups; Peiffer relations). Let F and G be groups. A crossed module
G = (0: E — G,p) of groups is given by a group map 9: E — G, together with a left action > of G on E by
automorphisms, such that the relations below, called Peiffer relations, hold for each g € G and e, ¢’ € E:

1st Peiffer relation d(g>e)=gde)g™?, (1)
2nd Peiffer relation ~ 9(e)>e’ = ee’e™ . (2)

Example 3. The crossed module G = G3o := (9 : Z§ — Z5,>), where Z3 = {0, 1,2} is the additive group
of integers modulo 3 and Z5 = {£1} acts on Z3 as z2>e = ze. The boundary map 9 sends everything to +1.

Example 4 (From groups to crossed modules I). Given a group G, let Aut(G) be the group of automorphisms
of G. Clearly Aut(G) acts in G by automorphisms as f>g = f(g), for each f € Aut(G) and each g € G. Let
Ad: G — Aut(G) be the morphism that sends g € G to the inner automorphism Ad,: z € G — gzg~! € G,
obtained by conjugating by ¢g. Then AUT (G) = (Ad: G — Aut(G),>) is a crossed module.

Example 5 (From groups to crossed modules II). If G is a group, then ({1} — G) and (id: G — G, Ad),
where Ad is the adjoint action, are crossed modules. If G is abelian then (G — {1}) is also a crossed module.

Let us now discuss crossed modules of groupoids. Let G = (o,7: G1 — Gy) denote a groupoid [41], IT]
with set of objects Gg; set of morphisms (G1; and source and target maps o,7: G; — Go. We represent the
morphisms y € Gy as a 4 b. Thus o(y) = a and b = 7(v). Given a,b € Gy, the set of morphisms a — b is
hom(a,b) = {y € G1: o(y) = a and 7(v) = b}. The composition map in G yields for each triple (a,b,c) of
objects a map o: hom(a,b) x hom(b, ¢) — hom(a, ¢), which we represent as (notice composition order):

(alb) o (b e) = (a2 0).

A totally intransitive groupoid E is a groupoid of the form E = (8,0: E1 — Ep). (Thus source and
target maps coincide.) Given = € Ey, we let Aut(z) = {e € E; : f(e) = x}, which is a group. And then E
is isomorphic to the totally intransitive groupoid given by U,c g, Aut(x), with the obvious composition and
map [: Uzer, Aut(z) — Ey. Hence a totally intransitive groupoid can be seen as a disjoint union of groups.

A left groupoid action > [I1], [19], by automorphisms, of the groupoid G = (o,7: G; — C) on E =
(8,8: E1 — C), a totally intransitive groupoid with the same set of objects as G, is given by a set map:

(ve) €{(7,€') € G1 x Ex:7(y) = B(e')} — y>e € By,

such that whenever compositions and actions are well-defined:

Bly>e) =a(y), ()pe=v>(y >e) and V> (ee)) = (yre)(y>e).

Definition 6 (Crossed module of groupoids). Let E and G be groupoids with the same object set, with E
totally intransitive. A crossed module of groupoids G = (0: E — G, ) is given by a groupoid map 0: E — G,
which is the identity on objects, together with a left action of G on E, by automorphisms, such that the
Peiffer relations ([I2]) are satisfied, whenever actions and compositions make sense. (Full equations are in
[19].)

Given G = (0: E — G,1), we call E the top groupoid of G and G the underlying groupoid of G.

Definition 7 (Crossed module map). A map (¢, ¢): (0: E — G,>) — (9: B/ — G’,p) of crossed modules
of groupoids is given by two groupoid maps 1: E — E’ and ¢: G — G’, which are compatible with actions
and boundary maps in the obvious way. (Full equations are in [35], §1.1.1].)

Since groups can be considered to be groupoids with a single object, we will see group crossed modules
as particular cases of crossed modules of groupoids.



2.2 Example: the fundamental crossed module of a triple of spaces

The main example of a crossed module of groupoids is a topological one crucial to our construction. Our main
references are [I8] §2.1, §2.2 and §6] and [11]. We will need to review some algebraic topology definitions.

Definition 8. (See e.g. [26, p.17] and [I8] [I1].) Let Y be a locally path-connected space, and C C Y any
subset (in this paper C will always be finite). The fundamental groupoid of Y, with object set C, denoted
m1 (Y, C), is as follows. The set of objects of w1 (Y, C) is C. Given ¢,d € C, the set of morphism hom(c, d) is
the set of equivalence classes of paths v: [0,1] — Y, such that v(0) = ¢ and (1) = d, where two paths ¢ — d
are equivalent if they are homotopic in Y, relative to the end-points (i.e. end-points remain stable during the
homotopy). The composition in 71 (Y, C) is given by concatenation (and rescaling) of representative paths.

If v is a path in Y, the equivalence class to which it belongs in 71 (Y, C) is denoted by [y]. A morphism

in 71 (Y, C) from ¢ to d is denoted as ¢ b, d or simply by ¢ 2, d if no ambiguity arises.

Remark 9. Let ¢ € C. The group of morphisms ¢ — ¢ in the groupoid m (Y, C) is exactly the fundamental
group 71 (Y, ¢). Let S' = bd([0,1]?), with a base point * at (0,0); recall Rem. [l Morphisms ¢ — ¢ hence
can equivalently be seen as pointed homotopy classes of maps (S!,*) — (Y, ¢).

Relative homotopy groups, including 72(X, Y, ¢), of pointed pairs of spaces (¢ being the base-point) are
classical in homotopy theory and are defined e.g. in [40}, p.343]. In this paper, we will use relative homotopy
groupoids m2(X,Y,C), with a set C' C Y of base-points; see [I8 §1.6, §6.2 and §6.3]. These are totally
intransitive groupoids built as m2 (X, Y, C) = Uceem2(X, Y, ¢). Let us give a quick review.

Definition 10 (The totally intransitive groupoid m2(X,Y,C)). Let X be a locally path-connected space.
Let Y C X be a locally path-connected subspace of X. Choose a subset C of Y. In this paper, C' will always
intersect non-trivially each path-component of X and of Y. For each ¢ € C, consider the relative homotopy
group m2(X,Y,c). This group is made out of homotopy classes of maps I': [0,1]> — X such that:

L. T(([0,1] x {0}) U ({0,1} x [0,1])) = {c},
r(o,1] x {1}) c Y.

Specifically, two such maps I', T”: [0, 1] — X are said to be homotopic if there exists a homotopy J: [0,1]3 —

X, connecting T and I”, such that for all u € [0,1] the slice of J at u, namely (¢, s) — J,(¢t,s) = J(¢, s, u),
satisfies the properties 1 and 2. The multiplication in 73 (X, Y, ¢) is through horizontal juxtaposition of maps
[0,1]2 — X, followed by rescaling in the horizontal direction.
We can thus define a totally intransitive groupoid m2(X,Y,C) = |_| m2(X,Y, ¢), with set of objects C.
ceC

Let (X,Y,C) be as in Def. The elements [['] € m2(X, Y, ¢), or simply T' € m2(X, Y, ¢), if no confusion
arises, are visualised as:

c—0(I)=c.
F:% r Jf

Let ¢ € C. As indicated by the diagram above, if we restrict a I' € m2(X, Y, ¢) to the top of the square [0, 1),
this gives rise to an element 9(I") € m1(Y, ¢). This yields a group map 9: m(X,Y, ¢) — m1(Y, ¢). Putting all
of these group maps together, yields a groupoid map 9: m2(X,Y,C) — (Y, C), which is the identity on
objects. We also have an action of the groupoid 71 (Y, C) on the totally intransitive groupoid m2(X,Y,C),
as indicated in figure[ll Details are in [I8, §2.2 and §6.1] and (in the pointed case) [40, pp 355].
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Figure 1: The action of an element v € 71 (Y, C), with v(0) =d and y(1) =con a ' € m(X,Y, ).

Theorem 11. (JHC Whitehead, [18, §2.2, §6] and [T1,[13]) Let (X,Y,C) be a triple of spaces, as in Def. [I0
Considering the natural action > of the groupoid w1 (Y, C) on the totally intransitive groupoid w2(X,Y,C), and
the boundary map 0: m2(X,Y,C) — 71 (Y, C), we have a crossed module of groupoids, called the fundamental
crossed module of (X,Y,C). The fundamental crossed module of (X,Y,C) is denoted as:

IL(X,Y,C) = (0: m(X,Y,C) — m(Y,C),p).

Remark 12. Let (X,Y) be a pair of spaces and ¢ € Y. Recall that the underlying set of the group
72(X, Y, c) can also be defined as the set of all maps f: [0,1]> — X, such that f(x) = ¢, where * = (0,0),
and f(bd[0,1]?) C Y, up to a homotopy H: (z,t) € [0,1]> x [0,1] — fi(x) € X, such that, for each ¢,
fi(¥) = c and f;(bd[0,1]?) C Y. The boundary map 9: mo(X,Y,z) — 71(Y,c) is obtained by restricting f
to bd([0,1]?); see Rem.

Analogously [40, Chapter IV], the underlying set of the relative homotopy group 73(X, Y, ¢) can be defined
as the set of all maps f: [0,1]> — X such that f(x) = ¢, where * = (0,0,0), and f(bd[0,1]?) C Y, up to a
homotopy H: (x,t) € [0,1]® x [0,1] — fi(z) € X such that, for each ¢, f;(x) = ¢ and f;(bd[0,1]®) C Y. We
also have a boundary map 9: m3(X,Y, c¢) — ma(Y, ¢) obtained by restricting f to bd([0, 1]3).

Example 13 (The fundamental crossed module of the disk). Let D? = [0,1]? and S = bd(D?). Let
v € S' be any point. Then IIy(D?, S, v) = (id: Z — Z,1), where a>b = b, for each a,b € Z. To see this,
look at the end of the homotopy long exact sequence of (D?,S1,v); see e.g. [40, Chapter IV]. This yields

{0} =2 7o(D?,v) — ma(D?, S, v) LA 1 (St v) 2 Z — 7 (D?,v) = {1}. Details are in e.g. [30].

2.3 CW-complexes
Let D™ denote the closed n-disk in the form D™ = [0,1]™. The open n-disk is int(D™) = (0,1)". Also put:

bd(D") = S"' = D™\ int(D")

— the boundary of the n-disk. Let N={0,1,2,...}.
Let us briefly review the definition of CW-complexes [40, Appendix], [37] and [53]. We will use the
definition given in [40, Prop A2] and [563, Chapter IT].

Definition 14 (CW-complex). A CW-complex (X, {¢l}ocrn nen) is a Hausdorff topological space X, a
collection of sets L, L', L?, ..., and, for each n € N, a family of continuous maps {¢": D" — X },crn (the
‘characteristic maps of the closed n-cells’) satisfying conditions 1,2,3 and 4, below.

Let the set ¢! = ¢ (int(D™)) C X. It is called an open cell of dimension n, and is given the induced topology.
Put ¢? = ¢7(D™) C X. It is called a closed cell of dimension n, and is given the induced topology. Put
bd(c?) = ¢7(bd(D™)) C X. It is called the boundary of ¢?. (Note that ¢? need not be a 9-manifold, hence
bd(c?) might not be a manifold boundary, though this will be imposed when we define 2-lattices.) Then:

1. Each characteristic map ¢: D" — X restricts to a homeomorphism int(D") — ¢7(int(D™)) C X.

2. The open cells ¢ where n € N and a € L™, form a partition of X. (Le. they are pairwise disjoint and
their union is X.)

3. Each bd(c?) is contained in the union of a finite number of open cells of dimension < n.



4. A set F C X is closed if, and only if, (¢")"(F) is closed in D", for each n € N and each a € L.

A CW-complex is called finite if L™ is finite for each n € N and L™ = ) for all but a finite subset of n € N.
We write X for (X, {¢0}acrn nen). The data {¢l: D™ — X }aern nen is called a CW-decomposition of X.

Definition 15 (Subcomplex). (See [40, p. 520]) A subcomplex of a CW-complex (X, {¢7}acrr nen) is a
subspace A C X which is the union of open cells of X, such that the closure in X of each of these open cells
is contained in A.

A subcomplg A can be made into a CW-complex (A, {%L}beLz,neN)v where for each n € N, we put
L% ={ce L": ¢ C A}. (For a proof see e.g. [40, p. 520].)

Definition 16 (CW-pair. CW-decomposition of pairs). A CW-pair [40, p. 7] is a pair of spaces (X,Y) where
X has a CW-decomposition and Y is the underlying space of a subcomplex of X. Such CW-decompositions
of X will be called CW-decompositions of (X,Y).

Definition 17. The n-skeleton X" of a CW-complex X is the subspace given by the union of all the
open cells of dimensions < n, with the induced topology. Note that X™ is a subcomplex of X, hence a
CW-complex.

Remark 18 (CW-complexes: properties and nomenclature). For proofs see e.g. [40, Appendix] and [53] [37].

e Condition 4. of the definition of a CW-complex is redundant if X has only a finite number of cells; see
[40, p. 521]. (Essentially this follows since a finite union of closed sets is always closed). In this paper
we will only deal with finite CW-complexes, so condition 4. of Def. [[4] will not be mentioned again.

e Cf. [53, p. 6], as the notation suggests, the closed cell ¢ C X is the closure in X of the open cell ¢

e The attaching map of each closed n-cell ¢? is the restriction of ¢7: D™ — X to bd(D™), namely:
Y™ bd(D™) — bd(c?) c X" ! C X.

The underlying topological space of the n-skeleton X™ of X is homeomorphic to the space obtained
from X"~! by attaching Uscr»D™ to it, along the attaching maps of the closed n-cells.

Definition 19 (Cellular map). Given CW-complexes X and Y, a map f: X — Y is called cellular if
f(X™ cY™ forallneN.

Definition 20 (Abstract cells). If (X, {#} tacrn nen) is a CW-complex, we call L™ the set of abstract n-cells.

Abstract n-cells are in one-to-one correspondence with open n-cells and with closed n-cells. If a is an abstract
n-cell, the closed and open n-cells it corresponds to are (respectively) ¢? = ¢7(D™) and ¢ = ¢ (int(D")).

Remark 21 ((Geometric) vertices, edges, plaquettes (or faces), and blobs). Abstract 0, 1, 2 and 3-cells of
a CW-complex will sometimes be called called vertices, edges, plaquettes (or faces), and blobs, respectively.
Closed 0, 1, 2 and 3-cells will sometimes be called geometric vertices, geometric edges, geometric plaquettes
(or faces), and geometric blobs.

2.4 2-lattices

Simplicial complexes give rise to CW-complexes; but simplicial complexes are very rigid, therefore a large

number of simplices is usually required to triangulate a manifold. CW-complexes allow for the decomposition

of a manifold into fewer cells; however they are too general for our purposes, since the attaching maps of the

closed cells can be highly singular, making it harder to use CW-complexes in combinatorial frameworks. In

order to simplify our discussion later, we will consider CW-complexes which are 2-lattices, defined below.
If S™ = bd(D"*1) is the n-sphere, the base-point x of it is defined to be x = (0,...,0).
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Definition 22 (2-lattices. Base point of a cell). Let M be a topological manifold, with a CW-complex
decomposition Ay = (M, {¢2 }acrn nen). This Apy is called a 2-lattice for M if, for each n € N and each
n-cell a € L™:

(1) A CW-decomposition Z, of S"~1 = bd(D") is given for which the base-point * = (0,...,0) is a 0-cell,
and such that the attaching map ¢™: S"~1 — M™~! of the corresponding closed n-cell ¢? is cellular. (Note
that in particular (1) implies that ¢ (%) = z, is a closed 0-cell of M, for each a € L™ and each n € N. The
image ¥ (x) = z, is called the base-point of the closed n-cell ¢7.)

(2) One of the following two conditions holds:

e The attaching map ¥7: S"~1 — M"™~! of the corresponding n-cell ¢? is constant.

e The attaching map ¥": S"~! — M"~! of the corresponding n-cell ¢? is an embedding (i.e. it is a
homeomorphism onto its image). Moreover, for each closed i-cell ¢ of Z,, it holds that 7 (c) is a closed
i-cell ¢, of M, and the restriction of ¢7: S"~1 — M"~! to ¢ is a homeomorphism ¢ — cy,.

(3) If b € L3, we impose that the attaching map wlf’: 52 — M? of the closed 3-cell % is an embedding and
furthermore that the boundary 7 (S?) = bd(c}) of the 3-cell ¢} is a subcomplex of M?2.

The space M is then said to have a 2-lattice decomposition.
A 2-lattice (M, {@! }acLn nen) will usually be denoted as (M, L), or (M, L= (L°L%Y... ))

Remark 23. In practice, when defining a particular 2-lattice decomposition of M, normally only the closed
n-cells will be made explicit, as it will always be clear that, for each n-cell a, an attaching map ¢?: S~ ! —
M"~! can be found which is cellular by using a suitable CW-decomposition of the (n — 1)-sphere. This does
not fully determine a CW-decomposition, as some ambiguity rests on the actual characteristic maps of the
n-cells. However the topological space M, all closed cells, all i-skeletons M?, and hence the crossed modules
Mo (M, MY, MO) and TIo (M2, M*, M°) will be defined with no ambiguity. This is all we need for this paper.

Remark 24 (Lax 2-lattice). A CW-complex satisfying only (1) of the definition of 2-lattices is called a
lax-2-lattice. All combinatorial constructions in this paper are still true for lax-2-lattices, with the obvious
modifications. In particular, the combinatorial construction of the 2-dimensional holonomy operators in §3.5]
remains almost unaltered. The only issue is that the description of edge and vertex gauge spikes in §5.1.1]
then requires a lot more cases, especially when it comes to edge operators.

Remark 25. Let Y be a subcomplex of a CW-complex X. If X is a 2-lattice then clearly so is Y.

Example 26. Evidently, 1-dimensional CW-complexes are always 2-lattices. The circle {z € C: |z| = 1}
can be given a 2-lattice decomposition with two vertices (i.e. 0-cells) at z = +1 and closed 1-cells at
{z€C: |2| =1AS%(2) >0} and {z € C: |z] = 1 A 3(2) < 0}. Here 3(z) denotes the imaginary part of z.

Example 27. An example of a CW-complex which cannot be made into a 2-lattice is given by attaching
D? =[0,1)2 to {z € C: |z| = 1} along (x,y) € bd(D?) — exp(z2misin(27/x)), prolonged by continuity to
bd(D?) N {x = 0}. This is the type of singular attaching maps we want to avoid by restricting to 2-lattices.

Example 28. Consider the 2-sphere S? = bd(D?), with the CW-decomposition arising from the polyhedral
structure of D? = [0,1]%. Let Y be the space obtained from S? by attaching D3 along ¢: S? — S? defined
as:

(x,y,2)if z>1/2

Ly, 2) € bd(D?) ¥
(@y,2) ( )'—){(I,y,l—z)ifzgl/Q

This CW-decomposition of Y is not a 2-lattice since the attaching map of its unique 3-cell is not an embed-
ding.

Example 29 (Two 2-lattice decompositions of the 3-sphere S®). Let us in this example model the 2- and
3-spheres as being S? = {z € R3: |z| = 1} and S® = {z € R*: |z| = 1}. The following are two 2-lattice
decompositions of the 3-sphere.

