The fundamental Gray 3-groupoid of a smooth
manifold and local 3-dimensional holonomy based
on a 2-crossed module

Joao Faria Martins
Centro de Matemaética da Universidade do Porto
Rua do Campo Alegre, 687, 4169-007 Porto, Portugal
jnmartins @fc.up.pt

Roger Picken
Departamento de Matematica,
Instituto Superior Técnico, TU Lisbon
Av. Rovisco Pais, 1049-001 Lisboa, Portugal
rpicken@math.ist. utl. pt

June 30, 2009

Abstract

We define the thin fundamental Gray 3-groupoid 83(M) of a smooth
manifold M and define (by using differential geometric data) 3-dimensional
holonomies, defined as being smooth strict Gray 3-groupoid maps 83(M) —
C(H), where H is a 2-crossed module of Lie groups and C(H) is the Gray
3-groupoid naturally constructed from H. As an application, we define
Wilson 3-sphere observables.
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Introduction

This is the first of a series of papers on (Gray) 3-bundles and 3-dimensional
holonomy (also called parallel transport), aiming at categorifying the notion
of 2-bundles and non-abelian gerbes with connection, and their 2-dimensional
parallel transport; see [BS, SW3, BrMe, FMP2, H, MP, ACG, Wo, Bar]. The
main aim is to clarify the notion of 3-dimensional holonomy based on a Lie
2-crossed module, extending some of the constructions in [SW1, SW2, SW3,
FMP1] to the fundamental Gray 3-groupoid of a smooth manifold (which we
will construct in this article). For some related work see [AC, SSS].

The definition of a Gray 3-groupoid appears, for example, in [Cr, KP]. The
first main result of this article concerns the construction of the fundamental
(strict) Gray 3-groupoid 83(M) of a smooth manifold M, which is not obvious.
The main innovation for defining 83(M) rests on the notion of laminated rank-
2 homotopy, a weakening of the notion of rank-2 homotopy (see [MP, FMP1,
SW3, BS]), under which 2-dimensional holonomy based on a pre-crossed module
is invariant. This also permits us to define the fundamental pre-crossed module
of a smooth manifold M.

The definition of a 2-crossed module is due to Condunché; see [Co] and
[KP, MuPo, Po]. Tt is a complex of (not necessarily abelian) groups

LY E%a

together with left actions > by automorphisms of G on L and E, and a G
equivariant function {,}: F x F — M (called the Peiffer lifting), satisfying
certain properties (Definition 3). The extension to 2-crossed modules of Lie
groups is the obvious one. It is well known that Gray 3-groupoids are modelled
by 2-crossed modules (of groupoids); see [KP]. We provide a detailed description
of this connection in subsections 1.3.2 and 1.3.3.

In the light of this connection, given a Lie 2-crossed module H, it is natural
to define a (local) 3-dimensional holonomy as being a smooth (strict) Gray
3-functor 85(M) — C(H), where C(H) is the Gray 3-groupoid, with a single
object, constructed out of H.

A differential 2-crossed module (also called a 2-crossed module of Lie alge-
bras) is given by a complex of Lie algebras:

[gegg

together with left actions by derivations of g on [ and ¢, and a g equivariant func-
tion {, } : ¢ x ¢ — [ (called the Peiffer lifting), satisfying appropriate conditions
(Definition 9). Any 2-crossed module of Lie groups H defines, in the natural
way, a differential 2-crossed module ), and this assignment is functorial. How-
ever, it is not clear whether we can go in the opposite direction, similarly to
the Lie group and Lie crossed module case. The main difficulty rests in the
integration of the Peiffer lifting. However, this will not pose any difficulty to
this work.



The second main result of this paper concerns how it is possible to de-
fine 3-dimensional holonomies 83(M) — C(H) by picking Lie-algebra valued
differential forms w € AY(M,g), m € A*(M,e¢) and 0 € A3(M, 1), satisfying
d(m) = dw + [w,w] = Q, the curvature of w, and §(0) = dm + w A” m =M, the
exterior covariant derivative of m, called the 2-curvature 3-form of (w,m). This
is analogous to the construction in [BS, FMP1, SW2]. A lot of the proofs will
make use of Chen integrals in the loop space [Ch], and the approach given in
[BS].

The 3-curvature 4-form © of the triple (w,m,#), satisfying the above equa-
tions, is defined as © = df +w A” @ — m At} m, see the appendix for the A”, AT
notation. We will prove a relation between 3-curvature and 3-dimensional holon-
omy, completely analogous to that for principal G-bundles and 2-bundles based
on a crossed module of groups, including an Ambrose-Singer type theorem for
the triple (w,m,#). This will also prove that the 3-dimensional holonomy is
invariant under rank-3 homotopy, as long as it restricts to a laminated rank-2
homotopy on the boundary (see Definition 23).

As in the case of 2-bundles, the 1-, 2- and 3-gauge transformations are better
understood by passing to the notion of a Gray triple groupoid, which (to keep
the size of this paper within limits) we will analyse in a future article, where
we will also address the general definition of a Gray 3-bundle, and describe
the corresponding 3-dimensional parallel transport, categorifying the results of
[SW3, FMP2, MP, P].

