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Abstract
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1 Introduction

The aim of this paper is to address the differential geometry of (categorical
group) 2-bundles over a smooth manifold M and their two dimensional parallel
transport with a minimal use of two dimensional category theory, the ultimate
goal being to define Wilson surface observables. The only categorical notion
needed is that of an (edge symmetric, strict) double groupoid (with thin struc-
ture), which is equivalent to a crossed module or to a categorical group; see
[BH1, BHS, BH6, BL, BS, BM]. We also use the concept of a cubical set



[BH2, J1, GM], a cubical analogue of a simplicial set, familiar in algebraic
topology; see for example [Ma).

Our definition of a 2-bundle with connection will be given in the framework of
cubical sets. Given a crossed module of Lie groups G = (0: E — G, ), where > is
a left action of G on F by automorphisms, the definition of a cubical G-2-bundle
with connection B over a manifold M is an almost exact cubical analogue of the
simplicial version considered in [H, BS1, BS2, BrMe]. Following [H, MP], we will
consider a coordinate neighbourhood description of 2-bundles with connection.
For a discussion of the total space of a 2-bundle see [RS, Bar, Wo.

We also define the thin homotopy double groupoid of a smooth manifold
M, constructed from smooth maps from the square to M, identified modulo
thin homotopy. An advantage of the cubical setting over the simplicial setting
is that subdivision is very easy to understand. In a cubical G-2-bundle with
connection, all connection forms are in principle only locally defined. Therefore,
given a smooth map [0,1]2 — M, to define its holonomy (for brevity we will use
the term holonomy, instead of the more accurate term, parallel transport), one
needs to subdivide [0, 1]? into smaller squares, consider all the locally defined
holonomies (which we will define and analyse carefully) and patch it all together
by using the 1- and 2-transition functions of the cubical G-2-bundle, and the
transition data of the connection. A double groupoid provides a convenient
context for doing this type of calculations, and is easier to handle than the
decomposition of [0, 1]? into regions by means of a trivalent embedded graph of
[P]. Citing [BHS, BH1], double groupoids trivially have an algebraic inverse to
subdivision. This was the motivation for our cubical set approach to 2-bundles
with connection and their holonomy.

We derive the local two-dimensional holonomy (based on a crossed mod-
ule), the transition functions and their properties by extending results from our
previous study [FMP1] of holonomy and categorical holonomy in a principal
fibre bundle. Even though its definition is apparently non-symmetric in the
two variables parametrising [0, 1]%, the local 2-dimensional holonomy which is
associated to maps [0,1]> — M is covariant with respect to the dihedral group
of symmetries of the square. This important result (the Non-Abelian Fubini’s
Theorem) ultimately follows from the crossed module rules, and would not hold
if a pre-crossed module were used.

Let G = (0: E — G,p) be a Lie crossed module. We show (in the final
section) that the cubical G-2-bundle holonomy which we define can be associated
to oriented embedded 2-spheres ¥ C M yielding an element W(B,X) € ker d C
E (the Wilson sphere observable) independent of the parametrisation of the
sphere and the chosen coordinate neighbourhoods, up to acting by elements of
G. This follows from the invariance of cubical G-2-bundle holonomy under thin
homotopy (up to acting by elements of G) and the fact that the mapping class
group of the sphere S? is {#1}. This Wilson sphere observable depends only on
the equivalence class of the cubical G-2-bundle with connection B. For surfaces
other than the sphere embedded in M, a holonomy can still be defined but it
will a priori (since the mapping class group is more complicated) depend on the
isotopy type of the parametrisation. We will illustrate this point with the case



of Wilson tori.

An important problem that follows on from this construction is the definition
of a gauge invariant action in the space of all 2-bundles with connection over
a smooth closed 4-dimensional manifold, analogous to the Chern-Simons action
for principal bundles with connection over a 3-dimensional closed manifold -
see [B]. Given that a gauge invariant sphere holonomy was defined, this would
permit a physical definition of invariants of knotted spheres in S* analogue to
the Jones polynomial; see for example [W, Ko, AF, CR].
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2 Preliminaries

2.1 The Box Category and cubical sets
2.1.1 Cubical sets
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The box category B, see [J1, BH2, BH3, BHS, GM], is defined as the category
whose set of objects is the set of standard n-cubes D™ = I"™, where I = [0,1],
and whose set of morphisms is the set of maps generated by the cellular maps
6Z-i_n: D" — D" wherei=1,...,n+1land 0;,,: D" — D" i=1,... n+l.

We have put:
5;71(1'17'“737@’717:51'«%17---axn> = (.1‘17...,$i,1,0,$i+1,...,$n)
+ _
61‘7”(*/'517'"7xi717xi+17"'7$n) - (x17‘"7xi71717xi+1;"'7xn)



O-i’rnJrl(l'l, .. .,$n+1) = (CUl, ey L1, L1y ,.’En).

We will usually abbreviate 9; ,, = d; and o, = 0.

Definition 2.1 (Cubical set) A cubical object K in the category of sets (ab-
brev. “cubical set”) is a functor B°P — Sets, the category of sets; see [BHS3, J1,
GM, BHS]. Here B°P is the opposite category of the box category B. A mor-
phism of cubical sets (a cubical map) is a natural tranformation of functors. We
can analogously define cubical objects in any category, for example in the cate-
gory of smooth manifolds and their smooth maps (defining cubical manifolds),
or more generally in the category of smooth spaces [BHo, Ch).

Unpacking this definition, we can see that a cubical set K is defined as being
an assignment of a set K, (the set of n-cubes) to each n € N, together with
face maps aii: K, — K,_1 and degeneracy maps ¢;: K, 1 — K,, where i €

{1,...,n} satisfying the cubical relations:
P €j-107 (i <)
0710; = 09;_,0¢ (1< 3)
dfej= €91 (i>j) (2.1
€€ = €416 (i <3)
Y id (i =)

Here a, 3 € {—,+}. The description of a cubical manifold is analogous, but
each K, is to be a smooth manifold, and all faces and degeneracies are to be
smooth. A degenerate cube is a cube in the image of some degeneracy map. A
cubical set K for which K; consists only of degenerate cubes if i > n will be
called n-truncated.

Definition 2.2 (Dihedral cubical set) If a cubical set K has an action of
the group of symmetries of the n-cube (the n-hyperoctahedral group) in each set
K,,, compatible with the faces and degeneracies in the obvious way, it will be
called a dihedral cubical set. A cubical map K — K’ between dihedral cubical
sets that preserves the actions will be called a dihedral cubical map.

Dihedral cubical sets are called cubical sets with reversions and interchanges
in [GM]. To relate the two definitions, note that the n-hyperoctahedral group
is generated by reflections and interchanges of coordinates, and is therefore
isomorphic to Z5 x .S,

Example 2.3 Let M be a manifold. The smooth singular cubical set C(M) of
M s given by all smooth maps D™ — M, where D™ = [0,1]" is the n-cube,
with the obvious faces and degeneracies, [BH3, BH3]. This is a dihedral cubical
set in the obvious way. We can also see C(M) as being a cubical object in
the category of smooth spaces [BHo], by giving the set of n-cubes the smooth
structure of [Ch, BHo].



Example 2.4 Analogously, given a smooth manifold M, the restricted smooth
singular cubical set Cr.(M) of M is given by all smooth maps f: D™ — M for
which there exists an € > 0 such that f(x1,22,...x,) = f(0,29,...2,) ifx1 <€,
and analogously for any other face of D™, of any dimension. We will abbreviate
this condition by saying that f has a product structure close to the boundary
of the n-cube. This condition allows the composition of n-cubes to be defined,
which we will be needing shortly. In the terminology of [BH3], this example is a
cubical set with connections and compositions.

2.2 Lie crossed modules

All Lie groups and Lie algebras are taken to be finite-dimensional. For details
on (Lie) crossed modules see, for example, [B1, BM, FM, FMP1, B, BL], and
references therein.

Definition 2.5 (Crossed module and Lie crossed module) A crossed mod-
ule (of groups) G = (0: E — G,>) is given by a group morphism 0: E — G
together with a left action > of G on E by automorphisms, such that:

1. d(g>e) = gd(e)g~t; for each g € G, for each e € E,
2. d(e)> f =efe s foreache, f € E.

If both G and E are Lie groups, 0: E — G is a smooth morphism, and the left
action of G on E is smooth then G will be called a Lie crossed module.

A morphism G — G’ between the Lie crossed modules G = (9: E — G,>)
and G’ = (0': £/ — G',p/) is given by a pair of smooth morphisms ¢: G — G’
and ¢: E — E’ making the diagram:

ELG

o &

B 9
commutative. In addition we must have ¢(g>e) = ¢(g) >’ ¢(e) for each e € E
and each g € G.

Given a Lie crossed module G = (0: E — G, ), then the induced Lie algebra
map 0: ¢ — g, together with the derived action of g on ¢ (also denoted by 1)
is a differential crossed module, in the sense of the following definition - see
[BS1, BS2, B, BC].

Definition 2.6 (Differential crossed module) A differential crossed mod-
ule (or crossed module of Lie algebras) & = (0: ¢ — g,>), is given by a Lie
algebra morphism 0: ¢ — g together with a left action of g on the underlying
vector space of e, such that:



1. For any X € g the map v € e — X > v € ¢ is a derwation of ¢, in other
words

X > [u,v] = [X>u,v] + [u, X >v]; for each X € g, for each u,v € e.

2. The map g — Der(e) from g into the derivation algebra of ¢ induced by
the action of g on ¢ is a Lie algebra morphism. In other words:

(X, Y]pv=Xp>(Y>v)—-Y>(X>wv); for cach X,Y € g, for each v € e.

3. O(Xv>w)=[X,0)]; for each X € g, for each v € e.
4. O(u)>v = [u,v]; for each u,v € e.

Note that the map (X,v) € g x e — X > v € ¢ is necessarily bilinear.
A very useful identity satisfied in any differential crossed module is the fol-
lowing:

A(u) > v = [u,v] = —[v,u] = =9(v) >u, for each u,v € e. (2.2)

This will be used several times in this paper.

Given a Lie crossed module G = (0: E — G,»), we will also denote the in-
duced action of G on ¢ by >. Finally, given a differential crossed module,
® = (J: ¢ — g,>) there exists a unique crossed module of simply connected Lie
groups G = (0: E — G, ) whose differential form is &, up to isomorphism. The
proof of this result is standard Lie theory, together with the lift of the Lie algebra
action to a Lie group action, which can be found in [K], Theorem 1.102.

2.2.1 The edge symmetric double groupoid D(G) where G is a crossed
module

The definition of an edge symmetric (strict) double groupoid K (with thin
structure) can be found for example in [BH1, BHS, BHKP, BS]. These are
2-truncated cubical sets for which the set of 1-cubes K; is a groupoid, with
set of objects given by the set of O-cubes, and also with two partial composi-
tions, vertical and horizontal, in the set Ky of 2-cubes (squares), each defining
groupoid structures for which the set of objects is the set of 1-cubes. These
horizontal and vertical compositions should verify the interchange law:

(k‘lk‘g) kl ]f2
— , for each ki, ko, k3, ks € Ko,
(k‘3k‘4) k3 ]f4

familiar in 2-dimensional category theory, and be compatible with faces and
degeneracies, in the obvious way. In particular, the identity maps of the vertical
and horizontal compositions are given by degenerate squares.

There is also an extra condition that should be verified, which is the existence
of a thin structure, meaning that there exist, among the squares of I, special
elements called thin such that:



1. Degenerate squares are thin.

2. Given a,b,c,d € K1 with ab = cd, there exists a unique thin square k
whose boundary is:

in other words such that dy4(k) = a, 0, (k) = b,0,(k) = d and 9;(k) = ¢,
where we have put 9; = 95,9, = 0}, 0, = 95 and 9, = Iy .

3. Any composition of thin squares is thin.

Let G = (0: E — G,») be a crossed module. Given that the categories of
crossed modules, categorical groups and double groupoids with a unique object
* are equivalent (see [BH1, BH6, BHS, BS, BL]), we can construct a double
groupoid D(G) out of G. The 1-cubes D(G) of D(G) are given by all elements
of G, with product as composition, and the unique source and target maps to
the set {*}. The 2-cubes D?(G) of D(G), which we will also call squares in G,
have the form:

ZT e TY (2.3)

where XY, Z,W € G and e € E is such that d(e) "' XY = ZW. The horizontal
and vertical compositions are:

w w’ ww'’
— *k — Xk k — %
ZT e TY YT e TY/ = ZT (Xpe')e TY/
e k — Xk *k — Xk
X X/ XX’
and
W/
_
Z’T e TY’ W
—
_
W — 12 ! ’
= ZZ eZpe YY
w
R
—_— Xk
Z e TY X
* —
X



The thin structure on D(G) is given by: a square is thin if the element of E
assigned to it is 1g.

Alternatively the thin structure can be given by introducing the following
special degeneracies, usually called connection maps (not to be confused with
differential geometric connections) 7, ., 7, 1: DY(G) — D?(G), whose images are
thin:

1o X
* — % * ——— %
X X
’_(* = *) = 1GT 1g TX*I , |_(>|< i *) = 1GT 1g TX
k — X k — %
X le
1la X

* —

*
X X
"'(>|<—>*>: XT 1g Tlc, J(*—>*):X*1T 1g Tlc
*

*k — Xk —_— Xk
X j¥e]

Here we are using results of [BHS, BH1, BH2, BH3, Hi|, where it is shown that
the existence of special degeneracies, satisfying a set of axioms, is equivalent
to the existence of a thin structure. Then an element of D?(G) is thin if and
only if it is the composition of degenerate squares and the images of special
degeneracies; see [Hi, BHS].

The set D?(G) is actually a Dy-space, where D, is the dihedral group of
symmetries of the square. This can be inferred from the existence of a thin
structure. Consider the following representative elements py /o, 7,7, and 74,
of Dy, where p, /5 denotes anticlockwise rotation by 90 degrees, and 7,7y, 74y
denote reflection in the y = 0, = 0 and 2 = y axis (recall that these last three
elements are generators of Dy = Z% % S2). Under the action of these elements
of Dy, the square (2.3) is transformed into, respectively:

y—! X w1t Y

* — % * —— % * —— X * —— %
WT Z 'pe TX, z—lT Zre ! Ty—l , yT Xpe~ ! Tz, XT e ! TW
* — * — X * —— % ¥ — %
Z-1 w X1 4

In fact each element of D, acts on D?(G) by automorphisms, though some
times permuting the horizontal and vertical multiplications, or the order of
multiplications.