(S3,Lg): We consider the 3-sphere S with the globe decomposition Ly = ({v}, {t},{P, P'},{b,b'}) as
follows. We firstly consider a CW-decomposition L of S? with a unique closed 0-cell v at the point of zero
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latitude and longitude, and a unique closed 1-cell ¢ making the equator, oriented eastwards. We have two
closed 2-cells, P, P, one for each hemisphere, attaching along the equator (oriented eastwards). See Fig. 21

Figure 2: A 2-lattice decomposition L of the 2-sphere S2.

To get from S? to S2 we now need to add two additional 3-cells b, b’ attaching on each side of the 2-sphere.

(83, Lg): We can choose an even simpler 2-lattice decomposition Lo of S3, having unique 0- and 2-cells
(resulting in S?), and two 3-cells b and ', as above, attaching along each side of the 2-sphere.

Definition 30 (Notation: dr(P) and 9 (b)). Let (M, L) be a 2-lattice. Let P € L? be a geometric 2-cell
(i.e. plaquette; Def. 2I). Let ¢%: bd(D?) — M! be the attaching map of the corresponding closed 2-cell

¢% (i.e. geometric plaquette). By definition, * = (0,0) € S* and ¢%(*) is a closed O-cell zp of M. Hence

¥?% is a pointed map (St %) — (M!,zp). Passing to the pointed homotopy class of ¥%: (S, x) — (M', zp)
yields an element 0, (P) € m (M, xp) C m(M?', M°); cf. Rem. @l Here C means inclusion of a groupoid
into another.

Analogously, if b € L3 is a blob (i.e. an abstract 3-cell), then the attaching map 3 : S = bd([0,1]?) —
M? of the corresponding closed 3-cell ¢§ (geometric blob) sends the base-point x = (0,0, 0) of S? to a 0-cell
yp (the base-point of ¢}; see Def. 22)). Hence the attaching map 3 is a pointed map 13 : (S%, %) — (M2, yp).
Passing to the pointed homotopy class of 17 : (S2,x) — (M?, 1) gives rise to an element 9z, (b) € m2(M?2, yp).

Definition 31 (Notation: ¢ (P) and ¢r(b)). Cf. Rem. [ and Continuing Def. B0, let P € L? be a

plaquette. Then the characteristic map ¢%: D? — g C M? of the corresponding closed 2-cell induces a
pointed map (D?, S, x) — (M?,M',zp). Passing to the relative homotopy class of ¢% yields an element
tr,(P) € may(M?, M, zp). Analogously if b € L? is an abstract 3-cell, then the characteristic map ¢;: D3 —

% C M3 yields an element ¢, (b) € w3(M3, M2, yp).
Note that given P € L? and b € L? it holds that:
6(LL(b)) = 6L(b) and 6(LL(P)) = 6L(P) (3)

Definition 32 (2-lattice decomposition of pairs and triples of spaces). Given a pair (M, N) of topological
manifolds (i.e. N is a submanifold of M), we say that a 2-lattice decomposition of M is a 2-lattice decom-
position of (M, N) if N is a subcomplex of M. (Note that the CW-decomposition of N rendered from the
fact that N is a subcomplex of M is always a 2-lattice decomposition; see Rem. 28) If L is a 2-lattice
decomposition of M that yields a 2-lattice decomposition of (M, N), we let Ly be the induced 2-lattice
decomposition of N. CW-decompositions of a triple (X, Y, Z) of manifolds are defined analogously.

If L is a 2-lattice decomposition of (M, X)), we say that X is cellularly embedded in (M, L).

2.5 Paths on the lattice: the lattice groupoid of the 2-lattice (M, L)
Free groupoids on graphs are discussed in [12},[41], I8]. Ref. [11] in addition addresses groupoid presentations.

Definition 33 (Directed graph; totally intransitive graph). A directed graph (V, E) = (o,7: E — V) is a
pair of sets V and E, the sets of vertices and of edges of (V, E), together with a pair of maps o: E — V and
7: E — V, called the source and target maps.

The maps identify, given an edge e, its source o(e) and target 7(e) (also called initial and end-points).
Edges of (V, E) may be represented as x — y, where z = o(e) and y = 7(e).

A graph map (V,E) — (V’/,E’) is given by a pair of set maps V' — V' and E — E’ compatible with
initial and end-point of edges.

A totally intransitive graph is a graph for which source and target maps coincide.
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Definition 34. The functor U sends a groupoid G = (0,7: G1 — Gy) to its underlying graph UG — simply
forget the composition in G. Its left adjoint takes a graph to the free groupoid on the graph; see [41].

A directed graph (V, E) gives rise to another graph (V, ELUE™!) obtained by adding formal reverses to the
edges of (V, E). Here E~! is the set of symbols {e™!: e € E'}, and we put o(e™!) = 7(e) and 7(e™!) = o(e).

Definition 35 (Free groupoid on a graph. Granular path on a graph.). Let (V, E) be a directed graph. A
granular path v 5 v/ from vertex v to v’ on (V, E) is a path on (V, EL E~1), i.e. a sequence v = ¢J* ... o
where t; € E and 6; € {£1}, such that the initial point of t?"' coincides with the final point of tffll, and also
v=0o(t") and v’ = 7(t*). Granular paths v — v include the empty path 0, at v.

We define an equivalence relation on granular paths as follows. Firstly granular paths v,~7': v — v’ are
related if we can modify v into 4" by deleting a subpath of the form ¢*'¢¥!. (Initial and end points of
granular paths remain stable under this relation.) Now take the symmetric-reflexive-transitive closure of
this relation. If v is a granular path the equivalent class to which it belongs is denoted [7].

The (free) groupoid FG(V, E) is the groupoid with object set V; arrows given by the set of equivalence

classes of granular paths; and arrows v ﬂ) w and w u u are composed by (U M u) = (’U M u)
(Note that this composition is well-defined.)

The notion of freeness will be important in our construction. We will use freeness in the context of
crossed module of groupoids. The latter is a non-trivial construction, so to prepare for this we now take the
opportunity to recall what it means to say that the groupoid is ‘free’ in Def. above.

Definition 36. [41] A groupoid C is free over a graph G if there is a graph map P : G — UC satisfying
the following property. For every groupoid B and each graph map D : G — UB there is a unique groupoid
map D’ : C' — B so that the diagram below commutes:

a—2-vc (4)

S o

UB
Straightfoward computations, analogous to the free-group construction prove that:
Lemma 37. [12] 8.2.1],[11],[41] The groupoid FG{V, E) is free over (V,E). O

Let (M, L) be a 2-lattice (more generally a CW-complex). Recall that M? is the i-skeleton of (M, L).
Note that the characteristic maps ¢;: [0,1] — M?! of the 1-cells give (L°, L') the structure of a directed
graph. Given t € L! put o(t) = ¢; (0) and 7(t) = ¢} (1), where we identified M° and L°.

Definition 38 (Granular path in a 2-lattice). A granular path on a 2-lattice (M, L) is a granular path on
the graph (L°, L1); Def. Hence granular paths v in (M, L) are obtained by formally chaining together
closed 1-cells of M and their reverses: v = t?lt? .. .tfl", where t1,...,t, are closed 1-cells, such that the

initial point of ¢* is the end-point of tffll

The fundamental groupoid my (M, M°) is defined in Def. Bl Its set of objects is M°. Let u L v be
an edge in L'. Let a,a € MP° be the closed 0O-cells corresponding to the abstract O-cells u,v € L% The
characteristic map ¢;: [0,1] — M? of ¢ is such that ¢}(0) = O and ¢} (1) = 0. Passing to the homotopy
class of ¢}, relative to the boundary {0,1} of [0,1], yields a morphism ¢ (¢) in the homotopy groupoid

(MY, MP); cf. Rem. BIl Since FG(L®, L') is free, ¢1, extends to a groupoid map
v FG(LO, LYY — my (MY, M©).

The following can be seen as a generalisation of the van Kampen theorem [40], for spaces with a set of
base points. A proof is in [I2, 9.1.5]. This holds more generally for CW-complexes.

Theorem 39. Let (M, L) be a 2-lattice. The groupoid map v: FG(L°, L') — 71 (M*, M°) is an isomorphism.
Hence m (MY, M°) is isomorphic to the free groupoid FG(L°, L), with set of objects being M° = LY and

with a free generator u Lo for each edge t € L*. (Here u and v are the source and target of t.) O

13



In particular, for any group G and for any map f: L' — G there exists a unique groupoid map
/e m (MY, M°) — G whose value on each tf(t), t € L' an edge, is f(t). (The same holds if G is a
groupoid, except that we must pay attention to sources and targets.) As we will see in §3.21 this observation
lies at the heart of the realisation of gauge theory that we will lift to the higher case.

We will hence see 71 (MY, M?) = FG(L®, L') as being the lattice groupoid of (M, L).

3 Higher order gauge configurations and discrete 2D holonomy
for surfaces embedded in 2-lattices

In order to establish a template for the ‘higher’ construction, we start with a suitable characterisation of
ordinary gauge configurations, and of their holonomy along cellularly embedded circles S*.

3.1 Gauge configurations, discrete 1D parallel transport and holonomy along
circles

Definition 40 (Gauge configuration). Let G be a group. A gauge configuration on a 2-lattice (M, L) is a
map

Fh L' - @
We write F1(t) = g, for each edge t € L!.

By the freeness of w1 (M, M°) = FG(L°, L) (Lem. BT and Thm. 39) a gauge configurations F* extends
to a uniquely defined groupoid morphism

Opi:m (M, M) - G.
Here G is regarded as a groupoid with one object. All groupoid maps FG(L®, L') — G arise this way. Hence:

Theorem 41 (The discrete parallel transport of a gauge configuration). Let (M, L) be a 2-lattice. Let G
be a group. The correspondence F! — ® 1 yields a one-to-one correspondence between gauge configurations
F' and groupoid maps ®1: m (M, M°) — G. O

Those groupoid maps ® 71 : w1 (M, M) — G associated to a gauge configuration ! will sometimes be called
discrete parallel transport functors, in analogy with the differential-geometrical construction in [64] [34].

Definition 42. Let v = t?lt? .. .tfi" be a granular path in (M, L). Let F! be a gauge configuration. Put:
gy = gfllgfj ...gf:.
Let [y] € m (M, M°) be the equivalence class of 7. Given Thm. B9 it is clear that: ®x1([y]) = g,

Definition 43 (Holonomy along a circle: combinatorial definition). Let F1': L' — G be a gauge configura-
tion on a 2-lattice decomposition (M, L). Let C be an oriented circle S! embedded in M. Suppose that L
is a 2-lattice decomposition of (M, C); Def. Let v € C N M° = C°. Starting at the vertex v, the path
around the circle C' in the positive direction therefore traces a granular path v = t?lth ...t%  connecting v
to v. The holonomy Holi (FY,C,L) of F!, along C, with initial point v, is defined as:

Hol, (F',C,L) = g, = ®z1([1])€ G.

Note that the holonomy Holi (F',C,L) of F' along C depends on the chosen starting point v € C N M°
only by conjugation by an element of G.

Remark 44 (Holonomy along a circle: algebraic topological definition). Recall S' = 9D?. Choose a
homeomorphism f: D? — O, preserving the orientation, sending the base-point * = (0, 0) of 9D? to v. By
elementary algebraic topology (as 71(S') = Z), any two such homeomorphisms are homotopic, relative to
. Let i,(C) = f«(1), where fi.: m (S, %) 2 Z — m(C,v) C m(C,C?) is the induced map on homotopy
groups. Clearly i, (C) = t9't52 .. . %" as in Def. Let F4 be the restriction of ' to the induced lattice
decomposition Lo of C; see Def. It hence clearly holds that:

Hol, (F', C, L) = @51 (i (C)).

Here @, : m1(C,C%) — G is the discrete parallel transport of F.
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Remark 45. Although gauge configurations can formally be defined separately from Hamiltonians, as above,
they have no physical meaning without an associated Hamiltonian. In particular parts of the structure of
space-time are encoded in a model not in the gauge configuration but in the Hamiltonian. We are not
ready to give the ‘higher’ Hamiltonian §5.T.4] (the higher Kitaev model) that will be the central focus of this
paper, but we can already give an illustrative ‘standard’ example, which also serves as a template for the
Kitaev quantum double model [47]; see §5.T.00 Given a lattice (M, L) and a group G, and hence the set
(FG(L°, L), G) of functors between FG(L?, L') and G, we may define for each character y : G — C a Wilson
action H, : (FG(L? L), G) — R by (cf. Def. B0):

Hy(F) = Y Re(x(F(dL(P)))
PeL?

where Re : C — R is the real part (see e.g. Wilson [74], [48] §8], [55 §10.2] or [57, §1.2]). Note that this
depends strongly on the cell-decomposition of M, as well as M. The main thing to note at this point is that
the sum is over plaquettes, thus the Hamiltonian is sensitive to the 2-dimensional structure in the lattice
(whereas the gauge configuration ‘sees’ only the underlying graph L'). We will return to this point later.

3.2 Higher order gauge configurations

In this paper, we consider fake-flat 2-gauge configurations on a 2-lattice (M, L), as discretised models for
higher gauge fields [5l 3, [34]. Instead of a gauge group we have a crossed module of groups; Def. [2 The main
aim is to extend Thm. @Il Def. and Rem. [44] to the case of fake-flat 2-gauge configurations. This yields
2-dimensional (2D) notions of parallel transport which restrict to notions of 2D holonomy along surfaces,
cellularly embedded in M. We will address the 2-sphere and 2-disk case, which play an important role in
higher Kitaev models.

3.2.1 Fake-flat 2-gauge configurations

Continuing the work of Yetter and Porter [76, [61], fake-flat 2-gauge configurations on CW-complexes were
defined in [30 85 [29]. Their algebraic topology interpretation was developed therein, following the work of
Brown and Higgins on fundamental crossed modules of pairs of spaces and 2-dimensional van Kampen theo-
rem [13] 14} 15, [18]. Homotopy quantum field theory applications of fake-flat 2-gauge configurations appear
in [60] (and were there called “formal C maps”). The inherent (and independently addressed) differential-
geometric higher gauge theory for 2-bundles with a 2-connection appears in [B, [64] 63| [34] [65]. The term
“fake-flatness” appeared originally in the context of gerbes with connection; see [9].

Definition 46 (2-gauge configuration). Let G = (Jg: E — G,>) be a crossed module of groups. Given G,
a 2-gauge configuration F = (F*, F?), based on a 2-lattice (M, L) = (M, L = (L°,L',L?,...)), is given by:

e Amap F': L' — G, denoted: t € L' +— g, € G, or t € L' — F(t) € G.
e Amap F2:L? — E, denoted: P€ L?+—ep € E,or P € L? — F?(P) € E.

A 2-gauge configuration gives rise to a groupoid map ®z = ®z1: w1 (M, M°) — G; see Thm. HIl
We mainly consider fake-flat 2-gauge configurations. Let us explain what this means.

Definition 47 (Fake-flat 2-gauge configuration). A 2-gauge configuration F = (F2, F1), based on a 2-lattice
(M, L), is said to be fake-flat if for each plaquette P € L? it holds that (recall the notation of Rem. [30):

9g(ep) = @71 (0L (P)).
Given a crossed module G, we denote the set of fake-flat 2-gauge configurations in (M, L) as O(M, L, G).

Let us give more explanation on the definition of fake-flatness. This is one of the points where the fact
that we are restricting to 2-lattices Def. E2lmakes our discussion a lot simpler. One more definition is needed.
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Definition 48 (Granular boundary 8?(P) of a plaquette). Let P € L? be a plaquette of a 2-lattice

(M, L). Let ¢%: St — M" be the attaching map of the correspondent closed 2-cell g. We are given a CW-
decomposition Zp of S, which contains * € S! as a 0-cell, such that 9% : S* — M? is cellular and satisfies the
conditions of Def. We will in addition suppose that all characteristic maps ¢, : [0,1] — S* = bd([0, 1]?)

of the closed 1-cells 71, ...,7, of Zp are oriented counterclockwise; see Fig. We also assume that the
1-cells 1, ...,7v, of Zp appear in that order, as we “travel” counterclockwise from * to * around S*.
G
V5
Y4
Tn
V3
*Tm Y2

Figure 3: The CW-decomposition Zp of the 1-sphere S?.

We let zp = ¥%(x) € M be the base-point of the closed 2-cell ¢ corresponding to P. Suppose that
¥% is not constant. Then for each i € {1,...,n}, ¥%(y;) is a closed 1-cell t; of M and ¥?% restricts to a
homeomorphism ~; — ¢;. The closed 1-cell ¢; C M is oriented by its characteristic map. We put 6; = 1 if
the restriction v; — t; of ¥% preserves orientation and ¢; = —1, otherwise. The granular boundary of P is
defined to be the following granular path in (M, L) (Def. BE]), connecting xp to xp: 8? (P) = t91152...40.
Otherwise, if 1% : S' — M? satisfies ¥%(S1) = xp, we define the granular boundary of P as 8? (P)=0,,.

An example appears in Ex.

Let P € L% By passing to the equivalence class of the granular path 8? (P) (cf. the construction of
FG(L® L'y = 71 (M*, M°) in Def. B5 and Prop. B1) yields 9, (P) € mi (M, M°) in Def. Hence:

Proposition 49. Let (M, L) be a 2-lattice. Let G = (0g: E — G,>) be a crossed module of groups. A
2-gauge configuration F = (F2, F1) is fake-flat if, and only if:
e For each plaguette P for which 1% is not constant, putting 8? (P) = tfltg?..te" it holds that:

dg(ep) = git ... g = Vi ([OLO(P))). (5)

e If P is a plaquette for which v¥%(S') = zp it should hold that ep € ker(9g: E — G) C E.

Example 50. Consider the square D? = [0, 1]2, with the 2-lattice decomposition indicated in the middle of
Fig. @ namely L = (L°, L', L?) = ({v1, v2, v3,va}, {t1, 12, 13,14}, { P}). (Abstract cells and the corresponding
closed cells are denoted in the same way.) The geometric 2-cell e% = P attaches along the identity map
% : 81 — Sl hence the attaching map ¥%: S1 — S is positively oriented. The CW-decomposition Zp of

St =1bd([0,1)?) (Def. B2) has a vertex for each corner and a positively oriented edge for each side of [0, 1]2.

V3 V2 t2 U3 Gto

t3
"4 Y2 ty

* = (0,0) - Tp =1 t4 U4 G,

Zp, the CW-decomposition of S* 0L (P) = tatsty 't7" dglep) = gu,9t,95, 95,

Figure 4: A 2-lattice decomposition L of D?, where Zp is the corresponding CW-decomposition of S': cf.
Def, The base-point zp of P is v;. We also show a fake-flat 2-gauge configuration in (D?, L).
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For this example, the granular boundary of the plaquette P is 8?(P) = tytaty ltl_l. Hence a 2-gauge
configuration of ([0, 1]%, L) is given by four elements gy, , gt,, g1, gr, of G, the colours of the edges, t1, to, t3,
t4, and an element ep € E, colouring P. The fake flateness conditions says: dg(ep) = gt,9t,9s, ! 91, L

Let ©(M, L, G) denote the set of fake-flat 2-gauge configurations. Note that ©(M, L, G) is non-empty. In
particular the ‘naive vacuum’ 21 given by ep = 1g for all plaquettes P of (M, L) and g; = 1¢ for all edges
t is fake-flat. Here 15 and 1g denote the identities of G and E.