The 3-dimensional holonomy which we define in this article can be associated
to embedded oriented 3-spheres S in a manifold M, yielding a Wilson 3-sphere
observable W(S,w,m,0) € keré C L independent of the parametrisation of S
chosen, up to acting by elements of G. This will be a corollary of the invariance of
the 3-dimensional holonomy under rank-3 homotopy, with laminated boundary.

Considering the Lie 2-crossed module given by a finite type chain complex of
vector spaces (see [KP] and 1.3.4), the construction in this article will describe
(locally and as a Gray 3-functor) the first three instances of the holonomy of a
representation up to homotopy; see [AC]. Notice however that the construction
in this article is valid for any Lie group 2-crossed module. We expect that
to describe all instances of the w-parallel transport of a representation up to
homotopy one will need Gray w-groupoids and 2-crossed complexes. We expect
to address this in a future paper.
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1 2-crossed modules (of Lie groups and Lie al-
gebras)

1.1 Pre-crossed modules (of Lie groups and Lie algebras)
1.1.1 Pre-crossed modules of Lie groups

Definition 1 (Lie pre-crossed module) A (Lie group) pre-crossed module
G = (0: E — G,v) is given by a Lie group map 0: E — G together with a
smooth left action of G on E by automorphisms such that:

d(g>e) = gd(e)g™", for each g € G and e € E.
The Peiffer commutators in a pre-crossed module are defined as
(e, f) =efe ' (d(e)> f'), wheree, f € E.

A pre-crossed module is said to be a crossed module if all of its Peiffer commu-
tators are trivial, which is to say that:

de)> f=efe * for eache, f € E.

Note that the map (e, f) € E X E — (e, f) € E, called the Peiffer pairing, is
G-equivariant:

g> (e, f)={(gre,g>f), foreache, f € F and g € G.
Moreover (e, f) = 1 if either e or f is 1. Therefore, the second differential of
the Peiffer pairing defines a bilinear map (,) : e x ¢ — e.
1.1.2 Differential pre-crossed module

The infinitesimal counterpart of a Lie pre-crossed module is a differential pre-
crossed module, also called a pre-crossed module of Lie algebras.

Definition 2 (Differential pre-crossed module) A differential pre-crossed
module G = (0: ¢ — g,>) is given by a Lie algebra map 0: ¢ — g together with
a left action of g on ¢ by derivations such that:

1. 9(X >w)=[X,0()], for each v € ¢ and X € g.

Note that the map (X,v) € g x e+ X>v € ¢ is necessarily bilinear. In addition
we have

X v,w] = [Xbv,w]+ v, X>w|, for eachv,w € e and X € g

(this expresses the condition that g acts on e on the left by derivations.)



Therefore if G is a Lie pre-crossed module the induced structure on Lie alge-
bras is a differential pre-crossed module &. Reciprocally, if & is a differential
pre-crossed module there exists a unique Lie pre-crossed module of simply con-
nected Lie groups G whose differential form is & (any action by derivations
of a Lie algebra on another Lie algebra can always be lifted to an action by
automorphisms, considering the corresponding simply connected Lie groups).

In a differential Lie pre-crossed module, the Peiffer commutators are defined
as:

(u,v)y = [u,v] —O(u)>pv €e; wu,v € e.

The map (u,v) € ¢ X ¢ — (u,v) € e (the Peiffer pairing) is bilinear (though not
necessarily symmetric), and coincides with the second differential of the Peiffer
pairing in E. In addition the Peiffer pairing is g-equivariant:

X (u,v) = (X >u,v) + (u, X >v), for each X € g, and u,v € e.

A differential pre-crossed module is said to be a differential crossed module if
all of its Peiffer commutators vanish, which is to say that:

O(u)>v =[u,v]; for each u,v € e.
For more on crossed modules of groups, Lie groups and Lie algebras, see [B, BL,
BC, BH1, BHS, FM].
1.2 Definition of a 2-crossed module

1.2.1 2-Crossed modules of Lie groups

We follow the conventions of [Co] for the definition of a 2-crossed module. See
also [MuPo, KP, BG, Po, RS].

Definition 3 (2-crossed module of Lie-groups) A 2-crossed module (of Lie
groups) is given by a complex of Lie groups:

LS ES G

together with smooth left actions by automorphisms of G on L and E (and G
by conjugation), and a G equivariant smooth function {,} : E X E — L (called
the Peiffer lifting) such that:

1.L5E L Gisa complex of G-modules (in other words 0 and ¢ are
G-equivariant.)

2. 5({e, f}) = (e, f), for each e, f € E. Recall (e, f) = efe 10(e)> f~ L.
3. [l,k] ={5(1),6(k)}, for each I,k € L. Here [l,k] = lkI='k~1.
4. {ef,g}y = {e, faf '} a(e)>{f, g}, for eachee, f,g € E.

5. {e, fgt ={e f}{e g} {(e,f>_1,8(e) l>f}, where e, f,g € E.



6. {6(1),e}{e,0(1)} =1(0(e)>171), for each e € E and | € L.
7. e {f, g} = d(e)>{f, g}, for each e, f,g € E, where on the L.h.s. we define
ex'1=1{5(1) ", e}, wherel € L and e € E. (1)

It follows from the previous axioms that >’ is a left action of E on L by
automorphisms (this is not entirely immediate; a proof is in [Co, BG]). There
it is also shown that, together with the map ¢: L — M, this defines a crossed
module. This will be of prime importance later.