The horizontal and vertical inverses e ™ and e~V of an element e € D?(G)
are given by e ™ = r,(e) and eV = r,(e); we will often identify an element of
D2(G) with the element of E assigned to it, whenever there is no ambiguity.

There are two particular maps ®, ®/ : D*(G) — D*(G), where g € G, called



folding maps, which we would like to make explicit. These are defined as:

W ZWY tx—1
_—

and

There also exists an action of G on D?(G), which has the form:

w gWg !
k — Xk R
gbr ZT e TY = ngflT g>e Tng71
* — % * ——— %
X gXg1t

2.2.2 Flat G-colourings, the edge symmetric triple groupoid T7(G) and
the nerve N(G) of the crossed module G

Going one dimension up, following [BHS, BH1, BH2, BH3, BH6|, we can analo-
gously define an edge symmetric triple groupoid T(G) of thin 3-cubes in G, from
the crossed module G = (9: E — G,>).

The 1- and 2-cubes of T(G) are already defined, being T'(G) = D!(G) and
T2(G) = D?(G), so let us define the set of thin 3-cubes T3(G) of T(G). Consider
the set of assignments (G-colourings of D?) of an element of G to each edge of
the standard cube D3 = [0, 1] in R? and of an element of E to each face of D3.
Each of these assignments can be mapped to the set of G-colourings of D2, i.e.
assignments of elements of G to the set of edges of the standard square D? in
R2, and an element of F to its unique face in several different ways, by using
the maps 5?,@' =1,2,3 of 2.1.

Civen a G-colouring cy of D2, we put X (cp) = 95(co) € G as being
cy 0865 (D') where i = 1,2. We also put e(cy) = co(D?). Analogously, if c3 is a
G-colouring of D?, we put e (c3) = 0 (c3) as being the colouring of D? given
by c3 o 5ii where 7 = 1,2, 3.

Definition 2.7 (Flat G-colouring) A G-colouring co of D? is said to be flat
if it yields an element of D*(G), in the obvious way, in other words if

d(e(e)) 7' X5 (e2) X (e2) = X7 (€2) XS (ca).

Analogously, a G-colouring c3 of D3 is said to be flat if:

10



1. Each restriction 95 (cs) of cs is a flat G-colouring of D?.
2. The following holds:
"(020r (c5))  e3(es)  T(950( (c3))
e5(c3) = prpaler (ca))  ez(cs)  raylef (e3)) - (2.4)
L(95 0y (c3))  ry(eq (e3)) (0707 (e3))

We will call this the homotopy addition equation, following the ter-
minology adopted in [BH5]. Note that we are expressing the fact that the
non-abelian composition of five faces of a cube agrees with the sixth face.

The set T3(G) of (thin) 3-cubes in G is given by the set of flat G-colourings of
the 3-cube.

The set T3(G) of thin 3-cubes in G has three interchangeable associative
compositions (horizontal, vertical and upwards), as well as boundary maps,
aii,i = 1,2,3. These compositions are induced by the horizontal and vertical
composition of squares in G in the unique way such that the boundary maps 5'?:
in the transverse directions are groupoid morphisms. By considering the obvious
degeneracies ¢': D1(G) — D?*(G),i = 1,2 and €': D*(G) — T3(G),i = 1,2,3,
obtained by projecting in the i*? direction (see 2.1.1), we can see that we obtain
a 3-truncated cubical set T(G), which is a strict triple groupoid.

By continuing this process, one gets a cubical set N(G), which is called the
cubical nerve of G. The n-cubes of N(G) are given by all G-colourings of the
n-cube D" such that for each 2- and 3-dimensional face of D™ the restriction of
the colouring to it is flat. This is a cubical manifold if G is a Lie crossed module.
The geometric realisation of N(G) is called the cubical classifying space of G; see
[BHS, BH4] and [BH5] for the simplicial version. Note that more generally we
can take G to be a crossed module of groupoids [BHS, FMPo], with completely
analogous definitions.

Note that the homotopy addition equation (2.4) can be expressed in several
different ways by using the Dj-symmetry, and applying the maps ®,®{. In
particular, we get the equivalent equation:

e; (c e+ C Ty e+ c - e~ (c
P o (e (€3 (€3)) = rles) ex 3)(1)( ((1 ())3)) (e5 (c3)) o)
€z (C3

2.3 Construction of the thin homotopy double groupoid
of a smooth manifold

Let M be a smooth manifold. We now construct the thin homotopy double
groupoid Sz(M) of M. For the analogous construction of the fundamental thin
categorical group of a smooth manifold see [FMP1].

11



2.3.1 1-paths, 2-paths and 1-tracks

Definition 2.8 (1-path) A I-path is given by a smooth map ~: [0,1] — M
such that there exists an € > 0 such that v is constant in [0,e] U [l —¢,1]; in the
terminology of [CP], this can be abbreviated by saying that each end point of
has a sitting instant. Given a 1-path v, define the source and target or initial
and end point of v as o(y) = v(0) and 7(v) = (1), respectively.

Given two l-paths v and ¢ with 7(y) = o(¢), their concatenation v¢ is
defined in the usual way:

v(2t), if t € [0,1/2]
(v9)(t) = { ,
P2t —1), if t € [1/2,1]

Note that the concatenation of two 1-paths is also a 1-path, and in particular
is smooth due to the sitting instant condition.

Definition 2.9 (2-paths) A 2-path T is given by a smooth map T': [0,1]2 — M
such that there exists an € > 0 for which:

1. T'(t,s) =T(0,8) if 0 <t <€ and s € [0,1],
2. T(t,s) =T(1,s) if l—e <t <1 ands€e0,1],
3. T(t,s) =T(t,0) if 0<s<eandtel01],
4. T(t,s)=T(t,1) if 1l—e<s<1andtel01].

We abbreviate this by saying that T has a product structure close to the boundary
of [0,1]2.

Given a 2-path I', define the following 1-paths:

() (s) =10, s),s € [0, 1], 9-(T)(s) =T(1,s),s € [0,1],
9a(l)(t) =T'(¢,0),t € [0,1], Ou(D)(t) =T'(¢, 1), € [0, 1].

If T' and TV are 2-paths such that 0,(T") = 9,(T") their horizontal concatena-
tion T'op IV is defined in the obvious way, in other words:

I'(2t,s), if t € [0,1/2] and s € [0,1]
(TonI")(t,s) =
I'(2t —1,s), if t € [1/2,1] and s € [0, 1]
Similarly, if 9, (") = 04(T") we can define a vertical concatenation I'o, I as:
I'(t,2s), if s €[0,1/2] and ¢ € [0,1]
(To I")(t,5) =

I'(t,2s — 1), if s € [1/2,1] and ¢ € [0, 1]

Note that again both concatenations are smooth due to the product structure
condition.

12



Definition 2.10 Two I-paths ¢ and ~y are said to be rank-1 homotopic (and we
write ¢ =1 ) if there exists a 2-path T' such that:

1. 9(T") and 0,(T") are constant.
2. 0u(T) =~ and 04(T) = ¢.
3. Rank(D,T") <1, for each v € [0,1]2.

Here D denotes the derivative.

Thus if v and ¢ are rank-1 homotopic, they have the same initial and end-points.
Note also that rank-1 homotopy is an equivalence relation. Given a 1-path ~,
the equivalence class to which it belongs is denoted by [y]. Rank-1 homotopy is
one of a number of notions of “thin” equivalence between paths or loops, and
was introduced in [CP], following a suggestion by A. Machado.

We denote the set of 1-paths of M by S;(M). The quotient of Sy (M) by the
relation of thin homotopy is denoted by 81 (M). We call the elements of 81 (M)
1-tracks. The concatenation of 1-tracks together with the source and target
maps o,7: 81(M) — M, defines a groupoid S;(M) whose set of morphisms is
81(M) and whose set of objects is M.

2.3.2 2-Tracks
We recall the notation of 2.1.1.

Definition 2.11 Two 2-paths T and I are said to be rank-2 homotopic (and
we write T =25 T7) if there exists a smooth map J: [0,1]3 — M such that:

1. J(t,s,0) = T'(t,s), J(t,s,1) = T'(t,s) for s,t € [0,1]. In other words
Joéy =T and Jods =T".
2. Jo 5? is a rank-1 homotopy from T" o Jf to I 0 63, where i = 1,2.

1 7

3. There exists an € > 0 such that J(t,s,x) = J(t,s,0) if x < € and s,t €
[0,1], and analogously for all the other faces of [0,1]2. We will describe this

condition by saying that J has a product structure close to the boundary
of [0,1]3.

4. Rank(D,J) < 2 for any v € [0,1]>.

Note that rank-2 homotopy is an equivalence relation. To prove transitivity
we need to use the penultimate condition of the previous definition. We denote
by So (M) the set of all 2-paths of M. The quotient of Sy(M) by the relation of
rank-2 homotopy is denoted by 8o(M). We call the elements of 8o(M) 2-tracks.
If T € So(M), we denote the equivalence class in 8o(M) to which T belongs by
[T].
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2.3.3 Horizontal and vertical compositions of 2-tracks

Suppose that I and I' are 2-paths with 9,,(I') 21 94(I"). Choose a rank-1 homo-
topy J connecting 9, (T") and 94(I"). Then [['] o, [I"] is defined as [(ToyJ)o,I"].
The fact that this composition is well defined in 82(M) is not tautological (and
was left as an open problem in [MP]). However this follows immediately from
the following lemma proved in [FMP1].

Lemma 2.12 Let f: 9(D3) — M be a smooth map such that Rank(D, f) <
1, for each

v € 9(D3). Here D® = [0,1]%. Suppose that f is constant in a neighbourhood
of each vertex of O(D?). In addition, suppose also that in a neighbourhood
I x [—€, €] of each edge I of D(D?), f(z,t) = ¢(x), where (z,t) € I x [—¢, €] and
¢: I — M is smooth. Then f can be extended to a smooth map F: D3 — M
such that Rank(D,,F) < 2, for each w € D*. Moreover we can choose F so
that it has a product structure close to the boundary of D?.

Remark 2.13 This basically says that any smooth map f: S?> — M for which
the rank of the derivative is less than or equal to 1, for each point in S%, can be
extended to all of the unit 3-ball, in such a way that the rank of the derivative
of the resulting map at each point is less than or equal to 2.

Analogously the horizontal composition of 2-paths descends to 82(M). These
compositions are obviously associative, and admit units and inverses. Note that
the interchange law is also verified.

Finally, a 2-track [I'] is thin if it admits a representative which is a thin
map, in other words for which Rank(D,I') < 1, for each x € [0,1]?>. Lemma
2.12 implies that if a,b,c,d: [0,1] — M are 1-paths with [ab] = [ed] then there
exists a unique 2-track [[] for which 94([T]) = [a], 0,-([T]) = [b], O,([T]) = []
and 0, ([I']) = [d].

Therefore the following theorem holds:

Theorem 2.14 Let M be a smooth manifold. The horizontal and vertical com-
positions in So(M) together with the boundary maps Oy, 04, 0;,0r: So(M) —
81(M) define a double groupoid So(M), called the thin homotopy double groupoid
of M, whose set of objects is given by all points of M, set of 1-morphisms by the
set 81(M) of 1-tracks on M, and set of 2-morphisms by all 2-tracks in So(M).
In addition, S2(M) admits a thin structure given by: a 2-track is thin if it
admits a representative whose derivative has rank less than or equal to 1 (in
other words if it is thin as a smooth map).

Remark 2.15 Another possible argument to prove that the compositions of 2-
tracks are well defined is to adapt the arguments in [BH1, BHS, BH2, BHS3,
BHKP], which lead to the construction of the fundamental double groupoid of
a triple of spaces and of a Hausdorff space (and can be continued to define the
homotopy w-groupoid of a filtered space). The same technique therefore leads to
the construction of the fundamental w-groupoid of a smooth manifold. Details
will appear elsewhere.
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This construction should be compared with [HKK, BHKP], where the thin
strict 2-groupoid of a Hausdorff space was defined, using a different notion of
thin equivalence (factoring through a graph). For analogous non-strict construc-
tions see [M, BS1, MP].

2.4 Connections and categorical connections in principal
fibre bundles

To approach non-abelian integral calculus based on a crossed module, it is con-
venient (since the proofs are slightly easier) to consider categorical connections
in principal fibre bundles. For details of this approach see [FMP1]. For a treat-
ment of non-abelian integral calculus based on a crossed module, using forms
on the base space of the principal bundle, see [SW1, SW2, SW3, FMP2].

2.4.1 Differential crossed module valued forms

Let M be a smooth manifold with its Lie algebra of vector fields denoted by
X(M). Consider also a differential crossed module & = (9: ¢ — g,>). In partic-
ular the map (X,e) € g X e — X >e € ¢ is bilinear.

Let a € A™(M,g) and b € A™(M,¢) be g- and e-valued (respectively) differ-
ential forms on M. We define a ®” b as being the e-valued covariant tensor field
on M such that

(a®'>b)(A1, ceey An, Bi,... Bm) = a(Ah . ,An)Db(Bl, ey me)7 Ai, Bj S X(M)
We also define an alternating tensor field a A> b € AT (M, e), being given by

|
L a7 1),
n:m:

a b=
Here Alt denotes the natural projection from the vector space of e-valued co-
variant tensor fields on M onto the vector space of e-valued differential forms
on M. For example, if a € A*(M, g) and b € A%(M,¢), then a A> b satisfies:

(aN"b)(X,Y,Z)=a(X)>bY,Z) +a(Y)>b(Z,X)+a(Z)>b(X,Y), (2.6)
where XY, Z € X(M).

2.4.2 Categorical connections in principal fibre bundles

In [FMP1] we defined categorical connections in terms of differential forms on
the total space of a principal fibre bundle. Let M be a smooth manifold and
G a Lie group with Lie algebra g. Let also m: P — M be a smooth principal
G-bundle over M. Denote the fibre at each point € M as P, = 7~ *(z).