3.3 On Whitehead theorem, 2-gauge configurations and the lattice 2-groupoid

Let (M, L) be a 2-lattice. Passing to the 0, 1 and 2-skeletons of the corresponding CW-decomposition of
M, yields a triple (M?, M, M°) of locally path-connected spaces, where M intersects non-trivially any
path-connected component of M! and M?. Utilising Def. [T, we can form the fundamental crossed module
My (M2, M*, M°); Thm. [[Il This crossed module plays the role of lattice 2-groupoid of (M, L).

Observe that to make use of our fake-flat 2-gauge configurations we need corresponding lifts of Lem.
B0 and Thm. Analogously to Thm. B3, the crossed module ITy(M?2, M, M?) is free on the attaching
maps of the geometric plaquettes (i.e. closed 2-cells) of (M, L). This result (which holds in the general
case of CW-complexes) is an old result due to JHC Whitehead [72]. Modern treatments can be found in
[18) [T, [10, (13, ).

Consider groupoids H = (o,7: Hi — Hy) and H' = (0,7: H{ — H{). Throughout this subsection, we
use the following notation. If f: H — H’ is a groupoid map, put fmor: H1 — Hj to be the restriction of f
to morphisms and fopy: Ho — H| to be the restriction of f to objects. If (9: F — G) is a crossed module
of groupoids, thus E and G have the same set C of objects, it holds that dopy: C — C' is the identity map.

In order not to excessively load our formulae, we use the same notation for the groupoid mo(M?2, M*, M)
and for its set of morphisms, and the same for 7y (M*, M?). Which one is meant is clear from the context.
The coinciding source and target maps in the groupoid 7o (M2, M*, M) are given by the obvious map:

Brmy(M?, MY M) = | | mo(M? M, v) — M°.
veMO
First we specify what “crossed module freeness” is. Let G = (0,7: G1 — Gp) be a groupoid. Let also K

be a set mapping to Gy, through a map y. Suppose also that we have a map Jy: K — G that makes the
diagram below commute (therefore Sy = 70 9y and By = o 0 9p):

K2 (6)

AN

Go

(This in particular means that 9y is a map from K into the set of arrows (morphisms) in G that have the
same source and target.) Let F' = (8,8: F1 — Gp) be a totally intransitive groupoid with the same set of
objects as G. We say that a crossed module of groupoids (9: F — G,p) is free on dp: K — G1 (or more
precisely on dp: K — G and By: K — Gy as in (@) if there exists an inclusion (set) map inc: K — F
making the diagram below commute:

K2 (7)

\a\aMJ/o R

G B

Go

such that the following universal property is satisfied: Given any crossed module (&': E' — G',>) of
groupoids, where G' = (o', 7": G} — G}) and E' = (#',0': B} — G}), and any groupoid map ¢: G — G,
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and any set map o: K — Ej, such that Oyor © Yo = ¢mor © Oo, there exists a unique groupoid map
Vv: F — E', with 1Yoy = ¢oBy, making the diagram below commutative:

Yo i
T
K —inc— F — — > F’ K=—ne>F, - ——-—-—-—-—- - > Ei (8)
P L ) L roR
or leaving in all information: AN | 5 | ,
% 7] 9’ 80\6M¢OR 61’\/I¢OR A
G—@G — 4
¢ Bo gGl) PMOR \<Gl>
Gy G}

PoBI=%OBJ

and so that the pair (Y, @) of groupoid maps is a crossed module map (0: F — G) — (0': B/ — G’).

Lemma 51. Given 0y: K — G1 as in (@), the totally intransitive groupoid F = (8,8: F1 — Gy), i.e.
the top groupoid of the free crossed module on 0y: K — G1, is uniquely specified up to isomorphism by the
universal property above. A model for F is the following. First of all note that we have a totally intransitive
graph K' having Go as set of vertices and the set of edges being the set of all pairs (g,k), where g € G1 and
k € K are such that 7(g) = Bo(k). The coinciding source and target maps of K' are given by (g,k) — o(g).
Edges of K' therefore take the form:

o(g) b, o(g), where g € Gh and k € K are such that 7(g) = Bo(k).

We then form the free groupoid FG(K'), which is a totally intransitive groupoid having Gy as set of objects.
We have a groupoid map 0: FG(K') — G which is the identity on objects and on generating morphisms is:

Avor((9) L2 0(9)) = o(g) LB, 5(g).

The groupoid FG(K') has a natural left action by automorphisms of the groupoid G. On generators of
FG(K'), the action takes the following form: If g,h € G1 are such that 7(h) = o(g), and k € K is such
that Bo(k) = 7(g), put h.(g,k) = (hg, k). Then together with the map 0: FG(K') — G, nearly all conditions
that crossed modules of groupoids must satisfy (Def. [4 and[@) hold, except for the 2nd Peiffer relation. The
groupoid F is obtained from FG(K') by dividing out the 2nd Peiffer relations, in the obvious way.

Proof. Routine. Details are in [I8] §7.3(ii)] and [11]. O

Let (M, L) be a 2-lattice. Recall Rem. and 31, and Def. Going back to ITo(M?2, M*, M?),
to each plaquette P € L? we can associate elements 0z (P) € m (M, zp) C m(M*, M°) and 11(P) €
7o (M?, M, 2p), where zp = wl%(*) is the base-point of the closed 2-cell c% corresponding to P. Also
Omor (¢ (P)) = 9L (P). In particular we have a commutative diagram as in (Q[7E]):

//_LL\
2

o (M2, MY, M°)

arL
\ laMOR

’/Tl(Ml,MO) id%’/Tl(Ml,MO) B

N -

MO id— 0

L

Hence we can form the free crossed module (9: F — w1 (M, M°%),>) on d: L? — w1 (M*, M°), where
F = (8,8: F1 — M°). And we have a unique groupoid morphism ¢: F — mo(M?, M1, M?), which is the
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identity on objects, that makes the diagram below commutative, and so that (¢,id): (F — m(M*, MY),5) —
(M2, M*, M°) is a crossed module map:

L=
ne—> Fy — — — — > my(M2, M", M°) 9)

LMOR
aL
\ l&u%ﬁ l OMOR

id— 71 (M1, MO) s

NS )

MO id—> )f0

L2

Theorem 52 (Whitehead Theorem). Let (M, L) be a 2-lattice, or indeed any CW-complex. Then the crossed
module Tlo(M?, M, M°) = (9: may(M?, M, M®) — m (M, M°),5) is free on 0r: L? — m (M, MO).
Specifically, the map 1: F — mo(M?, M, M°) defined from (@) is an isomorphism of groupoids, and, more-
over, the pair (1,id): (0: F — m (MY, M°),p) — (M2, M*, M) is an isomorphism of crossed modules.

Proof. This result is a particular case of Corollary 7.11 of [11]. See [I8, §5.4] and [I3| 14, [I5], where
Whitehead’s theorem is deduced from the more general 2-dimensional van Kampen theorem, and also [, [10].
(We note that Whitehead’s original proof was done for crossed modules of groups rather than of groupoids,
and only considered spaces with a single base-point.) O

Remark 53. Note that Whitehead’s theorem together with the construction of free crossed modules (Lem.

1) implies that the totally intransitive groupoid mo(M?, M1, M?) is generated by o(g) ELCACON o(g), where
g € m (MY, M°) and P € L? is such that: zp = 7(g); recall that o(g) and 7(g) are the initial and end-points
of g and xp is the base-point of P, and recall Def. Bl for notation. This will have a primary role in the
construction of the 2-dimensional holonomy of a fake-flat 2-gauge configuration along a cellularly embebbed

surface in §3.41

We will only use the universal property (8) in the case when G = (8’: £ — G’,») is a crossed module
of groups. In this case there is not much to worry about maps on object sets of groupoids, as E’ and G’
are groupoids with a single object. We hence will not display the related part of the commutative diagrams.
Given groupoid maps f: w1 (M*', M%) — G and f’: mo(M?, M*, M°) — E’ we put fmor = f and fijor = f-
In G, we put d4;or = 0. Recall that we use the same notation for the groupoid mo(M?, M, M?) and for its
set of morphisms, and the same for 7y (M, M?).

Whitehead’s theorem implies the following. Consider the inclusion map vr: L? — mo(M?2, M', M?), with
OMoOR © L, = Or,, cf. Rem. and BIl If G’ is a group, (0': E' — G’,p) is a crossed module of groups, and
¢: m (MY, M°) — G’ is a groupoid map, then given any set map 1g: L? — E’ such that ¢ o 9y, = 8’ o 1)y,
there exists a unique groupoid map v : mo(M?2, M*, M°) — E’ making the diagram below commutative and
also making the pair (1, ¢) a crossed module map (M2, M1, M°) — G (thus (¢, $) is compatible with
boundaries and groupoid actions):

Yo
//_\
L2 —LL+7T2(M27M1,MO)—E>E/. (10)

X laMOR 6’l
®

m (MY, MY —— &

3.3.1 The discrete 2-dimensional (2D) parallel transport of a fake-flat 2-gauge configuration

As promised in §3.11 we now state and prove the analogue of Thm. []] for fake-flat 2-gauge configurations.
Let (M, L) be a 2-lattice and G = (Jg: E — G,1>) be a group crossed module.
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Theorem 54 (The discrete 2D parallel transport of a fake-flat 2-gauge configuration). There exists a one-
to-one correspondence between fake-flat 2-gauge configurations F = (F2,F') in (M, L) and crossed module
maps (Vr, ®x): Ila(M?, M*, M°) — G. (Note Wr: mp(M? M, M®) — E and ®z: m(M',M°) — G
therefore are groupoid maps, compatible with boundary maps and groupoid actions in the obvious way.)

In analogy with the differential-geometric construction of 2-dimensional parallel transport 2-functors attached
to 2-connections on 2-bundles [63} 34], the crossed module map (¥, ®£): IIo(M?2, M, M°) — G associated
to a fake-flat 2-gauge configurations F will be called the discrete 2D parallel transport 2-functor of F.

Proof. Recall the notation introduced after Thm A fake-flat 2-gauge configuration F = (F?: [? —
E, F': L' — @) is an assignment v — g, of an element of G to each 1-cell v of L, and an assigment
P — ep of an element of E to each 2-cell P, satisfying the fake-flatness condition of Def. [47. Whitehead’s
theorem (Thm [52) states that the fundamental crossed module ITo(M, M1, M?), with set M of base points
— a crossed module of groupoids, is isomorphic to the free crossed module on the map dr,: L? — w1 (M*, M?).

Since the groupoid 71 (M?', M?) is free on the 1-cells, the assignment F': v € L' — g, € G uniquely
extends to a groupoid map ® = ®z1: m (M, M°) — G. The fake-flatness condition means that the outer
part of the diagram below commutes:

]_-2

/\

L2 Sin— my(M?, M, MY) oo E-

F
X\ \LaMoR 59‘/

(MY, MO — 22

And by applying the universal property defining free crossed modules of groupoids, in the particular form of
(@Q), we can see that a gauge configuration F = (F2, F!) can be extended (uniquely) to a crossed module
map (Vr, ®7): [x(M, M*, M°) — G, and all crossed module maps ITo (M, M, M%) — G arise this way. [

Cf. §311 We have now explained the crossed module analogue of discrete parallel transport functors
(Thm M), in terms of discrete 2D parallel transport 2-functors. In the next two subsections §3.4] and §3.5]
we address how the 2D parallel transport of a fake-flat 2-gauge configuration can be used to define notions
of discrete 2D holonomy along surfaces X cellularly embedded in a 2-lattice (M, L). We will only deal
with the case when ¥ is the 2-disk D? or the 2-sphere S2. In these cases, which are the ones needed to
define higher Kitaev models, a 2D holonomy can be associated to cellularly embedded surfaces ¥ C M.
2D holonomy along 2-disks and 2-spheres is particularly simple to formulate, given that the corresponding
oriented mapping class groups are trivial.

For surfaces ¥ not homeomorphic to S? or to D?, additional information is needed to define a meaningful
2D holonomy for a cellular embedding of ¥ into (M, L). Namely (assuming orientability) we must choose
an isotopy class of homeomorphisms ¥/ — ¥, where ¥/ is the boundary of an unknotted handlebody in R?;
see [34] 65]. We will address this more general 2D holonomy in a forthcoming publication.

3.4 Algebraic topological definition of 2D holonomy along 2-disks and 2-spheres

Let us fix a crossed module of groups G = (Jg: E — G, ). In this subsection we use elementary algebraic
topology to define precisely and concisely the 2-dimensional (2D) holonomy of a fake-flat 2-gauge configu-
ration along cellularly embedded 2-disks and 2-spheres; as such we present the 2D analogue of Rem. @4 A
combinatorial definition of this 2D holonomy (therefore the analogue of Def. [@3]) will be dealt with in §35

3.4.1 The 2-disk case

Let (M, L) be a 2-lattice. Let ¥ be a surface embedded in M. Suppose that ¥ is homeomorphic to the
2-disk D?. Suppose in addition that X is oriented. Furthermore (cf. Def. [32)) suppose that L is a 2-lattice
decomposition of the triple (M, ¥, bd(X)), where (X, bd(X)) is a pair homeomorphic to (D?,S1). We have
an induced CW-decomposition of (X,bd(%)). Note ¥ = 2 (the 2-skeleton of ) and bd(X) C X1

Choose a base point v € bd(X) N M. Since 72 (X!, bd(X),v) is trivial, the homotopy exact sequences of
the triple (X, %! bd(2)) and of the pair (3!, bd(X)) imply that the inclusion (,bd(X)) — (2, %1) yields
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injections w2 (X, bd(X),v) — ma(X, X1, v) and 71 (bd(X),v) — m1 (X1, v). We can thus see the crossed module
(X, bd(X),v) = (id: Z — Z) (Ex. [3)) as canonically included in II5(Z, ¥, v).

Let x = (0,0) be the common base point of D? and S! = bd(D?). By elementary algebraic topology —
since m2(D?, S, %) = Z — any two pointed homeomorphisms (D?, S!) — (X,bd(X)) preserving orientation
are homotopic as maps of pointed pairs (D%, S1) — (3,bd(X)). This is used in the definition below.
Definition 55 (Notation: 0,(3,L) and ¢,(X2,L)). Cf Rem. and BIl Let ¥ be an oriented surface
homeomorphic to D2. Let v € bd(X), the boundary of ¥. We will be mainly interested in the case when
v € bd(X) N MP. Consider a pointed orientation preserving homeomorphism j: (D?, S, %) — (3, bd(%), v).
We let j,: a(D?, S, %) — (X, bd(X),v) be given by the induced map on crossed modules. Let 9, (2, v) €
m(bd(X),v) C m(Z',v) be 9,(X,v) = j.(1), where 1 is the positive (counterclockwise) generator of
m(St,v) & Z. Hence 9,(X,v) is a positively oriented loop along the boundary bd(X) of the 2-disk ¥,
starting and ending at v. Analogously put ¢,(3, L) = j.(1) € m2(2,bd(2),v) C (X, B, v), where 1 is now
the positive generator of mo(D?, S, v) = Z.

Note that by construction (cf. Ex[I3):

d(w (S, L)) = 8,(%, L),
Oy (X, L) > 1,(X, L) = 1,(%, L).
Lemma 56 (Dependence of 9,(%, L) and ¢,(3, L) on v € bd(X)). Suppose that v € M° Nbd(X). Choose

another v/ € MY Nbd(X). Consider a path v in bd(X), connecting v’ to v. (There are two different possible
homotopy classes [y] for v.) Then passing to the corresponding element [y] € 71 (X1, X9), it holds that:

[7] > Lv(Ev L) = Lv/(Ev L)v mn 7T2(2a Ela EO);
[7] 8@(27 L) [’7]_1 = Oy (Ea L)a in (217 EO)'

(11)

(12)

Proof. Follows from geometric considerations and the fact that 71 (S!, ¥) acts trivially on mo(D?, 81, %). O

Let now G = (9g: E — G, ) be a crossed module of groups.

Definition 57 (2D holonomy Hol, (F, ¥, L) of a fake-flat 2-gauge configuration F = (F?, F!) along X & D?
with initial point v). Let M be a topological manifold. Let ¥ be an oriented disk embedded in M. Let
L be a 2-lattice decomposition of (M, %, bd(X)); see Def. Let v € bd(X) N M°. Let F be a fake-flat
2-gauge configuration in (M, L), and Fx, be its restriction to the induced 2-lattice decomposition of ¥. Let
(U ry, Pry): Tp(X, 21, 3% — G be the 2D parallel transport 2-functor of Fs; Thm. 54 We define the 2D
holonomy of F along 3, with initial point v, as:

Hol,(F, %, L) = (Hol2(F, ¥, L), Hol,(F,%, L)) = (\I/]:E(LU(E,L)), O, (ay(E,L))) €EEXG.
In the conditions of Def. 57 note that:
9g (Hol2(F,%, L)) = Hol),(F,%, L). (13)
This is because, by () and the fact that (U £, ®£,): II5(2, X1, 2% — G is a crossed module map:
O (HOl(F, %, 1)) = 0g (W (1(5, 1)) = D5y (31 (51 1)
= &£, (0,(2,L)) = Hol,(F, %, L).

Remark 58 (Dependence of 2D holonomy on base points). The 2D holonomy Hol, (F, X, L) of a fake-flat 2-
gauge configuration along a cellularly embedded 2-disk depends on the choice of a base point v € bd(X)NMP.

However, the dependence is mild. Cf. Rem. Choose any granular path v/ - v, in the boundary of
the disk ¥, from the new base point v’ to the initial base point v. Let [y] be the corresponding element of
7 (21, 20) = FG(LO, L1). Then, since (¥ £y, ®x,): HQ(E ! EO) — @G is a crossed module map:

Hol? (F,%,L) = Uz, (1, (X, L))
=Tz, (V> (X, L))
*(I)]:):([ ])D\Ij]:z(Lv(E L))

Hence:
Hol?, (F, %, L) = @, ([7]) » HolZ(F, %3, L). (14)
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3.4.2 The 2-sphere case

We resume the notation and ideas of §3401 Let * = (0,0,0) be the base-point of S? = bd(D?). Let M be
a topological manifold. Cf. Def. B2] let L be a 2-lattice decomposition of (M, X), where ¥ C M is oriented
and homeomorphic to the 2-sphere S2. Choose a base point v € ¥ N MY, By elementary algebraic topology,
any two orientation-preserving homeomorphisms f: S2 — ¥ preserving base-points are pointed homotopic.

Since m2(X1,v) = {0}, the final bits of the homotopy exact sequence of the pointed pair (3, X!), namely
{0} = m (B, 0) = (2, v) 5 m (X, 21, v) 2, 71 (X1, v), yield a monomorphism i: w2 (X, v) — ma (X%, X1 v),
thus an isomorphism i: m2(3,v) — ker(9). Hence m2(3,v) can be seen as included in the set of morphisms
of the groupoid (%, X1, %°).