Consider the totally intransitive groupoid with morphisms G x L and objects
G, the source and target maps being given by (g,l) — g, and identity as g —
(g,11). As composition, we take the group multiplication in L. Consider also
the groupoid with objects G and morphisms G x E, and source and target given
by (g,¢e) — g and (g,e) — 9(e)~'g, respectively. The composition is

e _ d(e)t . f _ o ef o
g% o(e) g LR o) 0le) g = g Db d(ef) .

The map §: G x L — G x E defined as 6(g,k) = (g,6(k)) is a groupoid map
and together with the left action by automorphisms of G x E on G x L:

(g,e)p’ (0(e)tg,1) = (g,ev' 1), where g€ G,e € Eandl € L

defines a crossed module of groupoids; see [B1, BG, BH1, BHS, FMPo|.
The following lemmas will be very useful later:

Lemma 4 For each e, f € E the element {e, f} belongs to the centre of L.
Proof. Given k € L we have (since (§: L — E,»’) is a crossed module):
ke, [k~ = a(k) > {e, f} = 96(k) > {e, f} = {e, f}.
|
Lemma 5 Given e, f,g € E we have
{e,6{f,9}} = 1.

Proof. By condition 6 of the definition of a 2-crossed module:

{o{f. g}, e {e.0{f.9}} = {f.g}(@(e) > {f, 9} )
Thus by using the previous lemma and equation (1):
{e,o{f.a1} " ={f.9} " Ho{f. gt e}er’ {f.g} = (ev' {f. 0} ) er' {fig} = 1.

]
Note that from condition 5 of the definition of a 2-crossed module and equa-
tion (1) it follows that:

{e, fg} = {af}@(efe‘l) >{e, g}, for each e, f,g € E, (2)



and in particular, by lemma 8, below, (and condition 4. above):
{e.f} P =0(efe " )o{e, f '} and {e, f}F =0(e)>{e ' e fe} (3)
By using the previous two equations and lemma 5, it follows that:
Lemma 6 For each e, f,g € E we have
{e,fof~'} = {e.0(f) v g}. (4)
In particular
{e,0(k)gd(k)~'} = {e, g}, for each e,g € E and k € L. (5)
We also have:
Lemma 7 For each k € L and e € E we have:
{5{k},e} ! = {5{k}_1,e}.
Proof.
{6{k}, e}t = 06(k) > {6(k)~ 1, 8(k) " ted(k)} = {5(k) ", e}.

1.2.2 Differential 2-crossed modules

The following simple lemma is important to transport 2-crossed modules of Lie
groups to the Lie algebras world.

Lemma 8 In a 2-crossed module we have {1,e} = {e,1} =1, for each e € E.

Proof. Apply axioms 4 and 5 of the definition of a 2-crossed module to {11, ¢}
and {g,11}. m
Therefore the second differential of the Peiffer lifting defines a bilinear map

{,}:exe—1
which is g-equivariant:
X {u,v} ={Xvu,v}+{u, Xp>ov}, for each X € g and each u,v € e.

We can now define a differential 2-crossed module (also called a 2-crossed
module of Lie algebras):

Definition 9 (Differential 2-crossed module) A differential 2-crossed mod-
ule is giwen by a complex of Lie algebras:

[geig

together with left actions by derivations of g on [, ¢ and g (on the latter by the
adjoint representation), and a g equivariant function {,} : e X ¢ — [:

XoAu, v} ={Xvu,v}+ {u,X>ov}, for each X € g and u,v € e,
(called the Peiffer lifting) such that:



1. L% Gisa complex of g-modules.
d({u,v}) = (u,v), for each u,v € ¢. (Recall {u,v) = [u,v] — O(u)>v.)
[,y = {6(2),0(y)}, for each z,y € L.

{[u,v],w} = A(u)>{v, w}+{u, [v,w]} —O(v)>{u, w}—{v, [u,w]}, for each
u,v,w c e.

e b

5. A{u, [v,w]} = {6 {u,v},w} — {0 {u,w},v}, for each u,v,w € ¢. This im-
plies that > defined by v>' x = —{§(x),v} is a left action of e on [; see
below.

6. {6(x),v} +{v,0(z)} = —0(v) >z, for each x €l and v € e.
7. uv! {v,w} = {0(u)>v,w} + {v,0(u) >w}, for each u,v,w € E.
It follows from these axioms that
ud’ {v,w} = d(u)>{v,w}, for each u,v,w € ¢, (6)
and also:

{U, 5{1]7 w}} - 7{6{'07 'UJ}, u} - a(u) > {Uv w} =up’ {”U, ’LU} - a(u) > {Uv w} :((;7)

for each u,v,w € ¢. In particular:

{u, [v,w]} = {u, () >w} + {u, é{v,w}} = {u,d(v) >w}, for each u,v,w E(eé)

Another very useful identity is the following
{8{u,v},w} = —0(w) > {u,v}, for each u,v,w € e, 9)

which follows from equation (7) combined with condition 6.
Analogously to the 2-crossed module of Lie groups case we have:

Lemma 10 The action " of e on | is by derivations, and together with the map
0: [ — e defines a differential crossed module.

We divide the proof into four claims.
Claim 1 (u,z) € e x [+ up' x = —{d(x),u} is a left action of ¢ on L.