Definition 2.16 Let G = (0: E — G,1) be a Lie crossed module, where > is a
Lie group left action of G on E by automorphisms. Let also & = (0: ¢ — g,>)
be the associated differential crossed module. A G-categorical connection on P
is a pair (w,m), where w is a connection 1-form on P, i.e. w € A (P, g) is a
1-form on P with values in g such that:
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e Ry(w) = g twg, for each g € G, (i.e. w is G-equivariant)
o w(A#) = A, for each A€ g;

where A% denotes the vertical vector field associated to A coming from the G-
action on P, and m € A%(P,e¢) is a 2-form on P with values in ¢, the Lie
algebra of E, such that:

e m is G-equivariant, in the sense that R;(m) = g~ ' >m for each g € G.
e m is horizontal, in other words:
m(X,Y) =m(XH YH), for each X, Y € X(P).

In particular m(X,,Y,) = 0 if either of the vectors X,,Y, € T,P is
vertical, where u € P. Here the map X € X(P) — Xt € X(P) denotes
the horizontal projection of vector fields on P with respect to the connection
1-form w.

Finally (w,m) satisfies the “vanishing of the fake curvature condition” [BS1,
BS2, BrMeJ:
a(m) = Q, (2.7)

where 0 = dw + %w A w e A%(P,g) is the curvature 2-form of w.

2.4.3 The categorical curvature 3-form of a G-categorical connection

Let P be a principal G-bundle over M. Let w € A (P, g) be a connection 1-form
on P. Given an n-form a on P, the exterior covariant derivative of a is given by

Da=dao(Hx H...x H).

Let Q € A?(P,g) be the (G-equivariant) curvature 2-form of the connection
w. It can be defined as the exterior covariant derivative Dw of the connection
1-form w and also by the Cartan structure equation Q = dw + %w A . Tt s
therefore natural to define:

Definition 2.17 (Categorical curvature) LetG = (0: E — G,1) be a crossed
module of Lie groups, and let P — M be a smooth principal G-bundle. The cat-
egorical curvature 3-form or 2-curvature 3-form of a G-categorical connection
(w,m) on P is defined as M = Dm, where the exterior covariant derivative D
s taken with respect to w.

The following equation is an analogue of Cartan’s structure equation.

Proposition 2.18 (Categorical structure equation) We have: M = dm-+wA”
m. In particular the 2-curvature 3-form M is G-equivariant, in other words:
R (M) =g~ ' >M, for each g € G.

This categorical structure equation follows directly from the following natural
lemma, easy to prove; see [FMP1]:
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Lemma 2.19 Let a be a G-equivariant horizontal n-form in P. Then Da =
da 4+ w A” a.

Recall that the usual Bianchi identity can be written as D) = 0, which is
the same as saying that dQ2 + w A*d Q = 0.

Corollary 2.20 The 2-curvature 3-form of a categorical connection is €-valued,
where ¢ is the Lie algebra of K = ker(0).

Proof. We have 9(M) = 9(dm + w A> m) = dQ + w A* Q = 0, by the Bianchi
identity. m
The 2-curvature 3-form of a categorical connection satisfies the following.

Proposition 2.21 (2-Bianchi identity) Let M € A3(P,¢) be the 2-curvature
3-form of (w,m). Then the exterior covariant deriwative DM of M wvanishes,
which by Lemma 2.19 is the same as: dM + w A”> M = 0.

2.4.4 Local form

Let P — M be a principal G-bundle with a categorical connection (w,m).
Let {U;} be an open cover of M, with local sections o;: U; — P of P. The
local form of (w,m) is given by the forms (w;,m;), where w; = o} (w) and
m; = o} (m), and we have d(m;) = dw; + 3w; A* w; = Q; = 07(12), and also
wj = gi_jlwigij + gigldgij and m; = gigl >m;. Here 0;9;; = o0j. Conversely,
given forms {(w;, m;)} satisfying these conditions then there exists a unique
categorical connection (w,m) in P whose local form (with respect to the given
sections ;) is (w;, m;).

Note that locally the 2-curvature 3-form of a categorical connection reads
M; = dm; + w; A” my, with M; = gi_j1 > M,; and the 2-Bianchi identity is
dM; 4wy A" M; = 0.

2.5 Holonomy and categorical holonomy in a principal fi-
bre bundle

Let P be a principal G-bundle over the manifold M. Let w € A'(P,g) be a
connection on P. Recall that w determines a parallel transport along smooth
curves. Specifically, given x € M and a smooth curve v: [0,1] — M, with
~(0) = x, then there exists a smooth map:

(t,u) € [0,1] X Py — Hy (v, t,u) € P,
uniquely defined by the conditions:
L LH, (v, tu) = (C‘ftfy(t)) ; for each t € [0,1], for each u € P,
He (7,t,u)

where ~ denotes the horizontal lift,

2. Hy(7,0,u) = u; for each u € Py.
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In particular this implies that H,,(v,t), given by u +— Hy (7, ¢, u), maps P, bi-
jectively into P, ), for any ¢ € [0, 1]. We will also use the notation H,, (7,1, u) =
wy. Therefore if v and 4/ are such that (1) = ~4/(0) we have: (uy)y' = u(yy').
Recall that the parallel transport is G-equivariant, in other words:

Heo (v, t,ug) = Hu (7, t,u)g, for each g € G, for each u € P,.

2.5.1 A form of the Ambrose-Singer Theorem

Let M be a smooth manifold. Let D™ = [0,1]™ be the n-cube, where n € N.
A map f: D™ — M is said to be smooth if its partial derivatives of any order
exist and are continuous as maps D" — M.

The well known relation between curvature and parallel transport can be
summarised in the following lemma, proved for instance in [FMP1, SW2].

Lemma 2.22 Let G be a Lie group with Lie algebra g. Let P be a smooth
principal G-bundle over the manifold M. Consider a smooth map I': [0,1]? —
M. For each s,t € [0,1], define the curves vys,~v': [0,1] — M as vs(t) = ~'(s) =
['(t,s). Consider a connection w € A'(P,g). Choose u € Pyoy, and let us =
Ho (Y0, s,u), and analogously u' = H.,(Yo,t,u) where s,t € [0,1]. The following
holds for each s,t € [0,1]:

) e |
o (pHtntu) = [ Q(at,vs@),asvs(t) a, (@)
Heo (755t us)

and by reversing the roles of s and t we also have:

w ((%Hw(vt, s,ut)> = —/0 Q (875%/ (1), (95/751(75)) ds'.  (2.9)
Heo (vt,s",ut)

Continuing the notation of the previous lemma, define the elements ﬁp (u,t,s)
by the rule:

w

Hw(ﬁyt7 57ut)gr(u’t7 S) = HW(’YSatvus)'

Therefore "
UQF(UJ, tv S) = HUJ(:Y’ la U)

where 4 is the curve 4 = 91", starting in I'(0,0) and oriented clockwise, and I
is the truncation of I such that TV(¢',s") = ['(t't, s's), for 0 < &', ¢/ < 1.
By using the fact that %Hw(ys, t,us) is horizontal it follows that:

w (8875 (Halr! 5.0t s))> —o.

Thus, by using the Leibniz rule together with the fact that w is a connection
1-form,

w 0 w w 0w
(91 (u, t, 5))*1w (&Hw('yt, s,ut)> 9r(u,t,s) + (9r(u,t, s))*lagp(u,t7 s) =0.

18



Therefore:

N T el Ap
;90 (wt,5) = /OQ<Ms/(t)vas,vsf(t>> ds' | 9r(u,t,s).

He (vt,s"ut)
(2.10)

Analogously we have (since 2H,, (7!, s, u’) is horizontal):

—~

9 Gt s) = frlust )/tQ 9wy, 2w at’. (2.11)
88 ru,t,s) =9rlu,t, s o at/’)/s ,as’}/s . .

Heo (Vs 5t yus)

2.5.2 Categorical holonomy in a principal fibre bundle

Let P be a principal fibre bundle with a G-categorical connection (w,m). Here

G=(FE 9, G,p>) is a Lie crossed module, where > is a Lie group left action
of G on E by automorphisms. Let also & = (9: ¢ — g,>) be the associated
differential crossed module.

As before, for each smooth map T': [0,1]2 — M, let v4(t) = 7'(s) = T'(t, s).
Let a = I'(0,0). Let also u € P,, us = H(+°, s,u) and u! = H(vo,t,u). Define

the function (wé;n): P, x [0,1]> — E as being the solution of the differential

equation:

0 (w,m) (w,m) ¢ 8/_\/ 8/-\/
55 T (u,t,s) = er (u,t,s)/o m %%(t/)’%%a/) dt’,
He (Vs t us)
(2.12)
with initial condition “¢p(u,t,0) = 1, for each ¢ € [0,1). Let “¢p”(u) =
(w,m)

er (u,1,1). Compare with equations (2.10) and (2.11). The apparently non-
symmetric way the horizontal and vertical directions are treated will be dealt
with later.
Given a smooth map I': [0,1]2 — M, define:

Xr=7, Yr=7" Z2r=9" and Wr=m.

Theorem 2.23 (Non-Abelian Green’s Theorem, bundle form) For any
u € P, we have:

oy, 1o (6 () = Ho(Z W, 1,u),

or, in the other notation of section 2.5,
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Proof. Let k, = Ho, (7', z,u') and I, = Ho(vs,1,uz). Let 2 — g, € G be
defined as k,g, = l,. We have, since (%km)gm is horizontal:

d B d _ 71i _ 71i
w (dx (k'ang)> =w (kL d$9w> =w <k-'lig-'ligz dew) =9 da:gl"

On the other hand:

d d v a0
w (d;v(klgw)) =w (d:rl$> - /0 Q (at')/z(t)a a{ﬂ'}%@)) dt.
Hw(’szt-,um)

Therefore

d N
T = ga:/o Q <8t%(t)’ amfyw(t)> dt. (2.13)

He (Va st uz)

This is a differential equation satisfied also by = — 8((wé1:n)(u,x, 1)), by the
vanishing of the fake curvature condition d(m) = 0, and both have the same
initial conditions. m

Note that it follows from the Non-Abelian Green’s Theorem that:

Ho (7, s,ut)6<(%17~n) (u,t, s)) = H, (s, t,us), for each t,s € 0,1].  (2.14)

Lemma 2.24 (Vertical multiplication) We have:

(wm) (@m) . (wm)
ero, v (u) = er (u) er” (uZr).

HereT,T": [0,1]2 — M are smooth maps such that 8,,(T') = 9a4(T") and moreover
Lo, I is smooth.

Proof. Obvious from the definition. m

Lemma 2.25 (Vertical inversion) We have:

(w,m) (w,m)
er (u) ep-v (uZr) = 1g.

Here T'™ denotes the obvious vertical reversion of T': [0,1]> — M.
Proof. Obvious from the definition. m
Lemma 2.26 (Horizontal multiplication) We have:

(w,m) (w,m) (w,m)
epo,w (U) = ey (uXp) es (u).

Here ®,W': [0,1]> — M are smooth maps such that 9,.(®) = 9;(V) and moreover
$oy, U is smooth.
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Proof. Let I' = ®o, . As before put ¢s(t) = ¢'(s) = ®(t,s) and () =
Pt(s) = U(t,s). We have:

R )
S

o
=) e 1,9 (w1, 5) / m<6¢s(t),a¢s(t)> dt
0 315 88
He(ds,t,us)

R
+ ) (X1, 8) / m(aws(t),aws(t)> dt | ) (w1, s)

0 at 38

Hw(w-ivtv(uxé)S)

—Q+ W

Here (uXs)s = Ho(Zw, s, uXs). Let us analyse each term separately. We have:

N e~
Q%?OM@LQ%?@MJ)/%m<a%@La%@> dt
0 8t 68
Hw("/sﬂ:uus)
where 7,(t) = ®o,¥(¢,s). On the other hand:
(w,m) (w,m)
W= "cy (uXs,1,8) es (u,1,s)
. -
w,m B 0 0
a(( €p : (ua 17 S)) ! > / m <ws(t)a ﬂ)s(t)) dt 9
0 (9t 85
Heo (Ps,t,(uXe)s)

(2.15)
and therefore

(w,m) (w,m)

W="ey (uXg,1,s) ep (u,l,s)

e~

(o 0
[ (atws@), )
(w,m)

= ey (uX. 15)(%7”) (u,1,s) /1m %) gq/;/—\/(t) dt
- Cv @, 4 P s 4y o ot s " s s

He (st usds)

) a
Heo (s oty (uXp) s 0(Ca (us1,5)))

1 — —
w,m w,m 8 8
= (e\I}) ('U,Xq;.,l,s)(eq)) (uvlas) /1 m (&f%(t)’as%(t)> dt

2 He (s5t,us)

Therefore both sides of the equation of the lemma satisfy the same differential
equation, and they have the same initial condition. m
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Lemma 2.27 (Horizontal inversion) We have:

(w,m) (w,m)
er-n (uXr) ep (u) = 1g,

where T~1 denotes the obvious horizontal reversion of I': [0,1]2 — M.
Proof. Analogous to the proof of the previous result. m

Lemma 2.28 (Gauge transformations) We have:

(w,m) (w,m)

er (ug) =g 'v er (u).

Proof. Analogous to the proof of the previous result. m

2.5.3 The Non-Abelian Fubini’s Theorem
We continue with the notation of 2.5.2. Again let I': [0,1]*> — M be a smooth

(w,m)
map, a =I'(0,0) and u € P,. Define fr (u,t,s) by the differential equation:
9 (wm) (w,m) s o a9
- = Aty At(g! !
5 fr (u,t,s)= fr (u,ts)/o m <85’7 (s )’8157 (s ))H . f)als,
w ’y/7s 7u/

(2.16)
with initial condition (wf;n) (u,0,s5) = 1g, for each s € [0,1]. Note that the
differential equation for (wf;n ) is obtained from the differential equation for (wé?b ),
equation (2.12), by reversing the roles of s and ¢. Let (wf?pn) (u,1,1) = (wf;n)(u)
The following holds.

Theorem 2.29 (Non-abelian Fubini’s Theorem, bundle form)

(w,m) (w,m)
er (w) fr (u)=1.