Definition 59 (Notation: 7,(X)). Let S? carry the orientation arising from its embedding into R®. Let
¥ be an oriented manifold homeomorphic to S2. Choose a base point v € 3. Choose an orientation
preserving homeomorphism f: (82, %) — (3, v). Let 1 be the positive generator of m2(S5?, ) =2 Z. We define
(X)) € m(3,v) C (X, 2,20, to be 7,(X) = fi(1), where fi: ma(S?%, %) — ma(X, v) is the induced map at
the level of second homotopy groups. Note that (cf. Def. B3]), it hence follows that 8(E(E)) = (), where 0
is the boundary map in the crossed module of groupoids ITy(3, B!, ¥0) = (9: (X, X1, 20) — 1 (X1, £9)).
In what follows, we will frequently not distinguish 7,(X) € m2(3,v) from i(75(X)) € m2 (X, X1, v).

Remark 60. Let v and v’ be different points in the 0-skeleton ¥ = ¥ N M? of X. Let [y] be any path in
%! connecting v’ to v, considered up to homotopy relative to the end-points. Then 7,/ () = [y] > 7, (X).

Definition 61 (2D holonomy Hol, (F, Y, L) of a fake-flat 2-gauge configuration F along ¥ = S2, with initial
point v). Let ¥ be an oriented manifold homeomorphic to the 2-sphere. Let L be a 2-lattice decomposition
of (M,Y). Let v € XN MY. Let F be a fake-flat 2-gauge configuration in (M, L). Let Fx be the restriction
of F to the induced 2-lattice decomposition of X. Let (¥r,, ®£): H2(X, X1, 2% — G be the 2D parallel
transport 2-functor of Fx; see Thm. B4 We define the 2D holonomy of F along ¥, with initial point v, as:

Hol2(F, %, L) = U, (i(15(3, L))) €
Remark 62. Continuing Def. [61] note that since (U, £, ): II2(X, El, %) — @G is a crossed module map:
9g (Hol (F, %, L)) = 0g 0 U, (i(15(%)))
= (O, 00)(i(w (X))
=Pr,(0,) = 1g.
So it always holds that Hol?(F, %, L) € ker(dg) C E, if ¥ 22 $2. This is not the case for the 2-disk; cf. (I3).

Lemma 63 (Dependence of 2D holonomy along 2-spheres on base points and orientations). We resume the
notation of Def. [G1l Let v,v' € bd(X) N M° be two base points. Let v = t?l ...t9 be a granular path in B!,
from v to v; see Def. [38 Recall g, = gfll .. .gf,’f = ®ri([7]); see Def. [[4 We then have:

Hol?,(F,%, L) = g, > Hol%(F, %, L).
Furthermore, if ¥X* is ¥ with the opposite orientation, then:
Hol?(F, %%, L) = (Hol2(F, %, L)) .
Proof. Let (Vry, ®ry): (X, X1, 3% — G = (0g: E — G,>) be (Thm. B4) the crossed module map (i.e.
the discrete parallel transport 2-functor) yielded by the restriction Fx, of F to X. Then:
= \IJ}-E( DZ(LE %)), by Rem.
= q)]-z D \Il]:E (Z (E )
—g,YDHol (F,%,L).
Let £* be ¥ with the opposite orientation. Then i(z;(2*)) = (i(z5(2))) . Hence:

Hoﬁ(}—vz*aL) = \I/fz (Z(E(E*))) = \I/fz (Z(E(E)_l)) = (HOE(}—vzaL))_l :

22



3.5 Combinatorial definition of 2D holonomy along 2-disks and 2-spheres

We now prepare a combinatorial description of the 2D holonomy of a fake-flat 2-gauge configuration along
cellularly embedded 2-disks and 2-spheres. Some algebraic topology preliminaries are yet still needed.

3.5.1 Algebraic topology preliminaries for the 2-disk case

Let ¥ be an oriented manifold homeomorphic to the 2-disk D? = [0,1]2. Hence we have an orientation of
bd(2) 22 St as well. Let L = (LY L', L?) be a 2-lattice decomposition (Def. B2) of (X,bd (X)) = (D?, S1).
Choose v € bd(X), to be a 0-cell of L. It will look more or less like the pattern in Fig. (Here and in
other diagrams later, we put oriented circles inside the plaquettes in order to indicate the orientation of their
attaching maps; this is redundant as orientations can be inferred from the form of their granular boundary.)

w i3 o
_— 0L (Ps) = t3 M tatets
1 — isl1
ta ts
zp,  OF(Py) = trtg 'tsty
Y2 = tg v 6 TPy
02 (Py) = tstaty
_ ts P
7
X 2] Tp

O (E,L) = (n 3?(131)71_1) (72 3?(132)71 ') (s 3?(133)73_1)
w(E, L) = ([n]>w(Pr)) (el > en(Pe) ™) ([s] > en(Ps))

Figure 5: A 2-lattice decomposition of (X, bd(X)) = (D?,S1). As shown, the attaching maps of the plaquettes
Py and P; are oriented counterclockwise, whereas P» attaches clockwise. The base point of P; is zp,. The
granular boundaries 8?(3—) of the plaquettes P;,i = 1,2,3 are also shown; see Def. The remaining
information in the figure will be explained in Def. [65 and Ex.

Recall that the definition of 9, (%, L) and ¢,(X, L), which are given in Def.

Remark 64. The homotopy exact sequence of the pointed pair (3,31, v) gives an exact sequence:
{0} 2 m3(8,v) — m(%, 21 0) 2 m (2 0) = m(T,0) = {1}. (15)
(see [40), pp 344]). Therefore 9: (X, X1, v) — 71 (X1, v) is an isomorphism. Hence, if e € ma (X, X1, v):
0(e) = 0,(E,L) <= e =1,(%, L). (16)

Definition 65 (Granular boundary 02 (3, L) of a 2-disk ). Choose a base-point v € bd(X), to be a 0-cell.
Now go around bd(X), following its orientation, starting at v until you go back to v. Along the way we
pass by the geometric 1-cells t1,to,...,t, of bd(X), in that order. Put 6; = 1 if the characteristic map
¢y : [0,1] — bd(X) of ¢; is oriented positively, and 0; = —1 otherwise. Cf. Fig[Gl the granular boundary
0%(%, L) of ¥ is the following granular path (cf. Defs. [38] B8) in bd(X), from v to v:

R (D% L) =t .. 10

By passing to morphisms in 71 (3!, 3%) =2 FG(X°, ©1), we hence have [0%9 (X, L)] = 0, (3, L); Def. B3]

If we allow the cancellation of consecutive pairs of a 1-cell and its inverse, thus considering granular paths
up to equivalence (Def. [B5,) we can express — however not uniquely — [0%(32, L)] as a product of granular
boundaries (cf. Def. [48 and Thm. B9) of plaquettes (or their inverses), each of which is in addition conjugated
by a (possibly trivial) granular path in ¥!, connecting the base-point v of bd(¥) with the base-point of each
plaquette. More precisely:
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Lemma 66. Let L be a 2-lattice decomposition of (3,bd(X)). Choose a base point v € bd(X), the boundary
of ¥, to be a O-cell. There exists a positive integer N, plaquettes P;,i = 1,...,N in L? (plaquettes can be
repeated), integers 0; € {+1} (where i =1,...,N), as well as granular paths v1,...,yn in B, connecting v
to the base point of each plaquette P;, such that the following equivalence between granular paths holds:

09(2.L) = (maR(P)" ) (3202 (P)"35 ") . (w0 (Pn) ™) a7

Here = is the equivalence relation on granular paths in Def. [33. Hence we can pass from the left-hand-side
of ([[D) to the right-hand-side by inserting or removing pairs t*¥'¢T1 where t is a 1-cell of X.

Remark 67. Note that, by Rem. 64, equation (7)) holds if, and only if, in (3, X1, 30) (cf. Def. (5, B):

to(2, L) = (] > en(Pr) ™ ([v2] > en(P2)* - (v B e (P )™

This is because by (6, equation above holds if, and only if, in 71 (3!, X°) we have:

Al e e (P)’™ [ra] > e (P2)” ... [yn] e en(Py)™)
= (Joc P [y 1) (2l0n(P2) 1 ') - (w0 (Pr) ¥ [7a1]) = 8u(2, L) = 8(1 (5, 1))

Example 68. In Fig. B, we can put N = 3, v; = t5t1, 72 = tg and 3 = tgtg. Also put §; =1, 5 = —1 and
03 = 1. Then, as indicated in Fig.

02(S,L) = (g (P)" 1) (1207 (P2)"75 ") (3807 (Ps) 73 ). (18)
This follows from a simple calculation, which we recommend the reader to do. From (IJ]) it follows that:

w(S,L) = (n]ew(P)™) (2> (P2)?y5 ") (e (Ps)®).

Proof. (Lemma [66]) Consider the fundamental crossed modules Iy (%, ¥ v) C (3, X1, 2%), and the
elements ¢, (%, L) and 9,(X, L) of II5(X, 2!, %%); see Rem. Recall 9(1y(2, L)) = 0,(%, L) in (X1, 29).

Cf. Def. B0, Rem. BIl and Thm. We know that TIy (X, 31, X0) is a free crossed module on the
map Jy,: L? — m (21, 3°), where 71 (31, %) is the free groupoid on the 1-cells; see Thm. Let us apply
Rem. Hence there exists a positive integer N, such that we can choose plaquettes P;,i = 1,2,..., N,
granular paths v;,% = 1,2,..., N, from the base-point v of ¥ to the base point xp, of P;, and integers
0; € {£1},i=1,2,..., N, such that, in (X2, X1, X°):

to(2, L) = (] > en(Pr)” (2] > en(P2)* - (o] B en (Pr)™

By using the first Peiffer Law in Def. Bl and Rem. and [B1] it follows that in m (X1, X0) = FG(L®, L),
and where [ | means equivalence class of granular paths (Def. [35]):

[81?(27 L)] = 8@(2, L)

=0(1o(3, L)

= 0((In]een(P)™ (o] > e (P2)” ... ([yn] B en(Pn))™)
= 10 (P))" i ') r2)0(en (P2) 2 [vs '] yw]0(er (Pr) ™ [va']
= [n]oc(P)" [y, ][72]0L(P2)92h2 | oo ] (Pa) ™ [y

= [1n 07 (P A7t 72 02(R) 2 5ty 82 (Pr) vy

Hence we can go from 0% (%, L) to the granular path 710? (Py)0ryt 728§(P2)9272—1 . .nyag(PN)eNv;,l in
a finite number of steps by inserting, or removing pairs t='¢¥!, where t is any 1-cell of X. O

Remark 69. The choice of a positive integer N and of an assignment:

i — P;, a plaquette,
1 — 7;, a granular path from v to the base point xp, of the plaquette P;, (19)
i—0; € {il},
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where i € {1,..., N}, such that we have an equivalence of granular paths:
02(2, 1) = (10 (P)"37") (1208 ()" - (o (Pa)™13") (20)
— equivalently (cf. Rem. [64) such that, in 7o (3, X1, v):

to(2, L) = (] > en(Pr) ™ ([v2] > e (P2) - ([ & en (Pw) ™ (21)

1

or equivalently such that, in 71 (31, v):

(2, L) = ((]oc(P) ') (elow(P)®(va']) - (w10 (Pr) ™ [va']), (22)

— is far from being unique.

3.5.2 A combinatorial description of the 2D holonomy along embedded 2-disks

Cf. [60]. Let (M,L) be a 2-lattice. Suppose that X is homeomorphic to the 2-disk D? and that L is
a decomposition of the triple (M,%, bd(X)); Def. Fix an orientation on Y. Choose a base-point
v € bd(2) N MP. Consider a fake-flat 2-gauge configuration F = (F2, F1) in (M, L). Let Ly, be the induced
2-lattice decomposition of (X, bd(X)) = (D?, S'). Let 02(3, L) be the granular boundary of ¥; Def.

Cf. §3.51) choose a positive integer N and plaquettes P; € L%,i = 1,...,N (plaquettes might be
repeated), integers 0; € {+1} (where i = 1,...,N), and granular paths vi,...,yn in X, from v to
the base point xp, of P;, such that we have an equivalence of granular paths (cf. Def. [33, [38, [[3): (*)

02(x, L) = (moZ(P)" ") (202 (P35 ) .. (o (Pw) 75" ) - (23)
Recall that by Rem. [64] and [69] equation (23] is the same as saying that in m2(%, X!, £%) (cf. Rem. B5):
v (D% L) = (] > e (P))" (2] > en (P2)® . ([yw] B e (Pr) ™.

Fix a crossed module G = (Jg : E — G, ). Recall the construction of the 2D holonomy Hol, (F, X, L) of
a fake-flat 2-gauge configuration (cf. Def. 7)) along ¥ =2 D?  with initial point v; Def. BTl

Theorem 70. Suppose that L is a 2-lattice decomposition of (M,%,bd(X)), where ¥ = D? is a surface
cellularly embedded in M. Let v € bd(X)N M°. Leti € {1,..., N} (P;,0;,7) be as in (x). If

F=(F'tel' -ge€G, F: PcL?—epcE)
is a fake-flat 2-gauge configuration on (M, L), then Hol,(F,%,L) € E x G can be calculated as:
Hol, (F, %, L) = (Hol2(F, 3, L), Hol} (F, %, L)) = (gv, > ¢} g1u b€ o g e gomn)) - (24)

Cf. Def. [£3, here g,, is the product of the elements of G assigned to the 1-cells of the granular path v; (or
their inverses), and the same for 92 (s,,1)- In other words g, = D 1 ([vi]) and 9o2(s,1) = O£ ([09 (%, L)]).

As an immediate consequence, we have the promised independence theorem of the 2D holonomy of a
fake-flat 2-gauge configuration along a pointed 2-disk on the way we combine the group elements associated
to the edges and plaquettes, as long as the rules of the assignment (*) are followed.

Theorem 71. Fizv € bd(X)NMP°. The evaluation Hol, (F, ¥, L) in ([24) does not depend on the assignment
i+ (Pi,0;,7:) as in (*) chosen; see Rem. [6 Moreover [I3)) holds, i.e. g (Holi(]:, 3,L)) = Hol}(F, %, L).

Example 72. Let us consider a fake-flat 2-gauge configuration on the 2-lattice decomposition of D? in Fig.

In the figure below, we put g; = g, = F1(t;) € G and e; = ep, = F2(P;) € E. For (%) to hold, we can
put (see Ex. B8): v1 = t5t1, 72 = t6 and v3 = tgts; and 1 = 1, 63 = —1 and 03 = 1. Hence:

Hol,(F, D? L) = (HolZ(F,D? L),Hol\(F,D? L)) = (g% D e Gop D ey Gy >e3 g5glg;1gglg4).
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9y = 9591
94 gs

9y, = g6 v = Tp,

d(es) = g5 ' 949693

zp,  Ae1) = gr95 ‘9501

d(e2) = gsgagr

B | @
Yys = 9698 @ @ g2 Hol} (F,D? L) = gsg195 “95 *94

Hol?(F,D?,L) = gy, >e1 gy bey ' gy bes

g1 Tp

Figure6: A fake-flat configuration F on (D?, L) and its 2-dimensional holonomy.

Proof. (Theorem [T0) We use Rem. [67, 64 Given an assignment ¢ € {1,..., N} — (P;,7;,0;) as in (x),
then

] e en(P)™ [l b er(P2) .. [yn] B en (P)™ = 10(%, L),
where this holds in 7o (2, X1, %), and, now in (3!, X0):
A([mleen(P)™ [yl en(P2)’ ... [yw] > e (Py)™) =

= (Mnloc(P) ') (helor(P) [ 1) - (1oL (Pn)* [y']) = 8u(S, L)

The restriction Fx of F to ¥ gives a crossed module map (¥ z,, ®x,): Ha(X, X1, 2% — G. Thus:
HOl2(F, %, 1) = Wy (1(5, 1)

= W (] o en (P Dal > 0n(P)” -] & 0 (Py)™)

= Oy (1)) > Ui (10 (P)™) @ ([2]) B Wors (1. (P2)") - . D ([yw]) & W (e (P) )

= gy, De?;ll Grys 96?322 cov Oyn De%’j\],
where, N.B., firstly > is in II(3, 3!, X°) and then it is in G. Analogously:

Hol, (F, 5, L) = ¥y (80(%, L)) = g9 1)

3.5.3 Algebraic topology preliminaries for the 2-sphere case

Let (3, L) be a 2-lattice. Suppose that ¥ is an oriented surface homeomorphic to the 2-sphere. Choose a
base-point v € ¥, to be a 0-cell. Recall that the homotopy long exact sequence of (X, X1) yields:

(S 0) 2 {0} — m(B,v) X Z 4, (%, 8, 0) LN 1 (S v) — (8, v) = {1} (25)

(which is exact), and hence we have an isomorphism i: (X, v) & Z — ker(9) C mo(3, X1, v).

Cf. Def. B9 61l Rem. [l and the construction in §3.5.21 In order to find a combinatorial definition of
Hol?(F, %, L), we must express i(z;(X)) € ma (%, 21, v) (see Def. (9) as a product of terms like [y] > ¢z (P),
where v is a granular path from v to the base point zp of the plaquette P, and [y] is the element in
(X1, 20) it yields; Def. and A crucial point in §3.5.0] is that the kernel of the boundary map
0: ma(N, N1 v) — m (N, v) is trivial if N = D? (with any CW-decomposition), whereas if ¥ 2 S? we have
ker(9) = ma (X, v) 2 Z; see (25). In order to identify i(7, (X)) € m2 (X, X1, v), we will need to use the Hurewicz
map between homotopy and homology long exact sequences of pairs; see [40, pp 374]. Our main tool is the
fact that the Hurewicz map h: (3, v) — Ha(X) is an isomorphism, if 3 = §2.

Before continuing, let us define, given a plaquette P € L?, with characteristic map ¢%: D? — ¢% C %:

1
—1, if the restriction of ¢%: D? — ¥ to int(D?) is orientation reversing.

if the restriction of ¢%: D? — ¥ to int(D?) is orientation preserving;

sgn(P) = { ’ (26)
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Lemma 73. There exist a positive integer N, and an assignment i € {1,...,N} — (B;,7;,0;), where
P; € L?, ~; is a granular path from v to the base point xp, of the plaquette P;, and 0; € {£1}, such that:

1. we have an equivalence of granular paths (Def. and[33):
0,2 (PP 7") (02 (P55 . (OB (Pr) ™75

2. given any P € L?, Z 0; = sgn(P).
i€{1,...,N} such that P;=P

Moreover, given a positive integer N and an assignment i € {1,...,N} — (P;,7:,0;), where P; € L?, ;
is a granular path from v to the base point xp, of the plaquette P;, and 0; € {£1}, then:

] > e (P’ ol b en(P2)? . [yn] o e (P)* = i(5(%)),
(cf. Def. and Rem. [Z1]) happens if, and only if, conditions 1. and 2. of the lemma are satisfied.