Proof. For each u,v € ¢ and = € [ we have:

[w, v]p/w = —{d(x), [u, v]} = {6{d(), v}, u}—{5{d(x), u}, v} = wo(v'2) —v>' (')

Claim 2 The left action > of ¢ on [ is by derivations.



Proof. We need to prove that un’ [z,y] = [up’ z,y] + [x,u>’ y|, for each u € ¢
and z,y € g. We have:

ub'[z, y] = —{6([x,y]), u} = —{[6(), 6(y)], u} = {3(y), [6(x), ul}—{0(2), [6(y), ul}.

We have used 4. together with the fact 96 = 0. The last term can be simplified
as:

{3(y), [6(z), u]} = {6(x), [6(y), ul} = {6({d(y),6(z)}), u}) — {6({d(y),u}),é(z)})
—{0({d(2),6(y)}), u}) + {6({0(z), u}),0(y)})
= —[z,uv’y] — [uv’ z,y] + 2uv’ {5(x),d(y)}

= —[z,ud’ y] — [ud z,y] + 2up’ [x,y].

Therefore
uv' [z,y] = —[z,uv’ y] — [us' 2, y] + 2up’ [z,y],

from which the result follows. m
Claim 3 0(z) > y = [z,y], for each xz,y € .

Proof.
o(z) >y = —{0(y),0(z)} = [z,y], for each z,y € [

[
Claim 4 §(ud’ z) = [u,d(x)], for each x € [ and u € e.

Proof.
o(uv’ @) = —06({d(2),u}) = — < o(x), u >= [u,d(z)],

since 90 =0. m

The definition of a differential 2-crossed module, is an exact differential
replica of the definition of a 2-crossed module of Lie groups. We leave the
reader to check that:

Theorem 11 Let H = (L S ES G,>,{,}) be a 2-crossed module of Lie

groups. The induced chain complex of Lie algebras | RPN g, together with
the induced actions > of g on ¢ and | and the second differential of the Peiffer
pairing {, } defines a differential 2-crossed module $). Moreover the assignment
H — $ is functorial.

Remark 12 It is an open problem whether the converse holds. In other words
if given a differential 2-crossed module $ = (I LNPIN g,>,{,}) then there exists
a unique (up to isomorphism) 2-crossed module of simply connected Lie groups
H whose differential form is $. The main obstruction to prove this concernes
the integration of the Peiffer lifting.

10



1.3

Gray 3-groupoids

1.3.1 The definition of Gray 3-groupoids

We now define Gray 3-groupoids. Our conventions are slightly different from
the ones of [KP, Cr].

A (small) Gray 3-groupoid C is given by a set C of objects, a set Cy of
morphisms, a set Cy of 2-morphisms and a set C's of 3-morphisms, and maps
8;:: Cy — C;_1, where i = 1, ..., k such that:

1.
2.
3.

9 0 9F = 95, as maps C3 — C.
afc = ali o&Qi = aft oa?ﬂf7 as maps C3 — Cj.
9 = 0F 0 95, as maps Cy — C,.

There exists an upwards multiplication Ji3J’ of 3-morphisms if 95 (J) =
05 (J'), making it a groupoid whose set of objects is Cy (identities are
implicit).

There exists a vertical composition

=)

of 2-morphisms if 95 (I') = d; (I'"), making it a groupoid whose set of
objects is C; (identities are implicit).

There exists a vertical composition

- ()

of 3-morphisms whenever 95 (J) = 95 (J') making the set of 3-morphisms
a groupoid with set of objects C; and such that the boundaries 83[ O3 —
Cy are functors.

The vertical and upwards compositions of 3-morphisms satisfy the inter-
change law (Jhgjl)hg(Jlng{) = (Jhgjl)hg(J/hQJ{) COHlbiIliIlg with the
previous axioms, this means that the vertical and upwards compositions
of 3-morphisms and the vertical composition of 2-morphisms give C5 the
structure of a 2-groupoid, with set of objects being C17, set of morphisms
Cy and set of 2-morphisms C5. (The definition of a 2-groupoid appears
for example in [HKK]. It is well known that the categories of (small)
2-groupoids and of crossed modules of groupoids are equivalent; see for
instance [BHS, BS].)

(Whiskering by 1-morphisms) For each z,y in Cy we can therefore
define a 2-groupoid C(z,y) of all 1-, 2- and 3-morphisms b such that
07 (b) = x and 9; (b) = y. Given a l-morphism v with d; (7) = y and

11



10.

11.

12.

07 (7) = z we should have a 2-groupoid map f;7: C(z,y) — C(y,2). Sim-
ilarly if 9 (7') = x and 95 (/) = w we should have a 2-groupoid map
V't Cz,y) — C(w,y).

There exists therefore a horizontal composition of 17’ of 1-morphisms if
07 () = 9y ('), which is to be associative and to define a groupoid with
set of objects Cy and set of morphisms C1.

Given v,7" € C7 we must have:
hyoty =)

Y1 O’Y/hl = (V’Y/)m
Y o iy =ty o vh,

whenever these compositions make sense.