Proof. In fact we show for every ¢, s € [0, 1]:

(w,m) (w,m)

er (u,t,s) fr (u,t,s)=1. (2.17)

In the following put (Wélcn)(u, t,s) =e(t,s). Let 0 be the canonical left invariant
1-form in E (the Maurer-Cartan 1-form); see 2.6.1. Taking the ¢ derivative of
(2.12), we obtain:

—~

B0(2ewo) = (B Toto)

He (st us)
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By (2.14) and the G-equivariance of m:

8 (0 o b
d(e(t,s)) > a& (&Se(t, s)) =m <6t%(t)’ &S%(t)>H . .
w 'Y ,S, U

We also have:

% (8(e(t, Y <§te(t, s)))
= d(e(t, s)) > (a (a (aase(t,s)» >0 (gte(t, s)>) +3(e(t,s)) > % (9 (;e(t,s)»
= O(e(t, s)) > ({0 (gse(t, s)) 0 <§te(t, 3))] + %9 (;e(t, s))

= d(e(t, ) > %9 ((,ie(t, s)) .

The second equation follows from the definition of a differential crossed module,
and the third from the fact d0(X,Y) = —[X,Y] for each X,Y € ¢. Combining

)

the two equations and integrating in s, with (wélT (u,t,0) = 1g, we obtain:

0 (w,m) . s 8/\'/ 6/-\/ ;| (wm)
o er (u,t,s) = /0 m <atfysl(t),asl'ys/(t)> ds er (u,t,s),

He (vE,8",ut)

with initial condition 65 (1, 0,s) = 1g, (set ¢ = 0 in (2.12)), from which (2.17)
follows as an immediate consequence. m Note that by using the Non-Abelian
Fubini’s Theorem, lemmas 2.26 and 2.27 follow directly from lemmas 2.24 and
2.25.

From the Non-Abelian Fubini’s Theorem and 2.5.2 it follows that the two-
dimensional holonomy of a categorical connection is covariant with respect to
the action of the dihedral group Dy = Z3 x Zsy of symmetries of the square; see
2.6.4.

2.6 Dependence of the categorical holonomy on a smooth
family of squares

In this subsection we prove a fundamental result giving the variation of the 2-
holonomy of a smooth family of 2-paths in terms of the 2-curvature, analogous
to equation (2.13) for the variation of the 1-holonomy of a smooth family of
1-paths in terms of the curvature. Let P — M be a principal G-bundle
over the smooth manifold M with a G-categorical connection (w,m). Here

G=(FE 2, G,) is a Lie crossed module, where > is a Lie group left action of
G on E by automorphisms. Let & = (9: ¢ — g,>) be the associated differential
crossed module.
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Consider a smooth map J: [0,1]> — M. Put J(t,s,2) = ['*(¢,s), where
z,t,s € [0,1]. Define q(x) = J(0,0,x), for each x € [0,1]. Choose u € Py
and let u(x) = Hy(q,z,u). We want to analyse the dependence on = of the

categorical holonomy (UleT)(u(x), t,s), see equation (2.12). To this end, we now
prove the following well known technical lemma, also appearing in [FMP1].

2.6.1 A well-known lemma
Let G be a Lie group. Consider a g-valued smooth function V(s,z) defined on

[0,1]2. Consider the following differential equation in G:

0
%a(s,z) =a(s,z)V(s,x),

with initial condition a(0,2) = 1lg, for each z € [0,1]. We want to know
l
sza(s, ).

Let 6 be the canonical g-valued 1-form on G. Thus 0 is left invariant and
satisfies 0(A) = A, for each A € g, being defined uniquely by these properties.
Also df(A, B) = —0([A, B]), where A, B € g. We have:

%9 (ia(s,x)) = %G(a(&m)‘/(s,x)) = %V(sw).

On the other hand:

5)%9 (aia(s,x)) = da*(0) (;ﬂ, aas) +%a*(9) (;ﬂ) +a*(0) ([;;, iD

— df (ia(s,x), gsa(s,x)> +%9 (;ﬂja(s,x)) .

Therefore:

9 N BN S I ]
0 (ama(s,aj)> —I—/O (do (axa(s ,x), asla(s ,x)) +8xV(S ,x))ds’ =0 &Ea(O,x) .
Since a%a(o, x) = 0 (due to the initial conditions) we have the following:
Lemma 2.30

9 _ (a2 ats . Dats O :
axa(s,x) = a(s,x)/o ( do (5‘xa(8 ,T), 8s’a(8 ,x)) +8xv(8 ,x)) ds’,

for each x,s € [0,1].

2.6.2 The relation between 2-curvature and categorical holonomy

The following main theorem is more general than the analogous result in [FMP1,
SW2] since it is valid for any smooth homotopy J connecting two 2-paths I" and
IV, and in particular the basepoints of the 2-paths may vary with the parameter
x. For this reason the proof is considerably longer, forcing several integrations
by parts.
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Theorem 2.31 Let M be a smooth manifold. Let G = (0: E — G,») be a Lie
crossed module. Let P — M be a principal G-bundle over M. Consider a G-
categorical connection (w,m) on P. Let J: [0,1]> — M be a smooth map. Let
J(t,s,x) = T%(t,s) = v2(t) = v>!(s); for each t,s,x € [0,1]. Define q(z) =
['7(0,0). Choose u € Py, the fibre of P at q(0). Let u(x) = H,(q,z,u) and
u(x,s) = H,(v*°, s,u(xr)), where s,x € [0,1].

Consider the map (s,z) € [0,1]2 — er«(s) € E defined by:

2 ereo) = ers(s) [ m <§tv§(t), fsv;c(t)) a o (@21)
He (78 tu(w,s))
with initial condition:
er=(0) = 1g, for each x € [0,1], (2.19)
Let er= = er=(1). For each z € [0, 1], we have:
Ler=er [ [ (ei”?(t)’ 2x), ;Sm) drds
1

Ho (72 tyu(w,5))

—~

o0
+€Fw/0 m (8717 (n)787’7 (n)) dn,
Heo (3% n,u(z))

where 4% = OI'%, starting at T%(0,0) and oriented clockwise. Here M € A3(P,¢)
is the categorical curvature 3-form of (w,m); see 2.4.3.

Proof. Consider the smooth map f: [0,1]> — P such that f(z,s,t) = H, (%, t,u(x,s)),
for each z, s,t € [0, 1]. By definition we have:

D) 0
g t) = —E(t
e (@5 1) = 573 ( )Hw(w@w@’s))

and therefore w(%f(x, s,t)) = 0. We also have:

) "o
(&sf(x’s’ >> 837“’( )Hw(vz’t’u(wys))

and

—~

) S
(axf(x’s’ )) 8:1075( )Hu(vf,t’u(z’s))

Note also that m(X,Y), Q(X,Y) and M(X,Y, Z) vanish if either X, Y or Z is
vertical.
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By the 2-structure equation, see Proposition 2.18, and equation (2.6) it
follows that (since M is horizontal):

o 0
[ [ ( S0, 5E (D), &Svi“’(t)> drds
Ho (78 tu(2,5))
/ / < (z,s t%%f(m,s,t),%f(x s, )) dtds
/ / dm ( s, 1), gtf(x,s,t), gsf(x s t)> dtds
/ / < (z,s t))>m<;f(x,s,t),if(m7s,t)) dtds

/ / ( (w5 t>> <§tf(x e f(%s,t)) dtds.

Using Lemma 2.22 and integration by parts, we rewrite the integral in the last
term:

[ (Zrsn)om(f s 2 iwsn)

/ / (875’ (w,s,t), ;sf(x,s,t’)) dt’[>m(aatf(x,s,t),;xf(az,s,t)) dt

! 0 o 1 9 9
/ : (Wf(x 5t 3Sf(x,3,t’)> dt’D/O m ((%f(x,s,t')»%f(%s,t’)) dt’

_/IQ@tf(x o), aif(f”v&t))D(/t (;/f(x 5,t'), ;xf(:c s t)) dt)d

Using equation (2.2), we have for the final term:

L 79 d ‘ 0 N 0 N
/Q(atf(:cst) agf(z,s,t))b(/om<at/f(x,s,t),6mf(x,s,t))dt)dt

0 9 P
A A (61&’ x S,t’)vaxf(ﬂh&t’)) dt' > m (atf(x,s,t), %f(cc s t)> dt

1 9 5 5 )
+ 0 /0 Q < S/f(x"s/?o)? arf(xaslvo)> dS >m <atf(l’,$,t), asf(x757t)> dt
1
= w <aaxf(l”,s7t)> >m (gtf(ﬂc,s,t), %f(:ﬁ, s,t)) dt

—|—/01w ;f(:c,s,())> >m ((if(x,s,t),(,if(x,s,t)) dt.
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where we have used Lemma 2.22 twice. Combining the previous equations,
yields

/ / ( gt/;:), 6857/;;)) Ho (2 tu(w,5) e
/ / dm< (z,s t)7§tf(x,s,t),§gf(x,s,t)) dtds
/ / <6t' (x,s,t), aif(x,g,t’)) dt'b/lm (aif(x s,t'), ;xf(%s,t')) dt'ds
/ / ( (2,5 0)> >m (gtf(%s,t), aasf(x,s,t)> dtds. (2.20)

For the second term on the right hand side in the theorem, we obtain:

g g
/0 m(anv (n), 5.7 (n)> A dn
He (57 n,u(z))
! 0 0 ! 0 0
= [ (Getteson s )ast [m (s, @ )

—g_lb(/lm (8]”(33 s,1) 2f’(ac s 1)) ds—/lm(af(m 0,t) 2f(az: 0 t)) dt)

O as ) ) 78‘7/_ ) ) 0 at ) ) )am ) ) )
(2.21)

where we have put g(z, s) = d(er=(s)) and f'(z, s,t) = Hy, (754, 5, Ho (V& t, u(x)));

also g = g(x,1). Therefore f(x,s,1) = f'(x,s,1)0(er=(s)) by the Non-Abelian

Green’s Theorem. Note that f/(z,0,t) = f(z,0,t). We will be using the func-

tion f’ again shortly.

Thus it remains to prove that elij %er‘w is equal to the sum of the right hand
sides of (2.20) and (2.21).

By Lemma 2.30, we have

d
%er‘z = €r=z (Am — Ba:), (222)
where
ao= [ [ 2 (o (Zor Lot s
z = o at’ys aas’Ys
Ho (V2 tu(z,s))

B, _/0 do (;xepz( ),aiew( )) ds.

Let us analyse A, and B, separately. Using the well known equation:

da(X,Y,Z) = Xa(Y, Z)+Y a(Z, X)+ Za(X, V) +a(X, [V, Z)+a(Y, | Z, X])+a(Z, [ X, V),
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valid for any smooth 2-form « in a manifold, and any three vector fields X, Y, Z
in M, we obtain for A,:

1 1 ) P 9
Ax:/o /o UL (atf(:c,s,t),asf(m,s,t)) dtds
1 1 9 P 5
:/O /O dm(axf(m’s’t)’&f(x’s’t>’agf(x’s’t)) dtds

Loty 0 0 0 0 0
—/0 /0 M (asf(:m&t), %f(sc, S,t)> + 55" (axf(3?>3»t)a atf(“f’»&ﬂ) dtds

bt 0 0 0
A:C :/0 /0 dm (axf('r787t)7mf(xasat)7asf(x7s7t)) dtds (223)
! 0 0 ! 0 0
+/(; m 8f(x7570)a8$f('r78’0)> d$+\/(; m(atf(x717t)7axf(x717t)> dt

! 0 0 ! 0 0
—/0 m(atf(x,O,t),&Ef(x,O,t)) dt—/o m(agf(x,s,l),axf(x,s,l)) ds.

= J(er=(s)) and f'(x,s,t) = Hy, (v, s, Hu (7, t,u(x))), and
,1) = f'(x,s,1)0(er=(s)). We thus have:

w (sz’(x,& 1)) =w (i (f(z,s, 1)91(3775))) )

which since % f'(z,s,1) is horizontal implies, by using the Leibniz rule and the
fact that w is a connection 1-form, that:

9 —1 9 _
g(m,s)w ((%f(xa871))g ({E7S)+g($,8)%‘g (LL',S) =0.
Analogously (this will be used later):
- 0 z z
i 5)e 5 (MO s ulenE) ) atos)
_ 0 0 .
=g l(x,s)%g(x, s)+w ((%(u(x,s)’ys)> ,

which is the same as:

geotes) =gty (g fes D)) o (7@ s)) oo,

28



The very last term R of (2.23) can be simplified as follows (since m is horizontal
and G-equivariant):

Yoo )
R= —/0 m (&gf(x,s, 1), xf(:ms,l)) ds
1
—— [ @ (g s, o s ) ) ds
1
e [ (s s s )

+/1/S 2gfl(w s)>m if’(ac s, 1) 2f’(x s’ 1)) ds'ds;
o Jo Js ) 05’ 2ot g0 »9 )

(the penultimate equation follows from integrating by parts). Therefore:
L ! ) )
R=—g (z,1) D/o m (asf’(x, 5, 1), %f’(x, s, 1)) ds

1 s
—/0 /0 w <685f(:1:, s, 1)) g Yz, s)>m (885’ f(x,81), %f(m, s 1)) ds'ds.
(2.24)

We now analyse B,, for each = € [0,1]. We have:

_ 0 _ 0
B, = 9 (e (s)5-ere(s). et ()5 ere(5))
0 0

- — 1 - x ~1 b T
= —[er(5) gera (s), ent ()5 er=(s)]
_ 0 _ 0
—— (@) o)) > (e ) oere )
0 boro 0
o (get@sn) o [ (a0 o i )
+ (g7 Hw, s)w 2f'(xsl) (x,s) l>/1m gf(xst) 2f(:vst) dt
g ) ax ) g ) 0 82‘: b 788 ) N
By using Lemma 2.22, this may be rewritten as B, = C, + C,, where

Co= [0 (Gt st )aio [ (510, 2 st

s 1
—/0 Q (365/]‘(:1075’,0)7 6axf(x7s’,0> ds’b/o m (;f(m7s,t), gsf(a;&t)) dt
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and

et = (s ([ 2 (550 s 0 g st 1) ) s ) gtas) ) o
/1 (gtf(x 5, 1), aasf(x,s,t)) dt
+ (g_l(aj,s) (/1 Q (gtf(x 0,1), ; f(m,O,t)) dt) g(x,s)) >