Proof. Cf. Rem. [B0Q] Thm. and Rem. B3l Since Iy (X, 31, X20) is the free crossed module on 9 : L? —
71 (X1, 39), there exist a positive integer N, and an assignment i € {1,..., N} — (P;,7;,60;), where P, € L?,
v; is a granular path from v to the base point xp, of the plaquette P;, and 0; € {£1}, such that:

(] e e (P)? (y2] & en (P2))* . ([yw] > o (Pa ) = i(0(5, L)).

We claim that ¢ € {1,..., N} — (P, 6;) satisfies items 1 and 2, of the statement of the lemma.
Item 1. Since 8(@'(5(2 L))) (), combining with:

O(([n] > er (Pr))" (Iy2] > oo (P2)® ... ([yw] > e (Pw))™)
= []or (PO ] ™" 12]on () 2] - )0 (P )™ [yw] ™,

yields that i € {1,..., N} — (P;, v, 0;) satisfies item 1.
Item 2. Consider the map of exact sequences obtained from the Hurewicz map between homotopy and
homology long exact sequences, [40, pp 374]:

772(21,1})%{O}—>Z%WQ(E,U)C%@(E,EI,U)8—>771(21,v)—p>7r1( v) = {1}. (27)

S

Hy(21) 2 {0} —— Z 2 Hy(2)—— Hy(%, 51) —— Hy(3)) Hy (%) = {0}

The group Ha (X, ¥1) is the free abelian group on the relative homology classes a(P) = h,.(¢1,(P)) determined
by the plaquettes P € L?; see [40, pp 137]. Moreover h,.(y > t1,(P)) = a(P), for each plaquette P and each
path v € 7 (X1, 3% connecting v to the base-point of P. We let K = h(7,(3)) € H2(3). Then K is the
positive generator of Ho(X) 2 Z. We now need the following claim:
Claim i(K) = Y sgn(P)a(P) € Hy(S,X').
PeL?

Proof of the claim (sketch) This is seemingly well-known, however we could not find a proof anywhere.
Since H2(X, 1) is the free abelian group on the a(P) = h,(t1,(P)), we know that there exist unique A\p € Z,
where P € L?, such that i(K) = Y pc 2 Ap a(P). We need to prove that A\p = sgn(P), for each P € L?.

Let P € L% Let z be an interior point of open cell ¢% corresponding to P. We have a commutative
diagram (2§)), where all morphisms are induced by inclusion. The vertical line p,, corresponds to the identity
map Z — Z, in the sense that it sends the positive generator K € Hy(X) = Z to the positive generator K,
of Hy(X, X\ {x}) = Z. (Note X is oriented, so it makes sense to speak about those positive generators.)

7.2 Hy(3) = Hy(3,0)—— Hy(3, %) . (28)

22 Hy(2, 3\ {z})
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Then p; (a(P)) = sgn(P) Ky, by definition of sgn(FP). Whereas if @ € L? is another plaquette, then since the
corresponding closed 2-cell eé is contained in ¥\ {z} it holds p/(a(Q)) = 0. Hence sgn(P) = Ap. QED.

Having proven the claim, item 2 of the statement of the lemma now follows from the fact that:
> sgn(P)a(P) = i(K) =io h(z:(%))
PeL? — hy 0 (7 (D))
= he (> e (PO)* (2] > e (P2)) % - ([aw] B en (Pw))*Y)

== Z Hza(Pl)

We note that Hz(X, ') is the free abelian group on the a(P), where P € L2.

To finalise, let us be given an assignment i € {1,...,N} — (P;,~;,0;), where P; € L? ~; is a gran-
ular path from v to xp,, and 6; € {£1}. Let A = [y1] > t(P1)? [y2] > e (P2)?2 ... [ym] & tn(Pn)? €
(X, XL v)€ (3, X1, X9). From 1) it follows:

A= i(7(%)) & O(A) = 0, and h(4) = (i 0 h) (%))

& conditions of item 1 and item 2 each are satisfied.

3.5.4 A combinatorial description of the 2D holonomy along embedded 2-spheres

Let ¥ be an oriented S? embedded in a manifold M. Let L be a 2-lattice decomposition of (M,¥). Let
veEXNMO Let F=(Fl:teL' - g €G, F>: P€ L? — ep € E) be a fake-flat 2-gauge configuration
in (M,L). Recall the definition of the 2D holonomy of F along ¥ as Hol2(F,%,L) = U, (i(5(X, L)) €
ker(0) C E; Def.

Theorem 74. Let L be a 2-lattice decomposition of (M,X). Let Ly, be the induced 2-lattice decomposition
of . Let F be a fake-flat gauge 2-configuration in (M,L). Let Fx, be its restriction to Lx,. Recall Lem. [73

Find a positive integer N, and, for each i € {1,...,N}, a plaquette P; € L% (plaquettes might be
repeated), an integer 0; € {x1}, and a granular path ~y;, connecting v to the base point xp, of P;,
such that:

1. we have an equivalence of granular paths (Def. [38 and[33):

0,2 (mo2(P)" i) (1208(P2)" 51 ... (o (P)™05")
(*%)
2. given any P € L?, Z 0; = sgn(P); see equation 26) for notation.
i€{1,...,N} such that P;=P

Then we have the following combinatorial formula for Hol?(F,%, L) € ker(d) C E
Hol2(F,%,L) = g, > 6?311 Gryy D 6?322 cee Gyn D e?;’xl. (29)

Here g, is the product of the elements of G assigned to the 1-cells of the granular path ~y; (or their inverses).
In particular, fizing v € 3, to be a 0-cell of L, the expression [29)) for Holﬁ (F,%, L) does not depend on
the assignment i € {1,..., N} — (P;,7;,0;) as in (xx) chosen. Moreover, Lem. [63 holds mutatis mutandis.

Proof. By Lem. [[3 condition (**) is equivalent to: [y1] > ¢tr,(P1)% [y2] > tr(P2)% ... [yn] >t (Pn)%Y =
Z(E(E)) Hence:

HOl(F, 3, L) = Wy (i(55(%, D)) = Wiry (1] o 00 (P [l ea (P2)* . [in] & 0 (Pa)™)
= Ory (1) > Uy (1 (P1)™) @y ([2]) D W (12.(P2)?) . @ (yw]) & Wiy (0. (P) ™)
= gy De%l G De%’z ceo Gyn De?}l’v,

since (Vry, @ry): a(X, B, 39 — G is a crossed module map. O
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Example 75. Consider the 2-lattice decomposition Ly of the 2-sphere S? with a single 0-cell v and a single
2-cell P, whose characteristic map ¢%: D? — S? is positively oriented; cf. Ex. The base point of P is
v. A 2-gauge configuration F is simply an element mp € E, colouring its unique plaquette P. Fake-flatness
imposes mp € ker(9). Let ¥ = S?, positively oriented. An assignment as in () in Thm. [74] is such that
N=1,P, =P, =0, and 6; = 1. Hence Hol?(F,%, L) = mp, as it should.

Example 76. To facilitate drawing diagrams, let us now see the 2-sphere S? has being the square D?, where
we squash the upper edge and the lower edge to be single points (the north and south poles vy and vg),
and we identify the left and right boundary edges. We give S? the reverse orientation to the one induced
by [0,1]%. Consider the 2-lattice decomposition L of the 2-sphere, with two zero cells, at vy and vg, and
four one cells s,t,u,v, all connecting vg to vy. We have 2-cells P, @, R, .S, indicated in figure below. All
plaquettes are based at the south pole. The characteristic map of each plaquette preserves orientation, so
sgn(P),sgn(Q), sgn(R), sgn(S) = 1. The granular boundary of each plaquette is indicated in figure below.

UN
O2(P) = ts!
0L (Q) =ut™!
GGG G
8?(5):51)71
S v U t s
02(S) OF(R) 02(Q) 02 (P) = Dug
vs

Let ¥ = S2, with the same orientation as the ambient manifold S2. Let v = vg. We want to calculate
the 2-dimensional hohonomy of a fake-flat gauge 2-configuration along .. An assignment i — (P;,;, 6;) (for
N = 4) satisfying (+*) in Thm. [[@can be 1 — (S,0,,,1), 2 — (R,0,,,1), 3 — (Q,0,,,1) and 4 — (P, 0,,, 1).
Any cyclic permutation will also work.

A 2-gauge configuration F of the 2-sphere with this 2-lattice decomposition is given by elements gs, g¢, gu, go €
G, colouring the edges s,t,u, v, and elements d, c,b,a € E colouring the plaquettes S, R, @, P, as indicated
in the figure below, where the conditions for fake-flatness to hold are also made explicit.

UN
d(a) = gegy*
a(b) = gug;"
@ OO W 8(e) = gugy*
A(d) = gsg, "
Js v Gu |Gt Js
Hol? (F,D? L) = decba

vs

Hence Hol,_(F, %, L) = dcba € ker(d) C E.

By Thm. [[4] cyclic permutations of i — (P;, v;, 0;) must yield the same value for Holis (F,%, L), as (**)
is still satisfied. The former can be directly proven: note d(dcba) = 1¢, thus deba is central, by the second
Peiffer law of the definition of crossed modules (Def. B). Hence dcba = d~dcbad = cbad.

Example 77. Consider the standard tetrahedron 7' C R? displayed below. Hence the boundary X, of T,
with the induced orientation, is given by the two triangles below identified along their boundaries. We give
T a 2-lattice decomposition derived from the obvious triangulation of 7. The granular boundary of each
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plaquette is indicated in the figure below. Note, P;, P» and P5 are based in vy, whereas Py is based in v.

U1

Vo V2 Vo V2

5[?(131) = tort1z(tos) " 5?(134) = tiatos(t13) " 6?(P2) = toata3(tos) ~* 822(133) = tortia(to2) "
Let consider 2D holonomy along ¥ based at vg. An assignment satisfying (**) is such that N = 4, and:

1'_>(P17®v071)a 2’_’(P2a®710a71)a
3 (P37®v07*1)7 4 (P4at017]-)'

The general form of a fake-flat 2-gauge configuration F of (T, L) is presented below:

€2

go2 902
59(@1) = 901913(903)_1 39(64) = 912923(913)_1 ag(€2) = 902923(903)_1 39(63) = 901912(902)_1

Hence, by (@J) it follows that: Hol} (F,%,L) =e; e;" e5" go > ea.

3.6 2-flat 2-gauge configurations
Let (M, L) be a 2-lattice. Let b € L3. The corresponding closed 3-cell (called a blob) is also denoted by

b = cj. From the definition of 2-lattices (Def. 22)), the attaching map v7: S* — M? of b is an embedding
and 13 (S5?) = bd(b) = S? is a subcomplex of M?, called the boundary of the blob b. Orient bd(b) by using
¢g: 8% — bd(b). Cf. Rem. B BIl and Def. EJ, we have 7, (bd(b)) = 9 (b), in ma(M?,v) C mo(M?,M*,v) C
mo(M?, M1, M), where v = 13 (x) is the base-point of b = %.

Definition 78 (2-flat 2-gauge configuration). Let G = (9: E — G, ) be a crossed module. Consider a fake-
flat 2-gauge configuration F based on (M, L). The boundary bd(b) of each blob b € L? inherits a 2-lattice
decomposition. The fake-flat 2-gauge configuration F is said to be 2-flat if for every blob b, we have:

Hol?(F,bd(b), L) = 1p, where 15 is the identity of E.

Recalling (Def. @) that ©(M, L,G) denotes the set of fake-flat 2-gauge configurations in (M, L), the set of
2-flat 2-gauge configurations is denoted Oanat (M, L, G).

More generally, a fake-flat 2-gauge configuration F is said to be 2-flat along a cellularly embedded 2-sphere
¥ C M if, for some v € XN MO, hence — by Lem. B3 - for all v € X N M?, it holds that Hol?(F,%, L) = 15.

Example 79. The fake-flat 2-gauge configuration ; from the end of §3.2.] (the naive vacuum) is 2-flat.

Example 80. The fake-flat 2-gauge configurations in Ex. [(7is 2-flat if, and only if, e; 62_1 egl goibeqs = 1g.
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Let us provide an algebraic-topological interpretation of 2-flat 2-gauge configurations. Let F be a fake-flat
2-gauge configuration in (M, L). Cf. the construction of Hol?(F,bd(b), L) in §3.22 Consider the discrete
2D parallel transport 2-functor (U g, ®x): Ta(M?2, M, M%) — G of F; see Thm. 54l By the construction in
8.4 and §3.5.4) it holds that Hol?(F, bd(b), L) = ¥ (9L (b)). Recall that F +— (¥ £, ®5) gives a one-to-one
correspondence between fake-flat 2-gauge configurations and crossed module maps IIo(M?2, M1, M°) — G.

The map of crossed modules induced by the inclusion (M2, M1, M°) — (M3, M, M°) is denoted by
pa: Mo (M2, MY, M%) — Ty(M3, MY, MY). In components ps = (ph,id), where ph: mo(M?, M, M%) —
o (M3, M*, M) is a surjection and id is the identity w1 (M?*, M°) — 7y (M1, MY).

Cf. Rem. Given any 3-cell b, note that p4(9r(b)) = lr, (a2 ,,), the identity of mo(M?, 25), where x;
is the base-point of b. These are the only relations we need to impose in order to pass from mo(M?2, M1, M?)
to mo (M3, MY, M%) = 7y(M, M*, M°); what is meant by this is in Lem. BIl This follows from the long
homotopy exact sequence of the triple (M3, M2, M), applied to each choice of base point 2 € M°, namely:

773(M3;M2;$) i 7T2(M2,M1,$) p_2) 7T2(M37M1,$) - 772(M37M2)$) = {O}a

together with the fact that the group m3(M?, M?, z) is isomorphic to the free Z(m1(M*,z))-module on L?;
[40, Lemma 4.38].

Cf. the diagram below, a crossed module map f: Tlo(M?2, M, M) — G is said to descend to Ia(M, M*, M?)
if there exists a (necessarily unique) crossed module map f”: TIy (M3, M, M°) — G such that f” o py = f.

Iy (M2, MY, M) —f—=G .

P2 f°
|
HQ(MS,MI,MO)

Lemma 81. A crossed module map f = (fa, f1): Ha(M?, M, M°) — G descends to Ilo(M, M*, M°) if, and
only if, for each blob b € L* we have f2(91(b)) = 1&.

Note that Iy (M, M, M°) = Ty (M?3, M, M?), by the cellular approximation theorem.

Proof. As mentioned above, this follows from the long homotopy exact sequence of the triple (M3, M2, M1),
applied to each choice of base point x € M?; details can be found in [30], for the case of CW-complexes with
a single base-point. Alternatively we can also use the higher-dimensional van Kampen theorem of Brown
and Higgins; see [I3| 14} [15], 11] and [I8| §6], stating that (under mild conditions) the fundamental crossed
module functor preserves colimits. Note that the conditions of 2-lattices (Def. 22)) imply that for each b € L?,
the corresponding closed 3-cell cg = b is a subcomplex of M, homeomorphic to D3. Moreover b*> = bd(b),
bt = bd(b)! and b° = bd(h)°. From [I1} §6.3], it follows that the diagram (B0) below is a pushout diagram
in the category of crossed modules of groupoids:

| | TT2(bd(b), bd ()", bd(b)°) P | | (6,0, 0°) (30)

beL3 be L3

Ty (M2, MY, M©) b2 Ty (M3, MY, M°)

In the diagram (B0) above, all arrows are induced by inclusions. Also, 71 (b',0°) = 71 (bd(b)*, bd(b)?).
Given # € b° = bd(b)°, we pass from m2(bd(b),bd(b)},x) to ma(b,bl,z) by quotienting by the normal
closure of 7;(bd(b)) € ma(bd(b),z) C ma(bd(b),bd(b)!,z); we are using the notation of Def By in-
specting [B0), and applying the universal property of pushouts, it hence follows that a crossed module map
fiIa(M?, MY, M®) — G descends to IIa(M, M, M°) if, and only if, for each b € L3, and for each z € b7, it
holds that fo(7;(bd(b))) = 1g. by Lem. [63] in order for the latter to happen, for a blob b, it suffices to check
that f2(7y(bd(D))) = 1g, if v is the base-point of b, which is the same as saying that f2(9r (b)) = 1g. O

Combining Lem. [RT] with Thm. (4] yields the following interpretation of fake-flat 2-gauge configurations.

31



Theorem 82 (2-flat 2D parallel transport 2-functors). The bijection F € O(M,L,G) — (¥x, ®x) of
Thm. restricts to a bijection between 2-flat configurations F € Oagar(M, L,G) and crossed module maps
(M, M*, M°) — G, from now on called 2-flat 2D parallel transport 2-functors. The correspondence sends
F € Oaaat(M, L,G) to the crossed module map (‘I/b}-, @?._—): o (M, M*, M°) — G that (Vx,®f) descends to.

4 Gauge transformations

Throughout this section, we fix a crossed module G = (9g: E — G,>) of groups §Z1l and a 2-lattice (M, L)
240 Recall that (LY, L) has the structure of a directed graph o,7: L' — L°, see §.51 We denote the edges

(1-cells) of L as x L, y, where z = o(t) and y = 7(t) are the source and target of t. (It may be that x = y.)

4.1 The group 7 =7 (M, L,G) of gauge operators
If G is a group and S is a set we put G° to denote the group [I,cs G, with pointwise multiplication.

Definition 83 (The group 7 (M, L,G) of gauge operators). There is a left-action e of V(M,L,G) = GL’ on
E(M,L,G) = EL by automorphisms. Given n € £(M, L,G) and u € V(M, L,G), the action e has the form:

t t
(won) (a(t) & 7(t)) = u(o(®) > (n (o(t) 5 7(1))), (31)
for each o(t) % 7(t) in L'. (Note that > denotes the underlying action of G on E, which exists since
(0g: E — G,p>) is a crossed module; Def. 1) We define the group 7 = 7 (M, L, G) of gauge operators to be:

T(M,L,G) = &(M,L,G) e V(M,L,G) = E* x, G (32)
Here x4 denotes semidirect product. In particular we take:

(n,w)(n',u') = (nuen',ud). (33)

Example 84. Recall the 2-lattice decomposition L of S? from Fig. Bl We have a unique edge and a unique
vertex. Hence 7(S% L,G) = E x, G. If we extend L to be a 2-lattice decomposition Ly of S?, by adding
3-cells (Ex. 23)), it also holds that 7(S3,Ly,G) = E %, G. This is because groups of gauge operators on
2-lattices depend only on 1-skeletons.

The group 7 (M, L, G) of gauge operators acts on the set O(M, L, G) of fake-flat 2-gauge configuration on
(M, L) in a way such that the 2D holonomy is preserved; see §4.4 below. Moreover, this action restricts to
an action of 7 (M, L,G) on the set Oaqa1(M, L, G) of 2-flat configurations; Def. [[8l In order to present the
action, we now define a double groupoid D(G) out of the crossed module G; see [18, §6.6], [13] [I5] and [34].