We now define two horizontal compositions of 2-morphisms

(r ) = a0 ) @ )
and
(" ) = @ @nr) st} ):

and of 3-morphisms:

(; 7) = mor e @ )

and
(" )=o) omor )

It follows from the previous axioms that they are associative. In fact they
also define functors Cs(z,y) x C3(y,2) — Cs(x,z), where Cs(x, z) is the
category with objects 2-morphisms I' with 9; (I') = x and 95 (I') = y
and morphisms the 3-morphisms J with 9; (J) = = and 95 (J) = y, and
upwards multiplication as composition; this follows from 7 and 8.

(Interchange 3-cells) For any two 2-morphisms I and IV with ;7 (T') =
0y (I') a 3-morphism (called an interchange 3-cell)

| _ , ¢ , I
(p 1) =or ey S gprary = (7 L)

12



13.

14.

(2-functoriality) For any 3-morphisms I'y = 05 (J) =R 95 (J) =Ty and

I =05 (J") L5 03 (J') = I, with 5 (J) = 85 (J') the following upwards
compositions of 3-morphisms coincide:

[ )
1M INE A Iy J! Ty
Iy I T

and

J/
r (J ) | AN I T,
I, Ty r,)

This of course means that the collection I'#I", for arbitrary 2-morphisms
I and T with ;7 (I") = 95 (I') defines a natural transformation between
the two functors of 11. Note that by using the interchange condition for the
vertical and upwards compositions, we only need to verify this condition
for the case when either J or J' is an identity. (This is the way this axiom
appears written in [KP, Cr, Be].)

(1-functoriality) For any three 2-morphisms LN o) r, ¥ and ~” ,
#" with 05 (T') = 9, (I'") and 9] (T') = 9, (I") = 9y (I'") the following

upwards compositions of 3-morphisms coincide:

,(/}h 1"// (F/#F//> 1"/ hgs// (Fln1¢,/> F/ uqS//
1 Thy~" 1 DT 1

VY] QLAY P 7 IR (A
L ony” Iy v T

and

I
whl I (F) #T I ul(b//
I hl’Y// r H1¢"
Iy v T

An analogous identity obtained by exchanging the roles of the first and
second columns should also hold.

Definition 13 A (strict) Gray functor F: C — C' between Gray 3-groupoids
C and C' is given by maps C; — C| preserving all compositions, identities and
boundaries, strictly.

1.3.2 From 2-crossed modules to Gray 3-groupoids with a single

object

Let H = (L S el G,>,{,}) be a 2-crossed module (of groups). We can
construct a Gray 3-groupoid C with a single object out of H. We put Cy = {x},

13



Cy=G,Cy =G x Eand C3 =G x E x L. This construction appears in [KP)]
and also in [BG], using a slightly different language.

As boundaries ali: Cr — Cy = {x}, where k = 1,2, 3, we take the unique
possible map. On the other hand

0y (X,e) = X and 05 (X,e) = d(e) ' X.
In addition put (as vertical composition):

(X’ €>h2(8(6)_1X, f) = (X7 ef)a

and also
Xto(Yye) = (XY, Xpe)and (V,e)hoX = (Y X, e).

Analogously
Xt (Ve l) = (XY, Xp>e, Xl) and (YV,e,)n X = (Y X, ¢e,1).
Looking at 3-cells, put
95 (X,e,1) = (X,e) and 05 (X, e,1) = (X,6(1) " "e)

and
0y (X,e,l) = X and 05 (X, e,l) = d(e) ' X.

(Note 05 0F (X, e,1) = 05 (X,6(1)"Le) = d(e) 1 X = 95 (X, e,1), since 9§ = 1.)
As vertical composition of 3-morphisms we put:

(X7 €, l) h? (6(6)_1)(7 f) k) = (X7 €f, (6 [>/ k)l)a
and as upwards composition of 3-morphisms we put:
(X,e,0)t2(X,6() e, k) = (X, e, k)

The vertical and upwards compositions of 2-cells define a 2-groupoid since
(5: GxL — Gx E,l>’) is a crossed module of groupoids; see the comments
after definition 3. Recall that the category of crossed modules of groupoids and
the category of 2-groupoids are equivalent.

Let us now define the interchange 3-cells. We can see that:

((X, e) i f)> = (XY,e(d(e)"'X) > f)

and

((X’e) (Y,f)> — (XY, (X fe).

We therefore take:

(X, e)# (Y, f) = (XY,e(a(e)_lX) > f, e’ {e_l,XDf}il )

14



Note

5 (e ! {e_l,XDf}il)ile(ﬁ( )X b f
= eefl(XDf)e( (e)” 1X) > fle! (8(6)*1X) >f=(X>fe

It is easy to see that:

( tory f,l)) _ ((8(e)—1XY,a((i)(;iz)ﬁa(e)—lx>z>

(XY,e(a(e) " X) b £, (eo' () X 0 1))

and

((X,evk) )z ((Xﬁ(f)lY,e, k))
Y, £, (XY, X f,Xp1)
_ (XY, (X > fe, (X > f) v/ k)XDl).