! 0 0
/0 m (atf(ac,s,t), asf(x,s,t)) dt,

Again using d(m) = Q and d(u)pv = [u,v] = —[v,u] = —9(v)>u; for each u,v €
¢, together with 9(m) =  and Lemma 2.22, for all but the second term of the
right hand side of the previous equation, we obtain:

B, =

[ ([ o(Grwsn Lrwsn)as [n( 5w Lswsn)a) s
/ / ( (2,5 0)> (aatf@c 5,t), aif(wn&t)) dtds

/ / ( (@5, 1)) g Mz, 5)em (ayf’(w78’71),Eif’(x,#,l)) ds'ds

/ / ( (@5, 1)) gz, s)pm (;f(x,w),if(x,o,t)) dtds

(2.25)

Finally, since (given that w is a connection 1-form):
o (5 fws 1)) g7 @ s) =g s (5l g7 (2 9)
68 ) ) ) 68 i) )
=g Yz, s)w 2f’(:z: s, 1) — f(x,s l)g Yz, s)
=9 ’ 88 9 ) aSg )
— s (Fas ) 5o w0)

— 9 -1
T

the last term R’ of the previous expression is rewritten as follows:

/ / ( (x,s 1)) g Yz, 8)>m (;f(x,(),t), aaxf(x,o,t)) dsdt

9 d
:/0 /0 asg1(x78)>m((,%f(x,(),t),&cf(x,(),t)>dsdt,
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or

e Yoo 0 g [ (2 0 g

=g (x)l>/0 m (({)tf(x,o,t), 8mf(ac,O,t)) t—/o m <atf(x,0,t), 8mf(gc,O,t)) t,
(2.26)

where we have put g(x) = g(z,1). Combining A, — B, from equations (2.23),

(2.24), (2.25), (2.26), four terms cancel and the remaining terms are equal to

the sum of the right hand sides of (2.20) and (2.21). This finishes the proof of

Theorem 2.31. m

2.6.3 Invariance under thin homotopy

From Theorem 2.31 and the fact that the horizontal lift X — X of vector fields
on M defines a linear map X(M) — X(P) we obtain the following:

Corollary 2.32 Let M be a smooth manifold. Let also G = (0: E — G,>) be a
Lie crossed module. Let P — M be a principal G-bundle over M, and consider
a G-categorical connection (w,m) on P. IfT' and TV are rank-2 homotopic

(see Definition 2.11) 2-paths [0,1]> — M then (ug;l) (u,t,s) :(Uéizl) (u,t,s),
whenever u € Pr), the fibre of P at T'(0,0) = I"(0,0), and for each t,s €
[0,1].

2.6.4 A (dihedral) double groupoid map

Let P be a principal G bundle over M. We define a double groupoid D?(P)
whose set of objects is M, and whose set of morphisms = — y is given by all
right G-equivariant maps a: P, — FP,. A 2-morphism is given by a square of
the form:

P, - . p,

CT s Tb (2.27)
P, — P,

where x,y, z,w € M and a, b, ¢, d are right G-equivariant maps. Finally f: P, —
E is a smooth map such that f(ug) = g~ f(u) for each u € P, and g € G,
satisfying (b o a)(u)I(f(u)) = (d o ¢)(u), for each v € P,. The horizontal and
vertical compositions are as in 2.5.2. We also have an action of the dihedral
group Dy =2 732 xZs of the 2-cube given by the horizontal and vertical reversions,
and such that the interchange of coordinates is accomplished by the move f —
f~1. As a corollary of the discussion in the last two subsections it follows:

Theorem 2.33 Whenever the principal G-bundle P — M is equipped with a
categorical connection (w,m), the holonomy and categorical holonomy maps H,,

(w,m

; (w,m)
and e ) define a double groupoid morphism H : 8a(M) — D?*(P), where
8o (M) is the thin fundamental double groupoid of M. Given a dihedral group
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element r € Dy we have

(w,m) (w,m)
H (Tor™) :r( H (F)) .

3 Cubical G-2-bundles with connection

3.1 Definition of a cubical G-2-bundle

Recall the conventions introduced in 2.1.1 and 2.2.2.

Let M be a smooth manifold. Let U = {U;};c5 be an open cover of M.
From this we can define a cubical set C(M,U). For each positive integer n the
set C™(M,U) of n-cubes of C(M,U) is given by all pairs (x, R), where R is an
assignment of an element U € U to each vertex of v of D", such that the

intersection
R _ R
Ut = N Ul
vertices v of D™

is non-empty, and = € U, The face maps 9 : O™ (M, U) — C*~' (M, U) where
i€{l,...,n}and n=1,2,..., are defined by

OF (z,R) = (z, R0 5F).
Analogously, the degeneracies are given by:
€(x,R) = (z,Ro0;).

The cubical set C'(M,U) is clearly a cubical object in the category of man-
ifolds, in other words a cubical manifold. Given an x € M, the cubical set
C(M,U,z) is given by all the cubes of C'(M,U) whose associated element of M
is x.

Definition 3.1 (Cubical G-2-bundle) LetG = (0: E — G, ) be a Lie crossed
module. Let N(G) be the cubical nerve of G; see [BHS| and 2.2.2, which is a cu-
bical manifold. Let M be a smooth manifold and W = {U;};cg be an open cover
of M. A cubical G-2-bundle over (M,U) is given by a map C(M,U) — N(G) of
cubical manifolds.

Unpacking this definition, we see that a cubical G-2-bundle is specified by
smooth maps ¢;;: U;NU; — G, where U;, U; € U have a non-empty intersection,
and also by smooth maps Vi : Uy NU; NULNU — E, where U, U;, Uy, U €U
have a non-empty intersection, such that:

1. We have 6(¢ijkg)_l¢ij¢jl = ¢irdr n Usjpy = U; NU; NULNU;. In other
words, putting ¢ij = X5 (€2), diw = Xy (€2), o = X5 (c2), ¢ =
X (c2) and e(ca) = ijp yields a flat G-colouring ca = (¥, ¢)ijm of D2,
for each x € Uyji.
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it j+

Figure 1: Label conventions in Definition 3.1.

2. Given it,j% kT 1 € T with Ui-j-k—-1- N Ui+ jrgi+ # 0, and putting
e5(cs) = (V,@)itjepers, €5 (c3) = (U, B)i—h—itp+, €f(c3) = (¥, d)j—1-j+1+,

€5 (c3) = (1, @)i— j—i+j+ and e3 (c3) = (1, @)1 p+1+

yields a flat G-colouring cz of D3 in Ui—j—r—1- DU jrgrir.
8. ¢y =1g in U; for all 1 € 7.
4. Wiij; = Viji; = 1g i Uy
See Figure 1 for our conventions in labelling the vertices of D? and D?>.

The previous definition is therefore a cubical counterpart of the simplicial defi-
nition of a G-2-bundle (and non-abelian gerbe) appearing for example in [BrMe,
ACG, BS1, BS2, SW3].

Remark 3.2 Note that in Definition 3.1 the word bundle is used in the same
sense as when one defines a principal bundle in terms of its transition functions,
without reference to a total space; we are following [H, MP, P]. For a discussion
of the concept of total space of a non-abelian gerbe, see [RS, Bar, Wo).

Definition 3.3 (Dihedral cubical G-2-bundles) Recall that the cubical sets
C(M,U) and N(G) are dihedral; see 2.1.1. Therefore we can restrict our defi-
nition of a cubical G-2-bundle and only allow dihedral cubical maps C(M,U) —
N(G) which gives the definition of a dihedral cubical G-2-bundle. FExplicitly,
a cubical G-2-bundle is said to be dihedral if the maps ¢;;: Uj; — G and
VYijei: Ui — E satisfy the following extra conditions:

1. We have ¢j; = ¢,

j

-1 —1 1
2. We have Vit = i1, Yjik = Gij > Uy and Vi = Gie > Y50 i Uiji.

Yin Uij foralli,j €.
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3.2 Connections in cubical G-2-bundles

Let G = (0: E — G,p) be a Lie crossed module, where > is a Lie group left action
of G on E by automorphisms. Let also & = (9: ¢ — g,>) be the associated
differential crossed module.

Definition 3.4 (Connection in a cubical G-2-bundle) Let M be a smooth

manifold with an open cover U = {U, }ieg. A connection in a cubical G-2-bundle
over (M, W) is given by:

e Foranyi €7 a local connection pair (A;, B;) defined in U;; in other words
A; € .Al(Ui,g), B; € Az(U,L', e) and 8(31) =dA; + %Az Nad A = QA,

e For any ordered pair (i,7) an e-valued 1-form n;; in U,;.
The conditions that should hold are:
1. For any i € J we have n;; = 0.

2. For any1,j € J we have:
Ay = ¢ (Ai 4 0(mi)) g + b debi
B; = gb;jl > (Bl- +dnij + %Wij A+ Ay A Th'j) .
3. For any1,j,k,l € J we have:
Mike + Gk > Mt — Pikdridyy >t — ik by bi; > 1
= ¢i;]1€gd7/)ijkl + %}il (As A" Pijia) -

The equivalence of cubical G-2-bundles with connection will be dealt with in
subsection 4.3.

Definition 3.5 (Dihedral connection) If a cubical G-2-bundle is dihedral,
then a connection in it is said to be dihedral if the following extra condition

holds:
Nji = —qﬁfjl >nij, for eachi,j €

therefore, condition 3 of the previous definition can be written as:

Nik + Gik > Mkt + Gik b > My + Gindridy > Mji= p Wit + Uiy (Ai A Digra) -
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4 Non-abelian integral calculus based on a crossed
module

4.1 Path-ordered exponential and surface-ordered expo-
nential
We continue with the notation and results of subsections 2.5 and 2.6. Alternative
direct derivations of some of the following results appear in [BS1, SW1, SW2,
SW3].
Let M be a manifold, and let G be a Lie group with Lie algebra g. Let
v:10,1] — M be a piecewise smooth map. Let A € A'(M,g) be a g-valued
A
1-form in M. We define, as is usual, the path ordered exponential g~(t) =
Pexp (f(; A (%v(t’)) dt’) to be the solution of the differential equation:

G0 =04 (50).

e L. A A A 1,74
with initial condition §(0) = 1¢; see [Ch]. Put gy = gv(1) = Pexp (fo A (£~(1) dt).

We immediately get that 377/ = 373% and also 37_1 = (37)*1. Here v and +/
are piecewise smooth maps with v(1) = +/(0).

Consider the trivial bundle P = M x G over M. Given A € A'(M,g)
there exists a unique connection 1-form w4 in the trivial bundle P for which
A =(*(wa), where ((z) = (x,1¢) for each x € M. We then have that:

C(v() = Hua (7,1, ¢(7(0))) P exp (/Ot A (;ﬁ,v(t’)> dt’) .

Let G = (0: E — G,r) be a Lie crossed module and let = (9: ¢ — g,1>) be
the associated differential crossed module. As before, if we have B € A%(M,¢)
with O(B) = Q4 = dA + 1A N A we define

(A B (t,s) = Sexp (/ / (815’% azlfysl(t/)) dt’ds/>

as being the solution of the differential equation:

0 (A,B) (A B) t/a A 0 0
5, & (Ls)= (t, S)/O <9v°<s>9%<t'>> > B (aﬂs(t/>’as%(t/)) dt’

with initial conditions

A
( B) (t,0) = 1g, for each ¢ € [0,1].

A, A,B .
Put ( er 7 _ er ) (1,1). We can equivalently define the surface ordered exponen-
tial by the differential equation:

0 (A,B) fraA 0 5} (AB)
5 6 0o = ([ (i) o B (gt e as) & 0o
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with initial conditions

(}é’f) (0,8) = 1p, for each s € [0,1];

see the proof of Theorem 2.29 and below.
As before, there exists a unique categorical connection (wa,my4 g) in the
trivial bundle P = M x G for which A = (*(w4) and B = (*(ma g)). We have

A, wA,mA, .
that (ef) (t,s) = ( Yer B)(C(F(O,O)),t,s), see 2.5.3. The following follows

immediately from the Non-Abelian Green’s Theorem 2.23.

Theorem 4.1 (Non-abelian Green’s Theorem, elementary form) Consider

) A A A A A A A A
a 2-square T': [0,1]* — M. Put Xr=9x,, Yo=Yy, Zr=9z,. and Wr=0w,.; see

2.5.2 for this notation. We have that:

(A,B) -1 A A A A
8( er ) XFYFZZFWF.

The following follows from theorems 2.24 and 2.26. See 2.1.1 and subsection
2.3.

(4,B)
Theorem 4.2 Consider the map H : C*(M) — D?*(G) such that:

(A,B) (A,B) (A,B) (A,B) (A,B) (A,B)
Then H (TopI")= H (T)op, K (I')and H (To,I')= H (T)oy, K
(I'"), whenever the compositions of T',T": [0,1]> — M are well defined.

Passing to the quotient 83(M) of C2(M) under thin homotopy it follows, by

using Theorem 2.31 and Corollary 2.32, that:
(A,B)

Theorem 4.3 The map H : So(M) — D*(G) defined in the previous theorem
18 a morphism of double groupoids with thin structure.

The following result is a consequence of Theorem 2.33.

(A,B)

Theorem 4.4 (Non-abelian Fubini’s Theorem) The map H : C?*(M) —

D2(G) preserves the action of the dihedral group Dy of the square. Concretely
for any element r of D4 we have

(4,B) L @AB
5 (Cor ) =r( 3 (I),

for each smooth map T': [0,1]> — M.
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This follows from the fact that (Af]’-ég : preserves horizontal and vertical reversions
and moreover interchanges of coordinates, which generate the dihedral group
D, = Z% x Sy of the square.

We finish this subsection with the following important theorem:

Theorem 4.5 Let (A, B) be a local connection pair in M, by which as usual
we mean A € A*(M,g), B € A*(M,¢) and O(B) = Q4 = dA+ L AN A. Let
C = dB+ AN B be the 2-curvature 3-form of (A, B) as in 2.4.3 and 2.4.4. Let
J:10,1]> — M be a smooth map such that J*(C) = 0. Then the colouring T of

D? such that: )
Todt =90 (97]), i=123

1s flat; see 2.2.2 and 2.1.1.