4.2 The double groupoid D(G)

Double groupoids (more precisely ‘special double groupoids’) [13] 21] form a category equivalent to the
category of crossed modules, hence to the category of 2-groups. The languange of double groupoids is
particularly useful for proving results concerning the fundamental crossed module of a pair of spaces, as shown
in [I8, Chapter 6] and [11], 13]. Double groupoids are also quite convenient for treating the 2-dimensional
holonomy of a 2-bundle, in an differential geometric setting, and its behaviour under gauge transformations.
This point of view was developed in [34]. Double groupoids can also be applied for formulating gauge
transformations in discrete higher gauge theory, as we explain in this subsection.

The definition of a double groupoid appears e.g. in [I8, §6.1], [11], §6.1], and [34] [65]. We explain the
layers of structure inherent to a double groupoid as we elaborate how a crossed module G = (9g: F — G, )
of groups gives rise to one, denoted by D(G); see [18, §6.6].

We have a unique object x, and sets D}, (G) and Dy, (G) of horizontal and vertical 1-squares in G; see [34].
These sets of horizontal and vertical 1-squares in G consist of diagrams of the form:

*

(*L*) and ZT , where X, 7 € G.

*
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Horizontal and vertical 1-squares in G are composed in the obvious way, here shown for horizontal 1-squares:
(* X, %) o (x _r ., ) = (% XY *), where X,Y € G.

We therefore have horizontal and vertical groupoids, also denoted Dj;(G) and Dy, (G), with a single object.
Their sets of morphisms are in one-to-one correspondence with G. The groupoids Dj},(G) and Dy, (G) are
isomorphic. An obvious isomorphism Di,(G) — Dk (G) is obtained by clockwise rotation.

We have a set D?(G) of squares in G. This set consists of diagrams K of the form below:

Y where X, Y, Z, W € G and e € E are such that d(e) = XYW 1Z~71.  (34)

w
* —
K:ZT e
* —
X

* —r ¥

Remark 85 (Squares in G and fake-flat 2-gauge configurations of [0,1]?). Elements K € D?(G) hence can
be seen as fake-flat 2-gauge configurations on the obvious 2-lattice decomposition of D? = [0, 1]2; see Ex.

Several maps exist connecting D% (G), D3, (G) and D?(G); see below (here K is as in ([B4)):

* *
d)(K) = zT , do(K) = yT C o du(K)=(, W, ) and da(K) = (, X ). (35)
* *
X lg
* — % * * — 5 %
dy(, X ) :1GT 1p Tlc and idg YT = YT 1p TY, (36)
* — % * * ——— %
X le

Horizontal and vertical compositions of 2-squares can be done when squares match on the relevant sides:
W/

% —
Z/T e’ TY’
’
w w’ ww’ * L
— ¥ —— % * —— %
-
w —
ZT e TY YT e’ TY/ — ZT (X[>e')e TY/ and w = ZZ’T eZre’ TYY’ (37)
-
N s % * —— % T x
X X’ XX’ zZ e Y
]
X

These compositions are associative. Hence the set D?(G) of squares in G is the set of morphisms of two
categories, called horizontal and vertical categories. The correspondent sets of objects are the sets of vertical
and horizontal squares in G, respectively. Source and target maps are in ([B3]). Unit maps are in (30]).

Remark 86 (Interchange law in D(G)). Horizontal and vertical compositions in D(G) satisfy the interchange
law, which says that the composition indicated below does not depend on the order whereby it is done.

W/ WN
— % * —— %
zﬁ ’ Tc cT ’ Tw
_ * —— %

W WIII
W W///
[EERASEEN * — %

ZT e TB BT e/ Tyl//
—_ * —— %

X X
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This means that we can either first perform horizontal compositions, and then vertical compositions, or
vice-versa, yielding the same result. To prove the interchange law we must make explicit use of the 2nd
Peiffer condition in Def. [2 for crossed modules of groups. (All other mentioned properties in D(G) follow
from the 1st Peiffer relation in Def. 2] and the fact that G acts on E by automorphisms.)

The horizontal and vertical categories are both groupoids. Given K € D?(G), the inverses ry and ry of
K, with respect to the vertical and horizontal compositions, called vertical and horizontal reverses of K, are
given in (38), below. This finishes the construction of the double groupoid D(G).

w X w wt
* —— % * — % * — % * — %
TV ZT e TY = Z_lT Z pe! TY_l 5 TH ZT e TY = YT X 1pe?! TZ (38)
* — % * ——— % * — % ¥ — %
X w X xX-1

4.3 Full gauge transformations between fake-flat 2-gauge configurations

The action of the group 7 (M, L,G) §47] of gauge operators on the set ©(M, L, G) §3.2.7] of fake flat 2-gauge
configurations is given in §4.41 We still need some technicalities.

4.3.1 Groupoid 6% (M, L, G) of fake-flat 2-gauge configurations and full gauge transformations

Definition 87 (Full gauge transformation). A full gauge transformation U = (Us, U;), starting in the fake-
flat 2-gauge configuration F = (F': L' — G, F?: L? — E), is given by a pair of maps: U, : L' — D?(G)
and Uy: L° — D}, (G), such that:

*
o Let v e LY. Put: Up(v) = gvT . Let E, be the set of edges of L incident to v. If ¢t € E, then:
*
*
o(t) =v = di(Ux(t) = [oo] | and 7(t) =v = d(0a) = [o] | . (39)
*
Hence if two edges t and t’ share a vertex, the corresponding vertical sides of Uy (t) and Us(t') match.

e For each edge ¢ € L', it holds that d, (Uz(t)) = F'(t). (For notation see (B3).)

Definition 88. An example of a full gauge transformation starting in F is idz. It is such that g, = 14, for
each v € LY, hence Uj(v) is an identity vertical 1-square. idr assigns idy (F'(¢)) in (B6) to each t € L.

Remark 89 (Full gauge transformations and crossed module homotopies). In the language of [19, §2.1]
and [20], full gauge transformations, starting at F, boil down to crossed module homotopies starting on the
associated crossed module map (Vr, ®): Ilo(M?, M, M?) — G of Thm. 54 (An explanation of crossed
module homotopies in a language close to this paper’s is in [35, 29, B2 31].) In order to prove this fact,
we must use the fact that the groupoid 1 (M, MP) is free on the set of 1-cells of M. Therefore, a crossed
module homotopy starting on the crossed module map (¥, ®£): Ilo(M?, M, M) — G can be arbitrarily
(and uniquely) specified by its value on the set of 0 and 1-cells of M, yielding our full gauge transformations.

For an explanation of crossed module homotopy in the general framework of crossed complezes, see [I8|
§9] and [I6].

A full gauge transformation U, starting in the fake-flat 2-gauge configuration F = (F!, F2), transforms
F into another fake-flat 2-gauge configuration, denoted

UsF=U>F U>F?).
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The definition of U > F is given below.

We give a combinatorial explanation of U > F = (U > F',U > F?), based on the framework of this paper.
At the level of edge colourings, if t € L then (U>F1)(t) is the bottom colour of the square Us(t) € D?(G),
ie. (U>FH)(t) = dy(Uz(t)); see [B5). Let us describe U > F2(P), where P is a plaquette. We consider two
cases, depending on the attaching map ¢%: ST — M?! of the closed 2-cell ¢ (also denoted P); cf. Def.

1. If 9%: St — M? is constant, then ¢%(S1) = {v}, where v is a O-cell of L. And we then put:
U > F?)(P) = g, > FA(P),
where g, is defined in Def. B7l Since dg(F2(P)) = 1 (cf. Prop. H), U > F is fake-flat at P, because:
g (U > F?)(P)) = g(g0 > F*(P)) = g,06(F*(P))g, " = 1c-

2. Otherwise, we now make explicit use of the fact that 1/%: S — M must then be an embedding; as such

the characteristic map ¢%: D? — €% = P of P is a homeomorphism. Consider P x [0,1] C M? x [0, 1],
with the obvious product lattice decomposition, where [0, 1] has unique O-cells at 0 and 1. The 2-
dimensional lattice made out of the top and lateral sides of P x [0,1] can be given a fake-flat 2-gauge
configuration, obtained by putting together F and U. We refer to Fig. [ It depicts a fake-flat 2-
gauge configuration in the boundary of the cylinder P x [0,1]. The base-point of plaquette P, whose
attaching map is oriented counterclockwise, is v = v1. The top P x {1} of the cylinder is coloured by
the restriction of F to P. The sides of the cylinder are coloured by the 1 and 2-squares U; (z) € D3, (G)
and Us(t) € D?(G), where z is a vertex of bd(P) and ¢ is an edge of bd(P). (Each Uz(t) can be seen
as a fake-flat 2-gauge configuration of the 2-disk [0, 1]%; see Rem. The direction of the edges of
bd(P) gives an unambiguous way to transport the fake-flat 2-gauge configuration Us(t) of [0, 1]? onto
the correspondent lateral square in Fig[7) Finally, the bottom P x {0} of the cylinder P x [0,1] is
coloured with U > F = F.

By definition, the ‘gauge-transformed’ colour €/, = U > F2(P) of the plaquette P (which is based at v)
is the 2D holonomy, based at v/, along the 2-disk consisting of the top and lateral sides of the cylinder
in Fig. [ with the fake-flat 2-gauge configuration obtained by putting together F and . By Thm.
[T, the 2D holonomy along this 2-disk is well-defined. Also by ([3) U > F is fake-flat at P.

Remark 90. A more concrete expression for e/, = U > F2(P) can be derived by using the double groupoid
D?(G). In the example in Fig. [7l we evaluate the following composition in D?(G). (We note that the elements
of E assigned to the three squares in the bottom right arise from the horizontal reverses of the squares Us(t3),
Us(t2) and Us(t1), above; cf. (B8).) And then e is the element of F assigned to the resulting square in G.

1g

]-G ep lG

Gts Gty 9;51 gt_21 gﬂl
U1 us Uyg u3 U2 uy

—1 _ 1 _ 1 _
n(ts) 1(ts) gt >nt)™t g, eat)™t | g, pa(t)
—1 -1 —1
9t 9t 9t 9t 9t (40)

Remark 91 (Notation). If U is a full gauge transformation starting at F, and transforming F into
F' =Uv> F, we use the notation: F Y By construction it clearly follows that F 7, F; see Def.

Lemma 92. Consider a sequence of full gauge transformations F LNy Ny full gauge transformation
U' U, starting in F, can be defined. Its underlying 1 and 2-squares in G are obtained by vertically composing
the 1- and 2-squares in G of U and U', in the obvious way. Therefore the squares in G making U' will be put

under the squares in G making U in BT). Then U’ U connects F to F"; i.e. F LNy

I This is a consequence of the general construction in [I9] §2.1], [20] and [I8} §9] of crossed module and crossed complex
homotopy. Some explicit calculations are in [35] [31) [32].
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Figure 7: A full gauge transformation U, transforming F into U > F = F’, in the vicinity of a plaquette P.
The 2-gauge configurations F and F' = U > F are (respectively) at the top and at the bottom of the cylinder
P x I. Note that, given an edge t € L, the element of E associated to Ua(t) is here denoted by n(t). Also
ul,...,us € G are given by ¢, ... gv;,- The squares in G on the right are used to give E labellings to the
lateral squares of the cylinder on the left, in the obvious way.

Proof. (Sketch) We must prove that (U «U) > (F1))(t) = F'"'(t) for each t € L', and that (U =U)>
(FH)(P) = }"’Q(P), for each P € L2. This is trivial to verify for edges, and for plaquettes attaching along
constant maps. Otherwise, cf. Fig. [l Put the squares of the full gauge transformation ¢’ on the bottom of
the ones of . This yields a fake-flat 2-gauge configuration M, defined on the 2-disk ¥ made out of the top
and lateral faces of P x [0, 2], where [0, 2] has 0O-cells at 0,1 and 2. There are two different ways to explicitly
compute the 2D holonomy of M along . They must yield the same element of F; see Thm. [71l a) Either
we firstly multiply the squares standing on top of each other, and then compose with the top 2-disk, and in
this case the result will be (U’ *«U) > (F?))(P). Or b) compose U with F and only after that compose with
U'; and then the result will be (U’ > (U > F?))(P) = (U’ D.7:’2)(P) = F"*(P).

Cf. Rem. [0 if we put the squares of Y’ under those of ¢ in ({0, then the statement of the lemma also
follows from the interchange law for the vertical and horizontal compositions in D?(G); see Rem. O

Cf. (38). By using the vertical reverse of 2-squares in G, we conclude that full gauge transformations
can be reversed. Namely if we have F u , then U/~!, obtained by applying vertical reverses to the

l-squares Uy (), z € LY, and the 2-squares U (t), t € L', is such that F’ Y F AlsoU Ut = idz and
U1 xU = idF; see Def. Therefore we have the following result.

Theorem 93 (The groupoid ©% (M, L, G) of fake-flat 2-gauge configurations and full gauge transformations).
Let (M, L) be a 2-lattice and G a crossed module. We have a groupoid ©% (M, L,G), whose objects are the

fake-flat 2-gauge configurations F € ©(M, L,G). The morphisms are the full gauge transformations F Ny

Remark 94 (Algebraic topological definition of ©# (M, L, G) — following Brown and Higgins). Recall (Thm.
[B4) that we have a bijection F +— fz, between fake-flat 2-gauge configurations F and crossed module maps
fr: Ho(M? MY, M°) — G. As mentioned in Rem. B9 there exists a relation of homotopy between crossed
module maps f, f': G — G, where G and G’ are crossed modules of groupoids, discussed in [19, 20, B5].
This relation is a particular case of homotopy of crossed complex maps [I8] §7.1.vii, §9.3], [I6]. By using the
notation in [I8, §9.3.i], given crossed modules G’ and G, we have a groupoid CRS1(G’, G) of crossed module
maps G’ — G and homotopies between them. When G’ = IIy(M?2, M*, M), where M a CW-complex, and
G is a crossed module of groups, a homotopy connecting f and f’ boils down to a full gauge transformation

# Y #. For discussion see [35, 29, 31]. Hence ©# (M, L,G) = CRS;(TIo(M2, M*, M°),G) in [I8] §9.3.i].
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Remark 95 (A 2-groupoid of fake-flat 2-gauge configurations, full gauge transformations and 2-fold gauge
transformations). The groupoid ©*(M, L,G) is part of a more general construction. Let G,G’ be crossed
module of groupoids. By considering 2-fold homotopies between crossed module homotopies (see [19] 20} [35]
and [I8, §9.3.i]), we can furthermore define a 2-groupoid CRS2(G’,G), whose objects are crossed module
maps G’ — G, 1-morphisms are homotopies between 2-crossed module maps, and 2-morphisms are 2-fold
homotopies between homotopies. Explicit formulae are in [35, 29 [32] [31]. This leads to a notion of 2-fold
gauge transformation between full gauge transformations, prominent in higher gauge theory [34,[5,[63]. These
2-fold gauge transformation between full gauge transformations do not appear to have large importance for
this paper. However they have prime importance for addressing algebraic topology descriptions of higher
gauge theory invariants of manifolds (namely Yetter invariant [76l [61]), as explained in [35] 29].

4.3.2 Full gauge transformations preserve 2D holonomy along embedded 2-spheres

Full gauge transformations preserve the 2D holonomy of fake-flat 2-gauge configurations along embedded
surfaces. Let us address how to prove this using some basic algebraic topology, closely following the work of
Brown and Higgins [16] [15] 13, I7]. Our proof is done in very identical lines to the one of [34], which was
done for the case of differential-geometric 2-connections.

We temporarily denote the fundamental crossed module of a CW-complex X by ITo(X) = I, (X, X1, X©).
If X is a CW-complex, let X x [0, 1] be the product CW-complex, where [0, 1] is given the obvious CW-
decomposition with 0-cells at 0 and 1. If F is a fake-flat 2-gauge configuration in a 2-lattice (M, L), we hence
denote the (Thm. B4) 2D parallel transport 2-functor of F by (U, ®): Ia(M?) — G.

The main result underpinning our discussion is the following interpretation of full gauge transformations
between fake-flat 2-gauge configurations. It essentially appears in [I8], §9.3.i, §9.7 and §9.8] and [I6] [I7], in
the more general case of crossed complexes.

Lemma 96. Let (M, L) be a 2-lattice. Let G = (9g: E — G,>) be a group crossed module. Let F Y F bea
full gauge transformation connecting F and F'. We then have a crossed module map Hy,: Tlo(M? x [0,1]) —
G, making the diagram below (in the category of crossed modules) commute:

IIy(M?) (41)

11

Iy (M2 x [0,1]) —H—= G

w0 T Ty pr)
Ty (M?2)

Here ig and iy are induced by m € M? — (m,0) € M? x [0,1] and m € M? — (m,1) € M? x [0,1].

Proof. Let us for simplicity assume that the product CW-decomposition of M? x [0,1] is a 2-lattice J. The
general case in analogous. Recall the construction of the usual CW-decomposition of M? x [0,1], where
M? x {0} and M? x {1} embed as subcomplexes, and we have an additional (i + 1)-cell ¢ x [0, 1] of M? x [0, 1]
for each i-cell ¢ of M2. (See [40, Page 523].)

Cf. the discussion in §£.3.1] particularly the construction of 7/ = U>F, and Fig. [[l The fake-flat 2-gauge
configurations F, F’, and the full gauge transformation U, can together be assembled to yield a fake-flat
2-gauge configuration M of (M2 x [0,1],J). The restriction of M to M x {1} is obtained from F, and the
restriction of M to M x {0} is obtained from F’. Finally the restriction of M to the 1- and 2-cells v x [0, 1]
(where v € LY) and ¢ x [0,1] (where t € L') is obtained from U; (v) and Us(t); for conventions on how to do
this see the discussion in

We have a 3-cell P x I of J for each 2-cell P € L?. And M is 2-flat along P x I, given the explicit
construction of the value of ' = Y > F at P. Since there are no more 3-cells in M? x [0,1], we hence
conclude that M is a 2-flat 2-gauge configuration in (M? x [0,1],J). We now just need to apply Thm 2] to
M. Clearly Hy = (Upq, Paq): o (M? x [0,1]) — G makes the diagram in (@) commute. O
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Remark 97. A stronger result can be proved, and is implicit in [I6] and [I8, Chapter 9]. Namely, there is a

one-to-one correspondence between full-gauge transformations F Y 7 and maps Hy: Ilo(M? % [0,1]) — G,
making (#I)) commute. This can be inferred by combining the beginning of [18, §9.3.i] with Thm [I8, 9.8.1].

We state the result concerning invariance of 2D holonomy under full gauge transformations for a 2-sphere
cellularly embedded in a 2-lattice, only; see §3.4.2, §3.5.41 This is the case whose behaviour under full gauge
transformations is the neatest and it is the generality needed to formulate higher Kitaev models in §5.11

Theorem 98. Let G = (Jg: E — G,>) be a crossed module of groups. Let (M, L) be a 2-lattice. Let X
be a 2-sphere cellularly embedded in M. Let F be a fake-flat 2-gauge configuration on (M,L). Let U be a
full gauge transformation starting in F. Let v € X, to be a 0-cell of M. Let g, € G be the element of G
associated to U (v); see Def. [87. Then:

Hol2(Uv> F,%, L) = g,>Hol2(F,%, L).
Proof. We strongly use the previous lemma, and resume the notation there introduced.