To prove condition 13. of the definition of a Gray 3-groupoid (2-functoriality)
we must prove that:

e/ {eH, Xo f}H(X > ) k)X bl
= (en 8(e) T X > 1) k(5(k) " e) o {e7Ta(k), X b (5(1) 7 £)}
For | = 1, this is equivalent to:
de)o{e X f}Hs(k) " X > £} =0(e)>{e 5(k), X b f} 1,
which can be proved as:
de)o{e 1o(k), X > fy=0(e)> ({e,6(k)X > fo(k)~"} 0(e) " > {5(k), X > f})
=0d(e)o{e ", X > f}{(k) ,X>f}
—{6(k)" L, X b £y 0(e) e {e !, X b f).
For k = 1 however, this is equivalent to:
ex/ {7, X f1Xpl7 = (en/ 9(e) ' Xl en {7, X > (5(1)7 1)}
This follows from:
(ex'0(e) ' X >l Yer' {e 1, X (6() 1 f)}
ex'0(e) ' Xl e {e7, X 8()  ter {7, X b f}

)~

= (

= (en/ X>l Dev' {Xpd(l),e Yer {7, X > f}7!

= (ev' e ' (Xl ")) e {e L, Xp f}  =ed {e, X fRX >IN
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The general case follows from the interchange law for the upwards and vertical
compositions.

Let us now prove 1-functoriality (condition 14. of the definition of a Gray
3-groupoid). This condition is equivalent to:

ef ! {fﬁlefl,XDg}_l =efp’ {fﬁl,a(e)lebg} en’ {efl,ng} .
This follows easily from the definition of 2-crossed module (definition 3) and the
subsequent formulae.

1.3.3 From Gray 3-groupoids to 2-crossed modules
Any Gray 3-groupoid C' and an object x € Cy of it defines a 2-crossed module

C(z) = (C@)* & C(2)* & C(a) o {,})

Let us be precise (see also [KP, Be, BG]).

1. The group Ci(z) is given by the set of Ci(x,z) of 1-morphisms v with
0y () = 07 () = z. The product is taken to be the horizontal composi-
tion f; of 1-morphisms.

2. The group Ca(z) is given by the set of 2-morphisms I' with 9; (') =
0 (') = z and 9, (I') = x. Moreover we put as group multiplication:

1‘\/
r_
- (7))

The inverse I~ of I with 95 (T') = v is T =¥y}, where I'~? is the inverse
of " with respect to the vertical composition. The left action of C;(z) on
Cy(x) by automorphisms is given by

v T =Tyt

Finally, the boundary map 0: Co(x) — Cy(x) is given by d5 . It is easy to
see that this defines a pre-crossed module.

3. The group Cs(z) is given by the set of 3-morphisms J with 97 (J) = ,
95 (J) = x and 85 (J) = x, and the group multiplication in C3(z) is given

by
Jl
’_
u_< J>,

with inverses defined as J~' = J V4,05 (J)~!, where J~? denotes inverse
with respect to vertical composition. The action of C;(x) on C3(x) is given
by

> J =t Jny

The boundary map d: C3(z) — Ca(z) is given by 95

16



4. The Peiffer lifting is defined as

;!
!
{I', Ty} = Iy

I #T,
(")
Note
;!
ot =0(T)>T5!
I

We leave it to the reader to verify that this is a 2-crossed module and that the
assignment we defined is functorial.

1.3.4 Example: (finite type) chain complexes

Suppose A = {A,,0, = 0}, is a chain complex of finite dimensional vector
spaces, such that the set of all n for which A,, is not the trivial vector space is
finite. (Chain complexes like this will be called of finite type.) This construction
is analogous to the one in [KP].

Let us then construct a Lie 2-crossed module

GL(A) = (GL3(A) <, qra) 2 aLia),e, §, })

out of A. If A is not of finite type, then the same construction will still yield a
crossed module, albeit of infinite dimensional Lie groups.

The group GL'(A) is given by all invertible chain maps f: A — A, with
composition as product. This is a Lie group, with Lie algebra gl*(A) given by
all chain maps A — A, with bracket given by the usual commutator of chain
maps. We also denote the algebra of all chain maps A — A with composition
as product as hom' (A).

Recall that a homotopy is given by a degree one map s: A — A. Let hom? (A)
denote the vector space of 1-homotopies. On the other hand we define an n-
homotopy as being a degree n map b: A — A, and denote their vector space as
h™(A). Notice also that we have a complex {h"(A), 3}, where 9], (b) = 9b —
(—1)"bd, for each b € hom"(A). Note h'(A) = hom?(A) and hom'(A) C h°(A).

We define the * product of two homotopies as:

sxt=s+1+ s0t + std

This defines an associative product in hom?(A). Even though hom?(A) is not
an algebra, considering commutators this yields a Lie algebra g[Q(A), with com-
mutator:

[s,t] = st + st — tsd — t0s.

Note that gl*(A) is the Lie algebra of the Lie group GL?(A) of invertible elements
of honf12(A)7 the identity of this latter group being the null homotopy.

17



It is easy to see that the map 3: hom?(A) — hom’(A) such that
B(s) =1+ 0s+ s0

respects the products. This thus defines a Lie group morphism 3: GL?(A4) —
GL'(A), the differential form of it given by the Lie algebra map 3': gl*(4) —
al*(A), where

B'(s) = 0s + s0.

There is also a left action of GL*(A) on GL?(A) by automorphisms given by
fos=fsf L

Its differential form is given by the left action of gI*(A) on gl*(A) by derivations
such that:
frs=fs—sf.

It is easy to see that we have defined pre-crossed module of Lie groups and of
Lie algebras. Moreover, this yields a crossed module if the chain complex is of
length 2, as we will see below.