Proof. This follows from the construction in this subsection and Theorem 2.31.
Note the form (2.5) for the homotopy addition equation (2.4). m

4.2 1-Gauge transformations

Let M be a smooth manifold. Let (A, B) and (A, B") be local connection pairs
defined in M. For the time being we will drop the index i for the open cover
and take A and B to be globally defined on M. We will return to the general
case in the next section. In other words A, A’ € AY(M,g) and B, B’ € A%(M,¢)
are such that 9(B) = Q4 = dA+ AN A and 9(B') = Qar. Let n € AY(M,¢)
be such that:

A=A+ 09(n)

and

1
B/:B+dn+§n/\adn+A/\>n.

Given a smooth path v: [0,1] — M, define the following 2-square in G:

Al Al
9~ 9~
*k —— % * —
1g, (A,n) . (Ap,Byp)
R B S
*k — Xk *k — Xk
A A
9~ 9~

Here A, = A+ 20(n) € AY(M x I, g) and
1
Bn:B+zdn+5227)/\adn+zA/\D77+dz/\n€A2(M><I,e),

where I = [0,1], with coordinate z. It is an easy calculation to prove that
(B,) = Qa,. In addition, y x I: [0,1]> — M x I is the map (y x I)(t,s) =

. (Am) (An,By)
(v(¢),s), where s,t € [0,1]. We will see below (Remark 4.7) that f, = e,xrs

depends only on A, and 7.
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Let h: M — G be a smooth map. It is well known (and easy to prove) that
if A” = h=1A’h + h='dh then

A//
9~
k — Xk

)= roo] 1 Jrean

k — Xk
A/
9~

is a 2-square in G. This leads us to the following:

Definition 4.6 We say that (A”,B") and (A, B) are related by the 1-gauge
transformation (h,n), when

A" =h"H(A+09(n)h+h~tdh

and

1
B":h_11>(B+dr]—|—A/\>n—|—§77/\adn).

We also define 2-squares relating the holonomies along v with respect to A and
A

Al

9~
k — %
h
TA’(FY) n
W= o, = o] B o @
Ta (7)
*k — Xk
A
9~
and
h(v(1))
k — "y %
5, . (am\ ! "
W = ()= a] (W) 1o w2
k ——— 3k
h(~(0))
see 2.2.1.

. . . (ATI’BTI) (A"’BT/)
Remark 4.7 By the Non-Abelian Fubini’s Theorem, e x5 = eyxr (1,1), where

A,,B,
(ezle) (t,2) can be defined by either of the following differential equations:

2 (Aﬂ)Bﬂ) (Aﬂ)Bﬂ)

ba. 0
Oz CyxI (t,Z) = = EyxI (t7z)/0 9~ (t/) >n (at,’Y(t/)) dtla

where A, = A+ 20(n) € AY(M, g), or

0 (Ay,By) A 0 (Ay,By)
5 i 0 = (=i e (5000)) G (02)



with initial conditions:

A,,B A,,B
(elen) (£,0)=1g or (e,;xf) (0,¢) = 1, where £ €[0,1],
) . . (An,By)
in the first and second case, respectively. Therefore it follows that eyxr de-

(A,m)
pends only on A,n and v, thus it can be written simply as f .

There is another setting for the 2-cubes 7 and 7 introduced here, which
will be needed when we return to considering local connection pairs (A;, B;)
(Definition 3.4), namely

7_1(4421'177]7;')(,y)7 f_lgfijﬂ?ij)(,y)

where 7 is a 1-path whose image is contained in U;;. We will refer to these
2-cubes as a transition 2-cubes for the 1-path . Note that the relation between
A; and A; is identical to that between A and A”, replacing h by ¢;; and 7 by

Mig-
4.2.1 The group of 1-gauge transformations

Let M be a smooth manifold. Let also G = (0: E — G,>) be a Lie crossed mod-
ule with associated differential crossed module & = (9: ¢ — g,>). The group
of 1-gauge transformations in M is the group of pairs (h,n), where h: M — G
is smooth, and 7 is an e-valued 1-form in M. The product law will be given
by the semidirect product: (h,n)(h',n’) = (hh/,h>n" +n). Recall that a local
connection pair in M is given by a pair of forms A € A*(M, g) and B € A%(M,¢)
with 9(B) = Q4 = dA+ $AA*! A. Then defining:

(A, B)a(h,n) = (hlAh +a(h™ton)+hdh,h s (B4+dnp+ AN+ %n A n)>

which is equivalent to saying
(A", B") = (A, B) < (h,n)

in terms of Definition 4.6, defines a right action of the group of 1-gauge trans-
formations on the set of local connection pairs.

4.2.2 The coherence law for 1-gauge transformations

The following theorem expresses how the holonomy of a local connection pair
changes under the group of 1-gauge transformations. We recall the notation of
2.1.1, 2.2.2 and 4.2.1. The notion of a flat G-colouring appears in 2.2.2.

Theorem 4.8 (Coherence law for 1-gauge transformations) Let M be a
smooth manifold with a local connection pair (A,B). Let also (h,n) be a 1-
gauge transformation, and let (A", B") = (A, B) < (h,n). LetT': [0,1]> — M be
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a smooth map. Define T((Z’%)) () = T((Z’g) as being the G-colouring of the 3-cube
D3 such that:

(A,B) (A”,B")

h, — h,
TG ody = H (D), TGHosf= H (D)

and

T o 6F = 7" (0FT), i=1,2

(Note that the colourings of the edges of D3 are determined from the colourings
of the faces of it, given that they coincide in their intersections.) Then T((Z:%))

18 flat.

Proof. The colouring T((,Z;?J)S’/)(F) is flat by Lemma 2.28; here (4’, B’) = (A, B)<

(1g,n). Let us prove that the colouring T&Gé’;) (T) is flat. This follows from

theorems 2.31 or 4.5 and the fact that if M,, = dB,+ A, A" B, € A3(M x{z,z €
R}, e) is the 2-curvature 3-form of (4,,, B,)) then the contraction of M,, with the
vector field % vanishes. A more intricate calculation of this type appears in
the proof of Theorem 4.20. The theorem follows from the fact that 7(G), the
set of flat G-colourings of the 3-cube D? is a (strict) triple groupoid (see 2.2.2)
and T((Z:%)) = T((jl,cég) o3 T((Z;?])B,), where o3 denotes upwards composition. m

From remark 4.7 it follows:

Corollary 4.9 Suppose I': [0,1]> — M is such that T'(9[0,1]?)) = =, where
x € M. Given a local connection pair (A, B) in M and a 1-gauge transformation

(h,m) we then have:

(A,B)

A,B)a(h,
( Bé;( M_ Rt (x)> er

By construction we have:

Corollary 4.10 Given a local connection pair (A, B) in M and a 1-gauge trans-
formation (h,0) we then have for any smooth map T': [0,1]> — M:

, , _ A,
B0 _ 10,00 )

Theorem 4.8 may also be interpreted in a different way to give a relation
between the holonomies for a 2-path I' with image contained in Uj;, using local
connection pairs (4;, B;) and (A,, B;); Definition 3.4. Note that (4;, B;) =
(Ai, Bi) < (¢ij,mij)-

Theorem 4.11 (Transition 3-cube for a 2-path) Given a connection on a

cubical G-2-bundle over a pair (M, W), let T': [0,1]> — M be a smooth 2-path
with image contained in Us;;. Define T((Ifzfg':;)(lj) = T((j:fg;) as being the G-
colouring of the 3-cube D? such that:

(Aq,By)

Ty o0 = H (D), TEUEY 06) =

(Aj,Bj)
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and
T o 6 = 0 m(0FT), k=12

Then T((jjf']’g:; ) s fat.

4.2.3 Dihedral symmetry for 1-gauge transformations

Let M be a manifold with a local connection pair (A, B) and a 1-gauge trans-
formation (h,n). Let : [0,1] — M be a smooth map.

Theorem 4.12 We have:

Lo () = 7 ()
2 If (4", B") = (4, B) < (h,m) then 74" (7) = (") .

Recall e = r,(e) and e=¥ = ry(e), where e € D*(G), denote the horizontal
and vertical inversions of squares in G.

Proof. The first statement is immediate. Let hg = h(7(0)), h1 = h(y(1)) and
n' = —h~"t>n. Let also (A’, B") = (A, B) <(0,7). The second statement follows
from:

A A
9~ 9~
* — 5 % A
. (A" 0" . D(A“’n/)
hy Iy hy la hg [y la
(h )71 *k — X ¥ —
57 A A’
TA” (PY) o 9~ o 9~
(h,n) A" A
g g
A () o o
(A,n) (A,n)
ho f’y hy la f’y 1o
_ —_———
A A
9~ 9~
Now note

Ay A—m) (A
ho> f'y = f’y = f'y 5

the last equation can be inferred for example from the first equation of Remark
4.7 =

4.3 Equivalence of cubical G-2-bundles with connection

Let M be a smooth manifold. Let G = (0: E — G,») be a Lie crossed module
and let & = (9: ¢ — g,>) be the associated differential crossed module. We
freely use the material of section 3.
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4.3.1 A crossed module of groupoids of gauge transformations

We define a groupoid Mé, whose set of objects MS is given by the set of local
connection pairs (A, B) in M, in other words A € A'(M,g) and B € A?(M,¢)
are smooth forms such that 9(B) = Q4 = dA+ 1 AN*? A. The set of morphisms
of Mé is given by all quadruples of the form (A, B, ¢,n) where A and B are as
above, ¢: M — G is a smooth map and 1 € A'(M,e) is an e-valued smooth
1-form in M. The source of (A, B, ¢,n) is (4, B) and its target is (A, B)<(¢,n).
The composition is given by the product of 1-gauge transformations; see 4.2.1.
We also define a totally intransitive groupoid Mé, consisting of all triples of the
form (A, B, ), where (A, B) is a local connection pair in M and 1) is a smooth
map M — E. The source and target of (A, B, ) each are given by (A, B), and
we define (4, B, $)(A, B,w') = (A, B, ).

The following lemma states that this gives rise to a crossed module of
groupoids, a notion defined in [BH1, BHS, B1], for example. We follow the
conventions of [FMPo].

Lemma 4.13 The map 0: MS — Mé such that
(A4, B,¢) = (A, B,0p, p(dy") + (A>y~))

18 a groupoid morphism, and together with the left action:

(A) B7 ¢7 ’r]) [> (A/7 B/’ /l/}) = (A7 B7 ¢ D w)?
where (A, B') = (A, B) <(¢,n), of the groupoid Mgl on the totally intransitive
groupoid Mé defines a crossed module of groupoids Mg.

Proof. Much of this is straightforward calculations. One complicated bit is to
prove that:

(A, B)<(9¢, p(dy™") +p(Apy™")) = (4, B) (4.3)
It is easy to see that this is true at the level of 1-forms. At the level of the
2-forms we need to prove:

B= (31/1)75(B+d(w(dw’1))+d(¢(A>¢’1))+AA>(w(d¢’1))+AAD(¢(AM/f’1))

@) A Ay | @A) A (p(Ae )
2 2

+ @Ay A ((AsuTY)). (44)

We can eliminate two terms by using:

($(dyp~t) A (gp(dyp™)
2

which follows from the fact df = %0 A1, where 6 is the Maurer-Cartan form.
By using the Leibnitz rule it follows that:
Av 1)) A2 (h(A>opt AN A _
Ay I AR (A4, ),

AN (p(Aby ) + - - .

d(y(dy")) + =0,
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Also we have
dW(A> Y1) + AN (Ydy ™)) + (dy ™) A (Y(Ap ) = P(dA> YY),

using Y(Ap9~!) = —(A> )y~ and (dY)y~! = —ypdyp~.
Putting everything together, formula (4.4) reduces to:

RS <B + <<A A;d A> le) +w(dA>¢1)>

=¢ ' > (B4 (9(B) > 1))
=¢ '>(B+vBy ' - B)
= B.

We have used the identity 9(V) > e = Ve — eV for each V' € e and for each
e € E. This follows from the definition of a Lie crossed module.
We now prove the other difficult condition, namely:

(A, B,¢,n) > (A", B',9)) = (A, B,¢,n)((A', B, ) (A, B', ¢, —¢p ' b1)

or

(A4, B,0(¢p ), (6> 9)d(¢> )" + (4> ) Ab (9py7))

= (A, B. gy~ L+ (9> ) (@ dy ™) + (0> 9) (A > ™) — ()™ >(77) )
4.5

Now use the fact that A’ = ¢~ Ap+¢~Ldp+d(¢~1>n), and the terms involving
1 on the right hand side cancel. m

Definition 4.14 The crossed module of groupoids Mg of the previous lemma
will be called the crossed module of gauge transformations in M.

A very similar construction appears in [SW2]. Note that the collection of crossed
modules Ug, one for each open set U C M, can naturally be assembled into a
crossed module sheaf Mg over M.

4.3.2 Equivalence of cubical G-2-bundles with connection over a pair
(M, U)

Definition 4.15 We continue to fix a smooth manifold M. Given a point
x € M, the crossed module Mg(x) of germs of gauge transformations is con-
structed in the following obvious way from the crossed module sheaf Mg over M.
The set of objects MJ(x) of Mg(x) is given by the set of all triples (A, B,U),
with (A, B) € Ug, where U is open and x € U, with the equivalence relation
(A,B,U) = (A",B",U") if A= A" and B = B’ in some open neighbourhood of x.
One proceeds analogously to define the morphisms Mé (z) and the 2-morphisms
Mg (z) of Mg(x).
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Note that the evaluation at © € M gives maps
Mg(x) — Hom(T, (M), g) x Hom(A%(T}),¢),
Mg (z) — G x Hom(T,,(M),¢) and M3(z) — E.

Therefore the set N(Mg(x))™ of n-cubes of the cubical nerve N(Mg(x)) of Mg(x)
(see [BHS, BHS] and 2.2.2), comes with a a naturally defined map

An

te: N(Mg(z))" — (Hom(T,(M), g) x Hom(A?(T,), ¢))
x (G x Hom(T, (M), ¢))"" x E,

where a,,,b, and ¢, denote the number of vertices, edges and two dimensional
faces of the n-cube [0, 1]™.