Let 7/ =U>F. Cf. @), put Hy = (HZ, H},). Let 7,(X) € ma(M?,0)C mo(M?, M*,v) be as in Def.
By Def. 61l we have that:

Hol2(F,%, L) = U r(7(X)) = HE (i1(%(%))) and Hol2 (U > F, 5, L) = U r/(75(X)) = H (i0(T(2)))-
Let 7, be the following path in M? x [0, 1], connecting (v,0) to (v, 1):
t€1[0,1] = (v,t) € M?* x [0, 1].

Then, passing to the correspondent element [y, ] in the underlying groupoid 71 (M2 x [0, 1])*, (M? x [0, 1])°)
of the crossed module ITo(M? x [0,1]), it holds that:

i0(T(2)) = [re] > (11(2(2)), in w2 (M2 x [0, 1], (M? x [0,1])", (M? x [0,1])°).
By construction we have that g, = H},([v»]). Cf. @), it hence follows that:
Hol (F', 3, L) = Wi (55(%)) = Hiy (io(7:(%)))
= H([w] > (11 (7(%)))

= Hy ([v]) » Hiy ((i2 (7 (2)))
=gvbP WF(E(E)) =Gvb H0112)(]:a E,L).

O

4.3.3 Groupoid @#at(M ,L,G) of 2-flat 2-gauge configurations and full gauge transformations

Let G = (0g: E — G,p) be a crossed module of groups. Let (M, L) be a 2-lattice. Recall the definition of
a 2-flat 2-gauge configuration in §3.6] and details therein. Let F be a fake-flat 2-gauge configuration. The
2D holonomy Hol2(F,bd(b), L) of F along the boundary bd(b) of a 3-cell b is invariant under full gauge
transformations, in the sense of Thm. Suppose that F is 2-flat, hence that Hol?(F,bd(b), L) = 1, for
each b € L3. Since G acts on E by automorphisms, if I/ is any full gauge transformation, starting in F, it
follows that Hol? (U > F,bd(b), L) = 1p, for each b € L3. Hence full gauge transformations transform 2-flat
2-gauge configurations into 2-flat 2-gauge configurations.

In particular, the groupoid ©%(M, L, G) of fake-flat 2-gauge configurations and full gauge transformations

of Thm @3] has a full subgroupoid @gat (M, L,G), whose objects are the 2-flat 2-gauge transformations.

Remark 99 (Algebraic topological definition of @fat(M, L,G) — following Brown and Higgins). Cf. Rem.
©4 Recall (Thm. [B2) that we have a bijection F — fr, between 2-flat 2-gauge configurations F and
crossed module maps fr: Io(M, M, M%) — G. Cf. [I8 §9.3.i], given crossed modules G’ and G we
have a groupoid CRS;1(G’,G) of crossed module maps G’ — G and homotopies between them. When
G' = Hy(M, M*, M°), where M a CW-complex, G is a group crossed module, and F, F" are 2-flat 2-gauge

configurations, a homotopy H, connecting fz to fz/, boils down to a full gauge transformation F Y, F
Hence @ﬁit(M,L,g) =~ CRS; (I (M, MY, M°),G) in [18] §9.3.i].
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4.4 Gauge operators on fake-flat 2-gauge configurations

Let G = (0g: E — G,1) be a crossed module of groups. We now finally define a left-action e of the group
of gauge operators 7 (M, L,G) of §41] on the set of fake-flat 2-gauge configurations ©(M, L,G). Our main
tool is the groupoid ©%(M, L, G) of fake-flat 2-gauge configurations and full gauge transformations between
them; see Thm We will define a left-action whose action-groupoid is isomorphic to ©%(M, L, G).

The main observation is that given a fake-flat 2-gauge configuration F = (F2: L? — E,F': L' — G),
the set of full gauge transformations starting in F can be put in one-to-one correspondence with elements
(nyu) € T(M,L,G) =E(M,L,G) xe V(M, L,G). Given F € O(M,L,G) and (n,u) € T(M,L,G), we have a
full gauge transformation U, ., 7y = U = (U, U1), starting at F, defined as:

*
ve Lt T“@)
*

_Fo (42)
(v LN v') S AN u(vﬁ n(t) Tum for U F1(t) = d(n(t)) u(v) F*(£) u(v’) .
* *
UsFL(t)

Lemma 100. Let (n,u), (n,v') € T(M,L,G). Let F € ©(M,L,G). We have:

u((n,u)(n’,u’),}') - u(n uen’ u u’,]—') - u(n,u,b{(n/,u/’;)bf) * u(n’,u’,]—') ’ (43)

N.B.: See §4.1] for conventions on the product (n,u)(n’,uv") = (nuen’,uv’) of (n,u),(n',u') € T(M,L,G).
The composition of * of full gauge transformation is made explicit in Lem.

Proof. This follows by construction, by looking at the conventions (@2 for U, ., . Just compare the explicit
definition of the group operation in 7 (M, L, G) in (B3]) with the explicit form of the vertical composition of
squares in G in [B7). The latter yields the composition * of full gauge transformations in Lem. O

An operation e of the group 7 (M, L,G) on O(M, L,G) can then be defined by:
(n,u) @ F = Uy ur)> F. (44)

By Lem. [I00, e is indeed a left-action of 7 (M, L,G) on ©(M, L,G) and ©%(M, L, G) is its action groupoid.
By construction of U, ,, 7y and Thm. @8 it follows that:

Theorem 101. Let (M, L) be a 2-lattice. Let ¥ be a 2-sphere cellularly embedded in M. Let v € XN MP.
Let F be a fake-flat 2-gauge configuration in (M, L). Let (n,u) € T(M,L,G). Then:

Hol? ((n,u) ¢ F,%,L) = u(v)>Hol2(F, %, L).

Cf. §433 in particular e restricts to an action of 7 (M, L,G) on the set of 2-flat 2-gauge configurations.

5 The Hamiltonian models

5.1 A Hamiltonian model for higher gauge theory

In this subsection, we fix a manifold M, a 2-lattice decomposition (M, L) of M (Def. 22)), and a crossed
module of groups G = (Jg: E — G,>); Def. @l We suppose that M is compact (thus that L is finite) and
that G is finite, meaning that both G and FE are finite groups. Hence the set ©(M, L, G) of fake-flat 2-gauge
configurations is finite. Note that ©(M, L, G) is non-empty, as the naive vacuum is in O(M, L, G); see §3.2.11
Recall from §47] the group 7(M,L,G) = E(M,L,G) x¢ V(M, L,G) of gauge operators. We have §4.4 a
left-action e of the group of gauge operators on O(M, L, G), preserving 2D holonomy, as in Thm. [[0T]
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Definition 102 (Hilbert space H(M, L, G)). The Hilbert space for Hamiltonian higher gauge theory is the
free vector space H(M, L,G) = CO(M, L,G) on the set of fake-flat 2-gauge configurations, with the unique
inner product (—, —) that renders different fake-flat 2-gauge configurations orthonormal.

The group algebra C7 (M, L,G) of T (M, L, G) has a representation on H(M, L, G), obtained by linearising
the action of 7(M,L,G) on O(M,L,G). Given m € CT(M,L,G), we denote the corresponding linear
operator by m: H(M,L,G) — H(M, L,G). Thus m(F) = m e F, for each fake-flat 2-gauge configuration F.

By construction, if m € 7(M,L,G), then the operator m: H(M,L,G) — H(M,L,G) is unitary, i.e.

mi =m~" = m~!, where { denotes Hermitian adjoint.

5.1.1 Vertex and edge gauge spikes U9 and Uf

Definition 103 (Edge gauge spikes and vertex gauge spikes). A vertex gauge spike, supported in v € L°,
is a gauge operator (n,u) € T(M, L,G) such that n(t) = 1z for each t € L', and such that for each w € L°
it holds that u(w) = 1g, unless w = v. Analogously, given an edge t € L', a gauge spike supported in # is
a gauge operator (n,u) such that u(v) = 1g for each v € L°, and such that for each s € L, it holds that
n(s) = 1g, unless s = t.
For a vertex v € LY and g € G, we let UJ be the unique vertex gauge spike supported in v such that
u(v) =g. Fort € L' and e ee E, we let U be the unique edge gauge spike, supported in ¢, such that n(t) =

The linear operators Ug , Ut : H(M,L,G) — H(M, L,G) are also called vertex and edge gauge spikes.
Lemma 104. (I) Vertex gauge spikes supported in different vertices commute, and edge gauge spikes sup-

ported in different edges commute. Le., given v,v' € L°, with v # v, and t,t' € L', with t # t' (including
the case when t and t' share a vertez), it holds that, given e,e’ € E and g,g" € G:

U9, U%) =0  and  [USUS]=0.
(II) For each vertex v € L° and each edge t € L', then given any g,h € G and any e, f € E, we have:
Usuh = ugh and  UU = U

(1) If t = (o(t) iR 7(t)) € L', including the case when o(t) = 7(t), and v € L is such that v # o(t), then
given g € G and e € E, it follows that UJ and UF commute: [UJ,Uf] = 0.
(IV) Given an edge t = (o(t) 5 7(t)) € L', including the case o(t) = 7(t), g € G and e € E, we have:

ULUS, = U UP ™.

a(t)
(V) Moreover, any gauge operator can be obtained as a product of vertex and edge gauge spikes.

Proof. This all follows immediately from the definition of the group of gauge operators as a semidirect
product in 11 Equations (3I)) and ([B3]) translate exacty to the formulae in the lemma. O

Remark 105. Note that (I-IV) also hold for the associated operators 6\'3, (/fE: H(M,L,G) — H(M, L,G),
since they are constructed from a representation of the group 7 (M, L, G) on the Hilbert space H(M, L, G).

Let us now unpack the construction in §4.3] and §4.4] and give an explicit description of how vertex and
edge gauge spikes act on H(M,L,G) = CO(M,L,G). Let F = (F?: L? - E, F': L' — G) be a fake-flat
2-gauge configuration; Def. @l If m € CT (M, L,G), recall m: H(M,L,G) — H(M,L,G) is the operator,
Fr>meF. Put m(F) = (m(F?): L? - E, m(F'): L' — G). Recall [@2):

Action of vertex gauge spikes: Let v € L and g € G. Let (o(t) 5 7(t)) € L'. Then:

g]-"l(a t)LTt) if v =0o(t), and o(t) # 7(t);
FH(r(t) ) L or(t) )9, 1fv—T(t), and o(t) # 7(t);

gF (r(t) 5 7(t) ) g, if v =7(t) = o(t);

F(o( t)im'(t)) if v # o(t) and v # 7(t).

(UIFY) (o(t) L 7(1)) =
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Let P € L?. Let xp € bd(P) be the base-point of P. Then:

g>F2(P), ifv=wp;
F? (P), if v is not the base-point zp of P.

(UZ(F*)(P) = {

Action of edge gauge spikes: Let (o(7) 2> 7(y)) € L' and e € E. Let (o(t) 5 7(t)) € LY, then, cf. @2):

d(e) F! (o(t) T(t)), if the edges (o(t) — LN 7(t)) and (o(y) 2 7(7)) are the same;

Ue(FY)) (o(t) 5 7 t
(U(FH) (o (t) = (1) = {fl( t) Lor(t)), if = 7(t) # (o) = 7()).

Let P € L?. Let xp be the base-point of P. Some bits of notation are necessary to describe ((’]2(}-1)) (P).
t91 t92 t9

Let 8§(P) = (zp —2—"> xp) be the granular boundary of P; Def. 48 Put ¢t; = (z; L, yi),i=1,...,n
Given that the attaching map ¥%: ST — M? of the 2-cell ¢% = P is either constant or an embedding, an
arbitrary edge v = (o(7) - 7(7)) € L' can appear in the list (z; L, yi), where t € {1,...,n}, at most once.

01,02 L6
tit .t

Definition 106. Let 02 (P) = (zp zp). We say that the edge v = (o(7) Lor(y) e L'

is not incident to bd(P), if (o(y) — 7(v)) is not in the list (z; LN yi), i € {1,...,n};
f

is positively incident to bd(P), if (o(y) = 7(7)) = (z; BN yi), for some i € {1,...,n}, and 6; = 1;

12 1= 12

is negatively incident to bd(P), if (o(v) = 7(7)) = (z; LN yi), for some i € {1,...,n}, and 0, = —1.
Suppose ¥%: S — M! is an embedding. Given a vertex x € bd(P), with x # xp, there exists a unique

+ ) ;
granular path zp 2@, made from the (x4 LN y:)?" and contouring bd(P) in the positive direction (where

orientation is provided by the attaching map of P). There is another granular path zp LN x contouring

bd(P) in the negative direction. We also put p™(zp) = 0., and p~ (zp) = 0y,
We let g+ () and g, () be the 1D holonomy of F' along p*(2) and p~(z); see Def. And then:

(P) if P attaches along a constant map;
(Ue/(ﬁ))(P) _ F2(P), if o(y) = 7(7) is not incident to bd(P);

v (9p+ (o()) > e)]—'Q( ), if v is positively incident to bd(P);

F? (P) (gp_(g(v)) > e’l), if ~ is negatively incident to bd(P).

Example 107. Consider a 2-lattice decomposition L that close to a plaquette P looks like figure ] below:

pt(zp) =0sp p~(zp) = 0.,
pt(an) = tsty 't 15! p(z1) =t
3 Pt () = tsty 5" p(22) = t7 s
pt(z3) = tstll p(x3) = tl_ltztg
02(P) = tst 't 't ' pr(d) = ts p(wa) = 1] atsty

Figure 8: A plaquette P of a 2-lattice decomposition L. As indicated, the plaquette attaches counterclock-
wise. The base-point of P is zp. We also show the granular paths p*(zp), p*(x1), p* (z2), p*, (23), p* (24).

The only edge and vertex gauge spikes which have a non—trwlal action on the restriction of a fake-flat 2-

— —— — —

gauge configuration F to P are the vertex gauge spikes pr, Ui, UL, UL, Ud,, and the edge gauge spikes
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U, U, UE UL L U, where g € G and e € E are arbitary. The actions of some of these on a fake-flat 2-gauge
configuration at P are below. (We can also see that fake-flatness at P is preserved in these examples.)

92

g1 g3

@
Trp g4

gs

dglep) = 9595 '95 '92 '

4! 92 To

1 -1 -1 -1 - _
dgler) = 95 '95 95 ' 01 dg(ep) = g91 95 (992) " (991)

g2

92

7 g d(e)g1

ire 1 11
@ Ut1 9594 "G93 go > 6) ep
Trp ga rp 94

gs

dgler) = #9195 95 '

g2
g1 g3
@
Tp [z
9gs
dgler) = 9591 95 "95 "o dglep gy e ) = gsgy '3 '95 0(e) g
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g1 93
Q ﬁ\é
ep E———
Trp 94
gs
dglep) = 9595 '95 '95 ' 1 dg(eep) = d(e)gsg1 95 95 ' o

Remark 108. We note that if L is a triangulation of M, then the vertex and edge gauge spikes here defined
coincide with the vertex and edge gauge transformations appearing in [23, III-A & III-B].

5.1.2 Vertex operators, edge operators and blob operators

Given a set X, we put #X to denote the cardinality of X.

Definition 109 (Vertex operators ;1:, and edge operators E\t) Let v € L% be a vertex and ¢t € L' be an
edge, of (M, L). The elements below of the group algebra CT (M, L, G) are called vertex and edge operators:

1 1
Ay ==Y UY, By =—— > Uy (45)
#G geG #E eckE
The corresponding operators ;1:, B\t: H(M,L,G) — H(M,L,G) are also called vertex and edge operators.

Note that the operators ;1:,, B\t: H(M,L,G) — H(M, L,G) are all self-adjoint. This is because, if v € L°:

—~t 1 —~i 1 — 1 ~

A =g Ul == ) Ul == ) Ul =A,

#G geG #G geG #G geG

and analogously for E\t
From Lem. [[04] we have the following.

Lemma 110. Given arbitrary vertices u,v € L° and edges s,t € L' we have:

AUAU = Am BB; = Bt7
[A,, Ay =0, [A,, By] =0, [Bt, Bs] = 0.
These relations also hold for ;1; and E\t, since CT (M, L,G) acts on H(M, L, G). O

Let b € L? be a 3-cell (i.e a blob; Rem. EI)). Cf. §3.6] by definition of 2-lattices, bd(b) is a subcomplex
of (M, L) homeomorphic to S?, with a base-point z, = (3y(b), which is a 0-cell, and an orientation. We can
thus consider the 2D holonomy Hol%o(b) (bd(b), F, L) € ker(9g) C E, of F € ©(M, L,G) along bd(b) = S2.

Definition 111 (Blob operator). Let b € L3. Let also a € ker(dg) C E. The diagonal idempotent blob
operator Cp': H(M,L,G) — H(M, L, G) is given by the formula below, for each basis element F € ©(M, L, G):

Ca(F) =6 (Hol%o(b) (F.bd(b), L), a) F

Here if e,e’ € E we put §(e’,e) =1, if e =€’ and d(e,e’) =0, if e # €.

See [23], III-B] and Ex. [T, for the explicit form of blob operators when our lattice L is a triangulation of M.
Since fake-flat 2-gauge configurations form an orthonormal basis of H(M, L, G), it is easy to see that each
Cy¢:H(M,L,G) — H(M,L,G) is a self-adjoint operator.
As an immediate application of Thm. [I0I] follows:
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Lemma 112. Let v € L°, t € L' and b,b’ € L? (it may be that b = V). Let g € G and e € E. Let
a,a’ € ker(dg) C E. We have:

[U7,C5] =0, [Ce,Cf =0, CpCy = b(a,a)CE,
v Bolb) = [UF,C81=0,  wv=p(b) = CoUS=UICy ™.

Hence edge gauge-spikes (//:e always commute with blob operators Cy', regardeless of t being an edge in b, or

not. A vertex gauge-spike U commutes with a blob operator C{, unless v is the base point Bo(b) of b.

5.1.3 The local operator algebra of higher lattice gauge theory

The algebra OP(M, L,G), which underpins the construction of the higher Kitaev model in B4l is our
proposal for the local operator algebra of higher lattice gauge theory.

Definition 113 (Local operator algebra for higher lattice gauge theory). Let (M, L) be a 2-lattice. Let
G = (0g: E — G,>) be a crossed module of finite groups. We define the C-algebra OP(M, L, G) as formally
generated by the

Ul, vel’, geG;
Ug, t=(o(t) L 7(t)) e L', ecE;
Ce, beL?  acker(dg);

imposing the relations appearing in Lem. [I04] and 112
Note that OP(M, L, G) is a *-algebra, where:

— —

—1 -1 =
od =ug, Uf' = U, ()t = cp,

Given the discussion in BT Tand 512, we hence have a unitary representation of OP (M, L, G) on the Hilbert
space H(M, L,G) of higher lattice gauge theory.