By definition a 3-track will be an element of hom®(A) = h2(A)/d'(h3(A)),
therefore it will be a 2-homotopy up to a 3-homotopy. Considering the sum of
3-tracks, defines an abelian Lie group GL*(A) whose Lie algebra gl®(A) is the

given by the vector space of 3-tracks, with trivial commutator.
The map a: GL*(4) — GL?*(A) such that

a(b) = —db + bd

is a group morphism. We also have a left action of GL'(A) on GL*(A) by
automorphisms defined as

fra= faf™"
This defines a complex of Lie groups acted on by GL'(A):
GL3(A) % GL2(A) 2 GL'(A).
Its differential form is:
g (4) > g2(4) s gr'(4),

where gl®(A) is the vector space hom®(A) with trivial commutator, and o/ = a.
Note that gl'(A) left acts on gI*(A) by derivations as f>b= fb—bf.

To define a 2-crossed module we now need to specify the Peiffer lifting. We
can see that given s,t € GL?(A) we have



In particular the Peiffer pairing is:
(s,t) = (B(s)>t) xa (stB(s) ") = (B(s)pt7").
This can still be simplified. Let a € GL*(A). We can see that
trafa)«t ' =a(af)") =ala)Bt)"
This follows by applying the penultimate equation, noting that:
txa(a)«t” I = (Bt a) ( ) Dy x a(toz(a)ﬁ(t) 1)
(B(t)ap ) * ata(a)B(t)"1)
(Bt)a + tala))B(t)
(Ota +tad + a)B(t) !
(@)pt)™

The Peiffer pairing thus simplifies to:
(s,t) = a(stB(t) ' B(s)™"),
and we thus have the following candidate for the role of the Peiffer lifting:

{s.t} = stB(t) " B(s)"

where s,t € GL?(A). Its differential form is:

«
(67
«
«

{53 t} = st,

where s,t € gi*(A).

Routine calculations prove that we have indeed defined 2-crossed modules
of Lie groups and of Lie algebras. The fact we are considering 3-tracks (2-
homotopies up to 3-homotopies), instead of simply 2-homotopies, is used several
times to prove this.

1.3.5 Example: The automorphism 2-crossed module of a crossed
module

Let G = (0: E — @G,) be a Lie group crossed module. Let us build the differ-
ential 2-crossed module associated with the automorphism 2-crossed module of
G. In the case of crossed modules of groups, the construction of this Lie group
2-crossed module appears in [BG, RS, NJ, in the latter in the language of crossed
squares. The extension to crossed modules of Lie groups is straightforward.

Let & = (0: ¢ — g,>) be the differential crossed module associated to G.
Let us then construct a 2-crossed module of Lie algebras

(a?(8) — gl(&) — gl' (8),5,{ }).
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The Lie algebra gl'(®) is given by all chain maps f = (fa, f1): & — &,
which are Lie algebra derivations:

fo([u,v]) = [fo(u),v] + [u, f2(v)], for each u,v € ¢

and
fillz,y)) = [f1(2), y] + [@, f1(y)], for cach z,y € g,
satisfying additionally:

fa(xpv) = fi(z)>v+ x> fa(v), for each x € g and v € e.

The Lie algebra structure is given by the termwise commutator of derivations.

The Lie algebra gl?(®) is given by all pairs (z,s), where s: g — e is a linear
map such that:

s([z,y]) = x> s(y) —y > s(z),

(in other words s: g — e is a derivation, and we put s € Der(g,¢)) and x € g.
The Lie algebra structure on gli>(6) = g x Der(g, ¢) is given by a semidirect
product, as we now explain.

The commutator of two derivations s,t € Der(g, ¢) is:

[s,t] = sOt — tOs.

It is easy to see that this is also a derivation. The crossed module relations
are used several times to prove this. (This would not be true if a pre-crossed
module was used.)
There exists a left action of g[l(Qﬁ) on the Lie algebra of derivations s: g — ¢
given by:
(f1,f2)> s = fas —sfi.

We also have a Lie algebra map ¢: Der(g,¢) — gl' (&) given by
q(s) = 0s + s0.

This defines a differential crossed module.

There is another crossed module of Lie algebras that can be constructed
from &. This is provided by the map ¢’ = (¢}, ¢): g — gl*(®) which associates
to each € g the inner derivation f,: g — g such that f.(y) = [z,y], for each
y € g, and the derivation ¢ — ¢ such that v — x> v. The action of gl*(&) on g
is (f1, f2) > 2 = fi(x), where x € g.

In particular, we also have an action of g on Der(g, ¢), provided by the map
¢': g — gl*(®) and the already given action of gl'(&) on Der(g,¢). Therefore
we can put a Lie algebra structure on 9[2(6) given by the semidirect product
g X Der(g, ¢). In particular

[(x75)7 (yvt)] - ([a?,y},:r >t—s>y+ [Svt])'

The boundary map ' : gi*(®) — gl*(®) is:
B'(a,s) =q'(a) +q(s).
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By the above, this is a Lie algebra map. We also define f©(a,s) = (f>a, f>s),
which defines a differential pre-crossed module. The Peiffer pairing is given by:

<($, 3)’ (y7t)> - (as(y)st(’/))

Here, given e € ¢, the map F.: g — ¢ is F.(z) =z >e, where e € ¢.

The Lie algebra gI*(®) is given by e. The boundary map o/ : gl*(&) — gl*(&)
is o/ (e) = (Je, Fe).