Consider the bundle U,e pyN(Mg(z)), of cubical sets, which is a itself a cubi-
cal set, where the set of n-cubes is given by U,ecnN(Mg(x))™, with the obvious
faces and degeneracies. The set of n-cubes of UyepN(Mg(z)) can be turned
into a smooth space [BHo, Ch] by saying that a map f: V — UzepyN(Mg(z))™
is smooth if (Uzenrts)o f is smooth, where V is some open set in some R?. This
upgrades the cubical set U,cgN(Mg(z)) to a cubical object in the category of
smooth spaces, a cubical smooth space.

Theorem 4.16 Let U be an open cover of M. A cubical G-2-bundle with con-

nection over (M,U) is given by a cubical map C(M,U,x) EEN (Mg(z)), the

cubical nerve of the crossed module of groupoids Mg(z), for each v € M. This
1s to verify the following smoothness condition: The collection

U fa: C(M,u,l‘) - U N(Mg(l‘))
xeM reM

is a map of cubical smooth spaces (recall that C(M,U) is a cubical manifold).
Proof. Easy calculations. m

Definition 4.17 We say that two cubical G-2-bundles with connection B and
B’ over a pair (M7 u)7 say ((bl]a %‘jkl, AiaBia T]Z]) and ( {LJ7 ;jkla A;vBl/a n;])7 are
equivalent (and we write B =y B’) if the associated cubical maps C(M,U, x) —
N(Mg(z)), where x € M, are homotopic, through a smooth homotopy (in the

sense above).

The fact that the cubical nerve of a crossed module of groupoids is a Kan cubical
set [BH5, BHS] can be used to prove that this is an equivalence relation.

Explicitly, B =y B’ if there exist smooth maps ®;: U; — G and ¥;;: U;; —
E, as well as smooth forms &; € A!(U;,e) such that:

1. We have
8(1417 Bi> lIlz_Jl)(Au Bia (I)ia gl)(A;> B:7 (;S;ja 77:]) = (AZ7 Bi7 d)ija nij)(Aja ij q)j7 5j)7
where we suppose (A}, B]) = (4;, B;) < (®;,&;) and (A;, Bj) = (4;,B;) <
(Pijsmiz)-
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2. The colouring T" of D? such that 95 (T) = (¢, %) ijkt, 05 (T) = (¢',¢")ijml
(see subsection 4.4), and

‘b;j ¢;cl
Tl_ = ‘I?‘,LT \I}ij T¢j7 Tl-‘r :@kT Wi T(I)l
k — Xk k — %
®ij Pkt
d’::k ¢';l
* — = % ¥ —— %
T2_ == q’iT U,k T‘bk, T2+ = q:'j/[ ‘sz T‘Pl
* —— % ¥ —— %
bik ®j1

is flat for each x € U;; and any 1, j; see 2.2.2. We have put Tii = To(5ii =
IE(T).

We can easily see that this defines an equivalence relation on the set of cubical
G-2-bundles over (M, U).

4.3.3 Subdivisions of covers and the equivalence of cubical G-2-bundles
over a manifold

Let W = {U,}icg be an open cover of M. A subdivision V of U is a map i €
J— S;, where S; is a set, together with open sets V,, C U;, for each a € S; such
that U; = Uges, Va. If we are given a cubical G-2-bundle with connection B over
C(M,U), we immediately have another one, By over V = {V, }4es, icg, provided
by the obvious cubical map C(M,V) — C(M,U). Its structure maps are such
that e.g. ¢ap = ¢ijlv.nvi, where a € S; and b € S;, and analogously for all the
remaining information needed to specify a cubical G-2-bundle with connection.
For the same reason, it is easy to see that if B =y B’ then By =y B, for any
subdivision V of U.

If W = {U;}icg and W = {W;};cg are open covers of M, then UN'W is
the open cover {U; N W} j)esxg. It is a subdivision of both U and W in the
obvious way.

Definition 4.18 (Equivalence of cubical G-2-bundles with connection)
Two cubical G-2-bundles with connection B and B’ over the open covers U =
{U;}ies and W = {W;}jeg of M, respectively, are called equivalent if

Bunw Zunw Byaw
The following follows from the previous discussion.

Theorem 4.19 Equivalence of cubical G-2-bundles with connection is an equiv-
alence relation.
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4.4 Coherence law for transition 2-cubes

Let B be a cubical G-2-bundle with connection over (M,U) (Definition 3.4).
Suppose v is a 1-path whose image is contained in the overlap Ujjx;. Recall the
notation in 2.2.1, 2.2.2 and subsection 4.2, in particular the notion of transition
2-cube for the path 5. Recall from Definition 3.1 the 2-cube (for each z € M):

DKl

* —— %

(%d’)ijkl: ¢““T Vijki T‘bﬂ (4.6)

* —— %

Pij

Theorem 4.20 (Coherence law for transition 2-cubes) Let~v: [0,1] — Ui C M
be a smooth map. We have:

) - R . ~(pj1,m; —h ~(Pijmi —h
%Igfzkvnzk)(,y) Tx(jlikl,nkl) (’7) (T‘E‘f ! ngl)) (,7) (T‘glj 35Mi; )) (’Y)

(¥, 0) ;4 (7(0)))
:‘I)/A,i((%(?)ijkz(’Y(l)))a (4.7)

9~

and therefore the G-colouring T of D> such that:

Tody = (wvﬁb)zjkl('}/(o))a Tody = (w7¢)ijkl(7(1))

and
Tod; = T{g(fikvnik)(,y)’ To (;;r _ %ﬁiklmkl)(,}/),
To 61+ _ T}(fojz,njz)(,y)’ Tody = %,Efjij’mj)(’y),
18 flat.

Proof. By Theorem 4.12, the left hand side F'(v) of (4.7) is (we omit the 7):

A(Binmin)  Albrrme)  A(Pimi) T A(igmig) "
TA; T A Ta Ta,

((4, ¢) 1 (7(0))

which can also be written as:
7A_(1,m-k) 71(1,¢ml>nkz) 72(17_¢ik¢kl¢;l1|>77jl) %(1a_¢ik¢kl¢;ll¢;j1>nij)
A; Pir>Ag bikPri>AL ¢ik¢m¢;l1|>,4j
id
-1 —1
~APik 72¢kl 7A_¢’jl 7A_¢ij
bindridy ¢ 0 A oy o AL e e AL g A,

(¢, )1 (7(0))

Oh
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Here we have put o> A = A<¢p™! = pAd~! + ¢pdep~L. Let v;: [0,1] — M be
the path v:(t') = v(t't), where t,t' € [0,1]. Let also F'(;) € E be the element
assigned to the square F'(vy;). We then have (by using Remark 4.7):

d A; _ 1,
—F'(y) = F'() g, > (mk + Pir > Nt — ¢¢k¢kz¢jll > — ¢ik¢kl¢jll¢ij1 > Uij)

a L)
A; — .
=F'(%) gy, > (wijllcldwijkl + wij’lﬂl (4> wijkl)) Ey(t)
a
On the other hand:
d /A A ™
dt ( e B wijkl(’Y(t») - (g”“Ai > ikt + . dwijkl) #v(®)

A; A - Ai A
<9w > ¢¢jkl> G B %jllcl) (g%AZ- > Yijkt + Gy, > dwijkl) dy(t)
dat

A

(Q{f, > ¢ijkl) Gryy > (d@}cldiﬂijkl + 1/’{7-1161 (A;> %/fijkl))

Loy(t)

This proves that F'(y:) = gAjt > i1 (Y(t)), which by taking ¢ = 1 finishes the
proof. m

5 Wilson spheres and tori

5.1 Holonomy for an arbitrary 2-path in a smooth mani-
fold

We recall the notation of subsections 4.1, 4.2 and 4.4.

5.1.1 Patching together local holonomies and transition functions

Let M be a smooth manifold. Let also G = (0: E — G,>) be a Lie crossed
module with associated differential crossed module & = (0: ¢ — g,>). Let U =
{Ui}ieg be an open cover of M. Let B be a cubical G-2-bundle over (M, U) with
connection, given by {i;, Vijki}ijkies (Definition 3.1) and {A;, B, mij}i je
(Definition 3.4).

Let T': [0,1]> — M be a 2-path. Let Q denote a subdivision of [0,1]? into
rectangles {Qr}rex, where R is some index set, by means of partitions of each
[0,1] factor, together with an assignment, to each R € R, of ig € J, such that
I'(Qr) C U;,. Such subdivisions with open set assignments (partitions Q of T")
do exist because of the Lebesgue Covering Lemma.

For each R € R, let T'g: [0,1]> — M denote the restriction of ' to Qg,
rescaled and reparametrized to be a 2-path [0,1]> — M. We reparametrize
again to introduce additional 2-paths, which are thickened 1-paths, constant
horizontally (e.g. 4;; in Figure 2 or constant vertically (e.g. v;x in Figure 2), or
thickened points, constant both horizontally and vertically (p;;x; in Figure 2).
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'y Ykl I
k l

Vik Dijkl Vit
i J

T; Yij r;

Figure 2: Decomposition of T' for the definition of the holonomy of (T", Q)

To each 2-path in this array we assign a 2-cube of the double groupoid D?(G),

see 2.2.1, as follows:
(Ai,Bi)

Fij e (Gi) = 207" (Tl (yxpoag) o ik = (k) = T (Tl .1 41))

Dijki — V(x)ije = (Y, 0)ijri(x)

where x € M is the image of the constant 2-path p;jr;. See Theorem 4.2 and
equations (4.1), (4.2) and (4.6) for the definitions.

Definition 5.1 Given a 2-path T': [0,1]> — M and a partition Q of T, the
holonomy of (I', Q) for the cubical G-2-bundle with connection B, written

B
H ([, 9),

or simply H(T, Q) if the cubical G-2-bundle with connection is clear from the
context, is the composition of the 2-cubes of D?(G) obtained from the above
assignments. This is well defined due to the associativity and interchange law
for the composition of squares in G, which make up a double groupoid; see 2.2.1.

In the remainder of this chapter we will see that the 2-dimensional holonomy
of Definition 5.1 does not depend (up to rather simple transformations) on
the chosen partition of I', the chosen coordinate neighbourhoods, the choice of
cubical G-2-bundle with connection within the same equivalence class, or the
choice of T' within the same thin homotopy equivalence class. Furthermore,
in the final section we will see how it can be associated to oriented embedded
2-spheres in a manifold, therefore defining Wilson 2-Sphere observables.

5.1.2 Independence under subdividing partitions

Proposition 5.2 Suppose we introduce an extra point in one of the partitions
underlying Q, so as to subdivide one of the rows or columns of the partition of
[0,1]2. For this new subdivision, suppose we assign each of its rectangles to the
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same open set as that assigned by Q to the rectangle in which it is contained,
and call this new subdivision and assignment Q'. Then

H(T,Q') = H(T, Q)

Proof. (For the case of subdividing a row). The only change in the holonomy
for Q' is in the contributions along the subdivided row, where the open set as-
signments look like Figure 2 with ¢ = k and j = [. Since 7(v;;) and v;;;;(p) are
thin elements of D?(G) (from Definition 3.4 and Section 4.2, and from Definition
3.1 respectively), the composition of the three rows of rectangles after subdivid-
ing equals the composition of the original row of rectangles before subdividing.
]

5.1.3 The case of paths

Let v : [0,1] — M be apath. Let Q denote a subdivision of [0, 1] into subintervals
{g+}r=1,....s, together with an assignment, for each r, of i, € J, such that v(g,) C
U,,. For each r, let ~, : [0,1] — M denote the restriction of v to ¢, rescaled
and reparametrized to be a 1-path [0,1] — M. As for the case of 2-paths,
we reparametrize again to introduce constant 1-paths p,,41 with image x, =
¥ (1) = 441(0) between v, and 7,41. To each of these 1-paths we assign an
element of G as follows: N
Vr G

Pror+1 7 Biir (Tr)
Definition 5.3 The holonomy of (v, Q) for the cubical G-2-bundle with connec-
tion B, written
B
H(1,9),

or simply H(v,Q) if the cubical G-2-bundle with connection is clear from the
context, is the composition of the 1-cubes of DY(G) obtained from the above
assignments. Concretely, we have the formula:

B Ail Aiz Ais
H (7, Q) =0y, Girin(%1) Gr Digis(T2) ... gry.

Let v be a 1-path, and let Q, Q" be based on the same subdivision of [0, 1]
into subintervals {¢,},=1.. s, but with different assignments 4, and /. to each
qr- As in Definition 5.1, we replace v by a product of 2-paths which are con-
stant vertically, corresponding to +,, or constant horizontally and vertically,
corresponding to x,.. We introduce the notation:

7(1,0,9) = T((V) iy )V (@) iyinigiy T((V2)iniy) - - T((Vs)iair)- (5.1)

When B is understood we will drop it from the notation. In particular, this
denotes the evaluation of a row of the holonomy formula of Definition 5.1, with
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7 being the restriction of I' to one of the horizontal lines in the partition of
[0,1]%. We have:

047(7,9,9") =H(7,2) and 9,7(7,9,2") =H(v,2'),

with B understood everywhere.

5.1.4 The dependence of the holonomy on the partition Q

We want to study the effect on the holonomy of substituting the subdivision
with open set assignments Q by Q. Since by the previous proposition, the
holonomy is unaffected by subdividing the partition of [0, 1]?, we can assume
that the underlying subdivision of [0, 1]? is the same for Q and Q’, thus that Q
and Q' differ only with respect to the open set assignments.

Theorem 5.4 (Coherence law for 2-holonomy) Let I': [0,1]2 — M be a
smooth map. Suppose Q and Q' are given by the same subdivision of [0,1] into
rectangles {Qr}rer, and assignments i and iy respectively to each rectangle
Qr such that T(Qr) C U;, N Uy . Then the respective holonomies of T' are
related by the homotopy addition equation (2.4) for T € D3, where T is given
by:

Tod; =H(T,Q) and T o 55 = H(T,Q)

and
To s =r(05(),05Q,050), i=1,2

where aiiQ and aii Q" are the restrictions of Q and Q' to the corresponding faces.
In other words the colouring T of D? is flat.