5.1.4 The higher Kitaev model for (3+1)-dimensional topological phases

We now propose a higher gauge theory version (the “higher Kitaev model”) of Kitaev quantum-double model
for (2+1)-dimensional topological phases of matter [47,[42]. This higher Kitaev model for (3+1)-dimensional
topological phases is formulated for manifolds M, of any dimension, with a 2-lattice decomposition L; see
Def. For a description of higher Kitaev model in the particular case of triangulated manifolds we refer
the reader to [23], and to [73], in a more general context. Topological phases protected by higher gauge
symmetry are also proposed in [44].

Definition 114 (Higher Kitaev model). (Cf. the notation in §5.1.2). Let G = (0g: E — G,1) be a finite
crossed module of groups. Let M be a compact topological manifold, of any dimension, with a 2-lattice
decomposition L. Our proposal for a totally solvable (the sum of mutually commuting projection operators)
higher lattice gauge theory Hamiltonian, which we call the “higher Kitaev model”:

Hp: H(M,L,G) — H(M,L,G)

(where H(M, L, G) is as in Def. [[02)), with respect to the 2-lattice (M, L) is (where 1g is the identity of E):

He =3, (id*fTv)+Z (id*B\t)*F 3 (d-cpF)

veL? te Ll belL3

=Y a4+ B+ 6 (46)
ve L0 teLt belL3

=A+B+C.
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The commutation relations of Lem. [[04] [10 and 12, ensure that, if u,v € L°, t,s € L' and b,c € L3:

-A’U-AU = -A’U7 BtBt = Bt7 Cbcb = Cb7
[Ay, Ay] =0, (B, Bs] =0, [Cb,Cc] =0, (47)
[Av; Bt] = 07 [Avacb] = 07 [Btacb] = 0;

(Observe that these relations also hold for the //1;, B\t and C’; £.) And moreover we have that:

[A,B] =0, [A,C] =0, [B,C] = 0.
A% = A, B*=8B c?=c. (48)

Note that by construction each term A, B;,Cy: H(M,L,G) — H(M, L,G) is Hermitian, hence so is Hy,.

Typically M will be a 3-dimensional manifold, and the higher Kitaev model should be considered to be a
model for (3+1)-dimensional topological phases [68| [73] [69] 23] 67, 49, 24 [44] 52]. The higher Kitaev model
also makes sense if M is a surface, but in this case blob operators C’; £ will not appear in the model.

Note that vertex and edge operators, which implement gauge invariance at vertices and edges of a 2-
lattice, and the blob operators, which enforce 2-flatness at a blob, are very different in nature.

Lemma 115. Let (M, L) be a 2-lattice. Let G = (0g: E — G,>) be a finite crossed module of groups. Let
FeO(M,L,G). Let (
CL(F) = #{b € L* : Hol} (, (F,bd(b),L) # 15} € Z.

Then ((F) is invariant under full gauge transformations and in particular it is invariant under the action
of vertex and edge gauge operators. Moreover C(F) = ((F)F.

Proof. The first bits follow from Thm. [0k given b € L3, then Hol%o(b) (F,bd(b), L) is invariant under the
action of gauge operators, up to acting by an element of GG, which acts on F by automorphisms. On the
other hand, the fact that C(F) = ((F)F follows from the definition of C: H(M,L,G) — H(M,L,G). O

5.1.5 Example: higher gauge theory in the 3-sphere

Let us give an explicit description of the higher Kitaev model, if the underlying manifold is S®. We consider
two different 2-lattice decompositions of S3. Let G = (3: E — G,>) be a finite crossed module of groups.

First case: (53, L)
Cf. Ex. and Consider the 3-sphere S3 with the lattice decomposition Lo, with a unique 0-cell, no
1-cells, one 2-cell (thus the 2-skeleton is S?) and two blobs, attaching on each side of the 2-sphere. By Ex. [T5
the Hilbert space H(S3, Lo, G) is thus isomorphic to C ker(9), the vector space generated by the orthonormal
basis ker(9) C E. The 2D holonomy along the 2-sphere of a fake-flat 2-gauge configuration associated with
m € ker(9) is m itself: Hol?(m, S?, Lo) = m.

For this 2-lattice we have no edge operators. The higher Kitaev Hamiltonian Hy,: H(S3, Lo,G) —
H(S3, Lo, G) therefore has the form: Hy, = Ar, + Cr,, where:

1
Arom=m——= ) (a>m), (49)
#G a€G
Crom=m—d(m,1g)m. (50)

Second case: (53, L,)

For a more substantial example, let us give S3 the 2-lattice decomposition: Ly = ({v}, {t},{P, P'}, {b,b'})
of Ex. A 2-gauge configuration is given by a g = g; € G and a pair (e = ep, f =ep/) € E x E. The fake
flateness condition enforces that d(e) = 9(f) = g. Therefore, we have:

H(ngLgag) = C{(gae7f)€GXEXE: 8(6):gand8(f):g}.
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The 2D holonomy of a configuration F = (g, e, f), along the 2-sphere S? C S3, based at v, is:
Hol?(F,S% Ly) = e ' f € ker(d).

The vertex and edge gauge spikes on v and ¢, and the blob operators along b and o', have the form:

Ug(gae7f):(agailaabeﬂlbf)a (51)
Uk (g,e, f) = (9(k)g, ke, kf). (52)
C¥ (g.e, ) = 0(K ;e f)(g.e, f), (53)
C¥ (g.e.f) = 8(K e f)(g.e. f). (54)

(Cf. §5.101) Here a € G, k € E and k' € ker(d) C E. Note that CF = CF', for each k' € ker(d).
The commutation relations of Lem. [I04] and here boil down to:

(/]515737 = U/f};, where a,d’ € G;
T}}@ = Etk\l, where k,l € E;
@@:@@e, where k€ E, a€ G
cFUs =Uscy where k' € ker(9), a € G;
Cb’@ = @Cf’, where [ € E, k' € ker(9);
cFel =5k kCF, where k', k" € ker(9).

This gives the local operator algebra OP(S3, Ly, G); see Def.
The higher Kitaev hamiltonian Hy,, : H(S%, Ly, G) — H(S?, Ly, G) has the form Hy, = A+ B+C, where:

A(gaeaf): (g,e,f)f#Z(agail,abe,abf),

a€eG

B(g,@,f) = (gaeaf) - # Z(a(k)gakeakf)v
keE

Clg.e.f) = (g,e.f) = d(e™" f,15) (g,¢, f).

5.1.6 Comparison with the Kitaev model

Though constructed in a similar way, the higher Kitaev model and the Kitaev model [47] (also known as
Kitaev quantum double model) are subtly different constructions. In the following, we will demonstrate that
a subspace of the Kitaev model is equivalent to a class of higher Kitaev models, while differing in the whole
Hilbert space.

In the language of this paper, the Kitaev model takes as input: a 2-lattice (M, L) and a finite group G,
realising a lattice model with local operator algebra, which is at the base point of each plaquette isomorphic
to D(G), the quantum double of G [47]. The Hilbert space Hx (M, L, G) of the Kitaev model is the free
vector space on the set of gauge configurations F': L' — G; see Def. @l Considering the group G as the
crossed module, (1 — G) (see Ex. [, it follows:

Hix(M,L,G) =H(M",L,(1— G)).

Here M* is the 1-skeleton of (M, L). Note the use of M* as opposed to M, so that the fake-flatness condition
becomes void. The Kitaev model is defined by the Hamiltonian

Hff = A+D:Hx(M,L,G) = Hix(M,L,G).

Here the operator A =3 _; o(id — A,) is as in 512 defined for the crossed module (1 — G), with action
on Hy (M,L,G) given by the action on H(MI,L, (1— G)) Whereas, D = ) pc2(id — DIIDE) is defined
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from a new type of self-adjoint operators D%, which act on gauge configurations F' : L' — G as follows (for
notation see Def. [43):

DYL(F) = 5(H01gO(P) (71, bd(P), L),g)fl, where fo(P) is the basepoint of P.

Lemma 116. Given v,v' € L° and P, P’ € L? the following relations hold:

[Ay, Ay/] =0, Ay Ay = Ay
[D, D] =0,  DF D = Dg;
[Ay, DF?] =0.

Hence Hi( is a sum of mutually commuting projection operators.

We now compare the Kitaev model with group G to the higher Kitaev model with crossed module
(1 - G), with fixed 2-lattice (M, L). We begin by defining the flat sub-Hilbert space of the Kitaev model
H?(at(Ma La G) g— HK(Ma La G)

MM, L,G) = {F' e Hx(M,L,G) | ][] Dy (F')=7F'}
PcL?

It is straightforward to show
HIE (M, L,G) = H(M,L,(1 — G)) € Hx(M, L,G).

This is due to the requirement of fake-flat 2-gauge configurations of (1 — G) on (M, L) being an equivalent
condition to requiring [ pe 2 DpP (F') = FL.

For the crossed module (1 — G), both the blob and edge operators act as the identity. In this way the
higher Kitaev Hamiltonian reduces to:

Hp=A:H(M,L,(1-G)) - H(M,L,(1—G)).
This model is equivalent to the Kitaev model defined on the flat sub-Hilbert space H?(at (M , L, G):
Hg = A+ D: H{"(M,L,G) — H{ (M, L,G).

This is because, by definition, the operator D has trivial action on Hf}?t (M,L,G) = H(M,L, (1— G))7
while the A operator has the same action on both Hilbert spaces. In this way we can identify the higher
Kitaev model for (1 — G) with the Kitaev model defined on the sub-Hilbert space Hl;l(at (M , L, G). However,
the Kitaev model diverges from the higher Kitaev model for (1 — G) outside of the sub-space H??t (M , L, G)
due to the presence of non-fake-flat configurations in Hg (M , L, G).

5.2 Ground state degeneracy

Let M be a compact manifold and G = (9: E — G,>) be a finite group crossed module. Let L be a 2-lattice
decomposition of M. Hence H(M, L,G) is a finite dimensional Hilbert space, which explicitly depends on the
2-lattice decomposition L of M. In this subsection, we prove that the dimension of the ground state space
GS(M, L,G) of the higher Kitaev model Hy,: H(M,L,G) — H(M, L,G) in[5.T4is a topological invariant of
M, meaning that dim GS(M, L,G) depends only on M alone. Specifically, we will show that GS(M, L, G)
has a basis in canonical one-to-one correspondence with the set of homotopy classes of maps from M to
the classifying space Bg of the crossed module G. (Classifying spaces of crossed modules are defined in [I8],
§2.4] and [17, [T}, 35, 29].) It therefore follows that the dimension of the ground state space GS(M, L, G) is
a homotopy invariant of manifolds, as expected given the relation [23] of our model to Yetter’s invariant of
manifolds [76] [61]. Yetter’s invariant was proven in [35] [29] to be a homotopy invariant of manifolds.

This subsection is less self-contained than the remainder of the paper. Cf. Rems. and Let X be
a CW-complex. We use deep results of Brown and Higgins on the description of the weak homotopy type
of the function space TOP(X, By), where X is a crossed complex (a generalisation of crossed modules) and
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By is its classifying space; the bits we need can be found in [I7, Thm. A] and [I8, Thm. 11.4.19]. Let II(X)
denote the fundamental crossed complex of X. The main tool we use is the fact that the weak homotopy
type of TOP(X, Bx), with the k-ification of the compact-open topology on the space of continuous maps
X — By, is represented by the crossed complex CRS(II(X), X); an explanation of this is in [35], §2.6.1]. The
crossed complex CRS(TI(X), X) is made of crossed complex maps II(X) — X and n-fold homotopies, n € N.

For a crossed module G, the underlying groupoid of the crossed complex CRS(II(X), G) is the groupoid
CRS; (IIx(X, X1, X9),G) of crossed module maps Iz(X, X!, X°) — G and their homotopies, referred to in
Rem B9 04] and @3 see [I8, §7.1.vii and §9.3.i]. Combining with Thm [R2] it hence follows that if (M, L) is
a 2-lattice, then the underlying groupoid of CRS(II(X), G) is isomorphic to the groupoid @#at (M, L,G) of
2-flat 2-gauge configurations and full gauge transformations between them: see

Given a 2-lattice (M, L), the results of [17] and [18, §11.4] hence tell us that path-connected components
of the function space TOP(M, Bg) — i.e. homotopy classes of maps M — Bg — are in canonical one-to-one
correspondence with connected components of the groupoid @E:t(M , L, G) of 2-flat 2-gauge configurations
and full gauge transformations between them; see §£3.31 This will be the main tool used in this subsection.

Let us now connect the discussion in the previous paragraphs with the ground state degeneracy of the
higher Kitaev model. We start by looking at the expression {6]) for Hr,: H(M,L,G) — H(M, L,G):

H =Y (id—IJ)JrZ (1d—§t)+ 3 (id-GjF).

veL0 teL! beL3

Each of the operators id — ;1:,, where v € L9 is a vertex; id — E\t, where t € L' is an edge; and id — C’;E, where
b € L? is a blob, is a Hermitian projector. All of those projectors commute. We can choose an eigenspace
decomposition H(M,L,G) = Zj H;(M, L,G) with respect to which all those projectors are diagonal.

If we apply ;1:, or B\t to F € O(M, L,G), we get a non-zero linear combination of fake-flat 2-gauge config-
urations with non-negative coefficients. Let us write H™' for the subset of non-zero R>-linear combinations
in H=H(M,L,G). Recall the naive vacuum ; is given by F(z) = 1 for all cells z; see §3.2.1] and Ex.
Since ;1:, and E\t both take an F to an element of ‘HT, and indeed take an element of H' to an element of
H*, we have that Uy =[], A, [[, B:£ € H is non-zero. Since C’;Eﬂl = O, for each b € L3, it follows that
there is an H-eigenspace of H (containing ¥y) with eigenvalue 0. (Note that ¥y is in the kernel of all of the
id — ;1;, id — B\t and id — C’;E, where v € L°, t € L' and b € L3, given the commutation relations in (@T)).)

Now projectors have eigenvalues 0 or 1, thus the ground state has energy zero, meaning:

GS(M,L,G) = {U € ©(M,L,G) : H,¥ = 0}.

And, furthermore, a vector belongs to the ground state GS(M, L, G) if, and only if, it is in the kernel of all
of the projectors id — A,, id — B, and id — O}, where v € L°, t € L' and b € L5.

Lemma 117. A state ¥ = Z ArF € H(M,L,G), where Ax € C, is in GS(M, L,G) if and only if:
FeO(M,L,G)
(i) unless F is 2-flat then A\r = 0; see Def. [T8 for the definition of a 2-flat configuration;

(ii) given any g € G, any vertex v € L° and any F € O(M, L,G), it holds A\r = )\ﬁ(f);

(iii) given any e € E, any edge t € L* and any F € O(M, L,G), it holds \r = )\fj\e(}.).
Proof. First the ‘only if’ part. Cf. the discussion just before the Lemma. In order that ¥ € GS(M, L, G) it
must be that (i) C}” (V) = ¥, Vb € L?; that (ii) A,V = ¥,Vv € L% and that (iii) B,¥ = ¥,Vt € L'.

(i) Foreachbe L%, Cle(w) = Y Aﬂs(Holi (F,bd(b)), 1E)]-'. In order that C} 7 () = U, Vb € L?,
FeO(M,L,G)
it must be that whenever Az # 0: (5(H0112, (F,bd (b)), 1E> =1,Vb € L3. Hence \r #0 = F is 2-flat.
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(ii) Suppose that ;1:(\1/) =, for all v € L. Then:

= ) AprF = Ay(W) = —— > (ZAPU?(F))-

FreO(M,L,G) #G F'eO(M,L,G) heG
Now apply (F,—). And since U"(F) = [/]g’((/]zb(]:)), we have for each v € L% and any g € G-

1 1
D
#GheG Uy (F) #GheG uh— (Ud(F)) 5 (F)

(iii) Analogously, it order that ¥ be in the kernel of all (id — E), then Ar = Agz ).
Conversely, if ¥ satisfies (i),(ii) and (iii), then ¥ will be in the kernel of all operators id — A,,id — B, and
id — C’;E, where v € LYt € L' and b € L. As such ¥ will be in the ground state GS(M, L, G). O

Let Oagat(M, L, G) be the set of 2-flat 2-gauge configurations in (M, L); Def. We say that F and F’
in O, (M, L, G) are equivalent (F = F') if we can go from F to F’ through acting by a sequence of vertex
and edge gauge spikes; see [.1.1l By Lem. [Tt we hence have:

GS(M7L’Q):{ S ArFEH(ML,G) | VF,F € Ouu(M,L,G) : FEF = AfZAf'}-
F€O2m1at(M,L,G)

The composite of gauge spikes is a full gauge transformation and, Lem. [[04] (V), any full gauge transfor-
mation is the composition of gauge spikes; as such to say that F and F’ in Oaq, (M, L, G) are equivalent is to
say that they are connected by a full gauge transformation. In other words F and F’ are equivalent if, and
only if, they can be connected by a morphism in the groupoid @gﬂat(M , L,G), of 2-flat 2-gauge configurations
and full gauge transformations between them; see §4.3.3

The set of connected components [F’] of the groupoid @gﬂat(M, L, G) is denoted by g (@gﬁat(M, L, g))

Le. mp (@gﬂat(M, L, g)) is the set of equivalence classes of objects of @gﬂat (M, L, G), where two 2-flat 2-gauge
configurations are equivalent if a full gauge transformation connects the two. We have a basis By(M, L, G)

for the ground space GS(M, L,G), in one-to-one correspondence with 7 (@gﬁat (M, L, g)), namely:

Bo(M, L,G) = { 3 F ‘[]—"] € mo(Oqut (M, L,G)) }- (55)
F€EOsf1at(M,L,G) such that Fe[F’]

As explained in [I7, Thm. A] or [I8, Thm. 11.4.19] (in the general case of crossed complexes), there is
a natural bijection between elements of 7 (®ﬁ2ﬂat (M, L, g)) = 79(CRS; (Hg (M, M*, M), g)) and homotopy
classes of maps M — Bg; cf. Rems. and (For an explanation of this in the crossed module case see
[35, 29].) In particular the cardinality of the set mg (@gﬁat(M, L,G)) does not depend on L.

Theorem 118. Let M be a compact manifold. Let L be a 2-lattice decomposition M. Let G be a finite
crossed module. Consider the higher Kitaev Hamiltonian Hy,: H(M,L,G) — H(M, L,G) of Def. [IIf] Then
the ground state GS(M,L,G) of Hy, has a basis in canonical one-to-one correspondence with the set of
homotopy classes of maps f: M — Bg, where Bg 1is the classifying space of the crossed module G. Hence
dim GS(M, L,G) depends only on the topology of M and not on the chosen 2-lattice decomposition L of M.

Proof. Compare the preceding observation with (B5)). O

Remark 119. It was proven in [23] that the dimension of the ground state GS(M, L,G) coincides with
Yetter invariant [76 61] Y (M x S') of M x S1. We note that the Yetter invariant of M x S is not quite the
same as dim GS(M x S, L, G) since Y (M x S1) uses finer information on the space of functions M x S — Bg
than its number of connected components; see [35].

Remark 120. We can write dim GS(M, L, G) as dim GS(M, G), since it does not depend on L, and only
on M. Indeed dim GS(M,G) depends only on the homotopy type of M and the weak homotopy type of the
crossed module G [35], since the homotopy type of Bg depends only on the weak homotopy type of G.
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