Proof. Analogously to the procedure in Definition 5.1, but now in three
dimensions, we take the 3-path I' x idg 1), with its domain [0, 1]? partitioned
into rectangular solids by the partition of the domain of I underlying Q and Q.
We then reparametrize to replace the vertical surfaces and lines of the partition
by 3-paths that are constant horizontally or vertically, or both horizontally and
vertically. The flat cube T' € T3(G) is the composition of elementary flat cubes
of the following types.

To each 2-path I'p, we assign (see Theorem 4.11)

(Di it poMipit )
T(Tg,Q,9") :T(Aig,é’iR)R R

To each Yrs = 81~'FR = 0; I's we assign a version of the flat cube of Theorem
4.20, namely T(9grs, Q, Q") given by

aS_Tﬁ/RSv Qa Q/) = 72(7'£’R¢S)’ a;_T(’AYR& Q, Q/) = ’f_(%’Ri/s)
aliT(ﬁ/RSa Qa Q/) T(’Y’iRi/R)V afT(ﬁ/RSW Qa Q,) = T(’Yisi’s)
5§T(’VRS, Q7 Q/) w('y(O)iRisi’Ri’s)7 aSFT(’?RSa Qv Ql) = 1/J(7(1)imsi’m's)
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To each yrs = 8;'I‘R = 0, I's we assign a version of the flat cube of Theorem
4.20, namely T'(vgs,2,Q’) given by

aﬁ;T(’yRSa Q7 Q/) T(’YiRis)a a;T(’VRS» Qv QI) = T(’Vi’Ri’s)
agT(VRSa Q7 Q/) = T(’}/iRi/R>7 a;T(7R57 Qa Q/) = T('yisi’s>
al_T(’YRSa Q, Q/) w(V(O)iRiSi/Ri/S)? 8fT(’yRS, Q, Q/) = w(’Y(l)iRisi’Ri's)

Finally, to each prsry = 05 0/ Tr = 050, s = 0;0{'r = 9,0, Ty, we
assign the flat cube of Definition 3.1 (2) with open set indices ig,is, i, iy and
' r,1's,77,7y. The result follows from the fact that the set of flat 3-cubes in
G can be turned into a strict triple groupoid; see 2.2.2. =

As an immediate consequence we have the following non-trivial result:

Corollary 5.5 Let I', Q, Q" be as in Theorem 5.4. If the open set assignments
ir and i’y agree on the rectangles along the boundary of [0,1]2, then H(T, Q) =
H(T, Q).

Proof. If we use condition 4 of Definition 3.1 and condition 1 of Definition

3.4 in equation (5.1) we can see that T o ;5 each are identity 2-cubes in G for

i =1,2. Now compare with the homotopy addition equation (2.4). =
Analogously it follows:

Corollary 5.6 Let T, Q, Q' be as in Theorem 5.4. Suppose T'(9[0,1]?) = =z,
for some x € M, and that the open set assignments for all rectangles along the
boundary of [0,1]? are chosen to be the same, i.e. all equal to i, for Q and all
equal to ', for Q'. Then we have:

H(T,Q) = (¢s,, () »H(T,Q).

5.1.5 Invariance under (free) thin homotopy
Let M be a manifold with a local connection pair (4, B). It follows from The-

orem 4.5 that the two dimensional holonomy (AHB) (T'), where T': [0,1]> - M
is a smooth path, is invariant under thin homotopy. Now suppose that M is
equipped with a cubical G-2-bundle connection. In this subsection we will study
how H(I") varies under thin homotopy. We will consider a slightly more gen-
eral definition of thin homotopy (a generality that is needed to define Wilson
spheres).

Definition 5.7 Two smooth maps T,T": [0,1]> — M are said to be freely
thin homotopic if there exists a smooth map J: [0,1]% x [0,1] — M such that
Rank(D,J) < 2, for each v € [0,1]3, and such that 05 J =T and 95 J =T".

Note that J is, in general, not a rank-2 homotopy since it does not satisfy the
conditions 1 and 2 of its definition; see 2.3.2.
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Theorem 5.8 (Invariance under free thin homotopy) Consider a free thin
homotopy J : [0,1]3 — M with 05 J =T and 95 J = T". Let Q denote a sub-
division of [0, 1]% into rectangular solids {Qgr}rex, using partitions of the three
[0,1] factors, together with an assignment for each R € R of ip € I such that
J(Qr) C Ui,,. Such subdivisions exist because of the Lebesque Covering Lemma.
Then Q naturally induces subdivisions and open set assignments on each face of
[0,1]3, denoted XQ, i =1,2,3.

Then the holonomies H(T, 05 Q) and H(I", 05 Q), with respect to a fived cubi-
cal G-2-bundle with connection B, are related by the homotopy addition equation
(2.4) for T(J,Q), where:

OET(J,Q) = H(9FEJ,05Q), i =1,2,3.

Proof. The proof is very similar to the proof of Theorem 5.4. By analogy
with the definition of holonomy, we reparametrize J to introduce additional 3-
paths for each face separating the rectangular solids, for each edge separating
these faces and for each point separating these edges. The additional 3-paths are
constant in one, two or all three of the directions (horizontal, vertical, upwards).
The cube T'(J,Q) is the composition of flat cubes of various types which, for
the most part, we have already encountered in the proof of Theorem 5.4, or are
analogous versions of these obtained by rotation. The remaining flat cubes are
of the type appearing in Theorem 4.5, corresponding to Jg, the restriction of J
to Qg, reparametrized to be a 3-path, with the local connection pair (A;,,, B;,),
for each R € R. Note that the curvature 3-form vanishes, since J is thin. =
The following analogue of Corollary 5.6 holds.

Corollary 5.9 Under the conditions of Theorem 5.8, suppose J is such that
J(0]0,1)2 x {t}) = q(t), for some smooth map q: [0,1] — M, with ¢(0) = z and
q(1) = 2’. Suppose also that the open set assignments for the rectangular solids
along 9[0,1])% x [0,1] only depend on the upwards direction, i.e. they are given
by fizing 07 0, Q. Then

H(T,05Q) = (H(g,8; 9;9)) " > H(T, 85 Q),
where H(q, 07 05 Q) is defined in Definition 5.3.

5.1.6 Dihedral symmetry for the holonomy of general squares

Suppose that B is a dihedral cubical G-2-bundle over (M,U), with a dihedral
cubical connection (see definitions 3.3 and 3.5). Let (I', Q) be as in Definition
5.1, and let r be some element of the dihedral group D, of the square. Then we

define Q" to be the subdivision of [0, 1]* with open set assignments induced on
For~! by Q.

Theorem 5.10 We have:

H(T or™t,Q") = r(H(T,Q)).
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Proof. This follows from theorems 4.4 and 4.12 and the definition of a dihedral
cubical G-2-bundle with a dihedral connection; definitions 3.3 and 3.5. Note
that the action of r in D?(G) is a double-groupoid morphism (see 2.2.1), so that
it is enough to check the equation for all the 2-paths appearing in the definition
of H(T",Q) and the corresponding 2-cubes of D?(G) - see Definition 5.1. m

5.1.7 Dependence of the surface holonomy on the cubical G-2-bundle
with connection equivalence class

Let B be a cubical G-2-bundle with connection over (M,U), and recall from
subsection 4.3 the cubical G-2-bundle with connection By obtained from B and

a subdivision V of the cover U. Consider the holonomy 72-3( (T, Q) of Definition
5.1. Let Qy denote the same subdivision of [0, 1]? into rectangles {Qr}rex as
Q, with assignments R — ap such that I'(Qr) C V,,,, where ag € S;, (using
the notation at the end of subsection 4.3). Then it is clear from Definition 5.1
and Proposition 5.2 that we have:

By B

Thus we will only consider equivalences of cubical G-2-bundles with connection
with respect to a fixed cover U of M.

Suppose that B and B’ are equivalent cubical G-2-bundles with connection,
with the equivalence given by the triple (®;,&;, ¥;;) of subsection 4.3.2. Note
that condition (1) of the equivalence, in view of equation (4.3), may be rewritten
as the following equations:

(A;, B/‘) = (Aia Bz) < (‘I)ia gi) (A;H B;) = (A;7 B{) < ((b;ja 7723‘)

(Aj, Bj) = (Ai, Bi) < (dizomiz) (A}, B}) = (A;, Bj) a(®5, &)

We now proceed analogously to equation (5.1). Let v be a 1-path, and let
Q, be a subdivision of [0,1] into subintervals {¢,},=1,.. s, with an assignment
r — i, € J, such that v(¢q,) C U;,. Let v, denote the restriction of v to g,
rescaled and reparametrized to be a 1-path, and denote the points separating
the images of ~, by x,.. We define:

(B,B") . (P ,E) (Piy,Eiy) D, ,E,
s (1) = T () (0, @)y (1)7 i (1) (B, @)y () - T ().

(5.2)

Then the proof of Theorem 5.4 can be reformulated to give the dependence of

the holonomy on changing B within the same equivalence class.

Theorem 5.11 (Behaviour under cubical G-2-bundle equivalences) Let
B and B’ be equivalent cubical G-2-bundles with connection, with the equivalence
given by the triple (®;,E;,V;;). Let T': [0,1]* — M be a smooth map and sup-
pose Q is a subdivision of [0,1]? into rectangles Q = {QRr}rex, together with
assignments R — ig such that T'(Qr) C Ui,,. Then the holonomies of (T',Q)
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with respect to B and B’ are related by the homotopy addition equation (2.4) for
T € D3, where T is given by:

B B
Tod; =H (I,9Q) and T o 55 =H (T, Q)

and
B, B’
Toot =5 (91, 0% ).

We have the following analogue of Corollary 5.6.

Corollary 5.12 Given the conditions of Theorem 5.11, suppose T'(0[0,1]?) = =,
for some x € M, and that the open set assignments for all rectangles along the
boundary of [0,1])? are chosen to be the same, say i,. Then

B’ . 3B
H(1,Q) = (P, (z)) >H(T,9).

5.2 Two types of Wilson surfaces

Let B be a cubical G-2-bundle with connection over (M, U). Let T': [0,1]> — M
be a 2-path such that I'(9[0,1]?) = x for some = € M. Thus I factors through
amap f:S? — M. We say that I and I’ are equivalent if the corresponding
maps f and f’ from S? to M are related by f’ = f o g where g is an orientation-
preserving diffeomorphism of S2.

Let Q be a subdivision of [0,1]? into rectangles {Qr}rex With open set as-
signments R +— ip such that I'(Qr) C U;,, and suppose that these assignments
are the same, say i, for all rectangles along the boundary of [0, 1]2.

Definition 5.13 With B, I and Q as above, we define the Wilson sphere func-

tional to be 3
W (T,Q) =H (I',Q) € kerd C E.

Theorem 5.14 Up to acting by elements of G, the Wilson sphere functional
W (I, Q) is independent of the choice of Q, the choice of I' within the same
equivalence class, and the choice of B within the same equivalence class. For B
a dihedral bundle with dihedral connection and r € Dy an orientation reversing
element, we have, following the notation of Theorem 5.10,

Ws(Lor~1,Q") = Ws(I, Q) ".

Proof. The statement for Q follows from subsection 5.1.2 and Corollary 5.6.
Since the mapping class group of 5% is {£1}, when I" and I are equivalent, then
they are isotopic. Thus there exists a thin free homotopy J : [0,1]> — M of
the type appearing in Corollary 5.9 (.J is thin since it factors through a smooth
family of diffeomorphisms of S?), and satisfying 05 J = I" and 05 J = I"". Thus
the statement for I' follows from Corollary 5.9. The statement for B follows
from Corollary 5.12. The final statement, when the bundle and connection are
dihedral, is an immediate consequence of Theorem 5.10. m
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If the image of I" is an embedded sphere ¥ in M, then any two orientation-
preserving parametrizations of ¥ are equivalent. In this case we may state the
result as follows:

Theorem 5.15 (Embedded Wilson Spheres) The holonomy of an oriented
embedded sphere X3 does not depend on the chosen parametrization of 3 up to
acting by elements of G. We denote it by Wy (2).

This may have applications in 2-knot theory, c.f. [W, CR].

With B as before, suppose now that I' is such that 9, I' = 941" and 9,I" = 0,.I.
Then the 2-path I' factors through a map f from the torus 7?2 to M. We say
that T and I’ are equivalent if the corresponding maps f and f’ from 7?2 to M
are related by f' = f o g where g is an automorphism of 72 which is isotopic to
the identity (note that the mapping class group of the torus is GL(2,7Z)).

Let Q be a subdivision of [0,1]? into rectangles {Qr}rex With open set as-
signments R +— i such that I'(Qr) C U;,, and suppose that these assignments
are such that they match along the upper and lower boundary of [0,1]2, and
along the left and right boundary of [0,1]?, i.e. 9,Q = 9;Q and 9;,Q = 9,.Q.

Definition 5.16 With B, I' and Q as above, we define the Wilson torus func-
tional to be

B
Wg(I,Q) =H (I,9) € 0~ (GWY) c E,

where G is the commutator subgroup of G.

Note that the value of the Wilson torus functional indeed belongs to 9! (G (1)) ,
since
B B B
O(H (I',Q)) = [H (0T, 04Q)), H (0,1, 0,9))].
Analogous arguments to the proof of Theorem 5.14, now using Theorem 5.4,
Theorem 5.8 and Theorem 5.11, give:

Theorem 5.17 The Wilson torus functional Wz (T, Q) is independent of the
choice of Q, the choice of I' within the same equivalence class , and the choice
of B within the same equivalence class, up to changes of the form of the following
simultaneous horizontal and vertical conjugation:

r 62_V |
Ws(T,9) = e Wp(T,Q) " .
L €9 _

Remark 5.18 If the image of T is an embedded torus ¥ in M, then unlike
in the case of the sphere, the holonomy of ¥ will in general depend on the
mapping class of I' and not just on the oriented embedded surface itself. This is
a consequence of the fact that the mapping class group of the torus is GL(2,7Z)
rather than {£1}, which is the case of the sphere.
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