The Peiffer lifting is defined as:

{(z,5),(y, )} = —s(y).

Therefore:

{o'(e), o/ (f)} = {(9e, F2), (0f Fy)} = —Fe(0f) = —0f v e = —[f,e] = e, f].

On the other hand the action of gI' (&) on ¢ is (f1, f2)>e = fa(e).
The (rest of the) straightforward proof that this defines a differential 2-
crossed module is left to the reader.

2 The thin fundamental Gray 3-groupoid of a
smooth manifold

Let M be a smooth manifold.

Definition 14 (n-path) Let n be a positive integer. An n-path is given by a
smooth map a: D™ = D' x DY — M for which there exists an ¢ > 0 such
that a(x1, o, ... xn) = a(0,xa,...2,) if z1 < €, and analogously for any other
face of D™, of any dimension. We will abbreviate this condition as saying that
« has a product structure close to the boundary of the n-cube. We also suppose
that a(0 x D" 1) and a1 x D"~ 1) each consist of solely a single point.

Given an n-path and an i € {1,...,n} we can define (n—1)-paths 9; («) and
) by restricting f to D1 x {0} x D"~% and D=1 x {1} x D"~*. Note that
) are necessarily constant (n — 1)-paths. Given two n-paths o and 8 with
0 (o) = 07 (B) we consider the obvious concatenation af;b, which given the
product structure condition of o and [ is also an n-path; see examples below.

o (a
oF (a

2.1 1-Tracks (the rank-1 homotopy relation)

Note that a 1-path is given by a smooth path : [0, 1] — M such that there exists
an € > 0 such that v is constant in [0, €] U [1 — ¢, 1], which can be abbreviated
by saying that each end point of v has a sitting instant (we are using the
terminology of [CP]). Given a 1-path ~, define the source and target of v as
07 () = ~(0) and 9; (y) = ~(1), respectively.
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Given two 1-paths vy and ¢ with 95 (y) = 0; (¢), their concatenation v¢ =
~h1¢ is the usual one

v(2t), if t € [0,1/2]

(v9)(t) = { ,
P2t —1), if t € [1/2,1]

The fact that any 1-path has sitting instants at its end points implies that the
concatenation of two 1-paths is again a 1-path.

Similarly, a 2-path T is given by a smooth map I': [0,1]> — M such that
there exists an € > 0 for which:

1. T
2. T
3.T
4. T
The following definition appeared in [CP]. See also [FMP1, FMP2, MP, M].

Definition 15 (Rank-1 homotopy) Two I-paths ¢ and~ are said to be rank-
1 homotopic (and we write ¢ =4 ) if there exists a 2-path T' such that:

1. 05 (T') =~ and 05 (I') = ¢.
2. Rank(D,T') < 1,Vv € [0,1]%
Here D denotes derivative.

Note that if v and ¢ are rank-1 homotopic, then they have the same initial
and end-points. Given the product structure condition on 2-paths, it follows
that rank-1 homotopy is an equivalence relation. Given a 1-path ~, the equiva-
lence class to which it belongs is denoted by [v], or simply «, when there is no
ambiguity.

We denote the set of 1-paths of M by S7(M). The quotient of S; (M) by the
relation of thin homotopy is denoted by S;(M). We call the elements of Sy (M)
1-tracks.

It is easy to prove that the concatenations of 1-tracks (defined in the obvious
way from the concatenation of 1-paths) together with the source and target maps
o,7: S1(M) — M, defines a groupoid 81 (M) whose set of morphisms is Sy (M)
and whose set of objects is M. (For details see [CP].)

Definition 16 Let x € M be a base point. The group wi(M,*) is defined as
being the set of 1-tracks [y] € S1(M) starting and ending at x, with the group
operation being the concatenation of paths.
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2.2 Strong and laminated 2-tracks
2.2.1 Strong 2-Tracks (the strong rank-2 homotopy relation)

Definition 17 (Strong rank-2 homotopy) Two 2-paths T and T” are said
to be strong rank-2 homotopic (and we write T' 225 ") if there exists a 3-path
J: D3 — M such that:

1. We have 95 (J) =T and 95 (J) =1T".
2. The restrictions 95 (J) restrict to rank-1 homotopies 05 (T') — 95 ().
3. Rank(D,J) < 2 for any v € [0,1]°.

Due to the fact that any 3-path has a product structure close to the boundary
of it, there follows that strong rank 2-homotopy is an equivalence relation.

We denote by S2(M) the set of all 2-paths of M. The quotient of Sy(M)
by the relation of strong rank-2 homotopy is denoted by S5(M). We call the
elements of S5(M) strong 2-tracks.

The relation of strong rank-2 homotopy is too strong for our purposes, as
we will see below. Therefore we define now a weaker version.

2.2.2 Laminated 2-Tracks (the laminated rank-2 homotopy equiva-
lence relation)

Definition 18 (Laminated rank-2 homotopy) Two 2-paths T' and T’ are
said to be laminated rank-2 homotopic (and we write T =25 T") if there exists a
3-path J: D3 — M (say J(t,s,x)) such that:
1. We have 95 (J) =T and 05 (J) = T, in other words J(t,s,0) = I'(t,s)
and J(t,s,1) =T"(t,s) for each s,t € [0,1].
2. The restrictions 05 (J) (in other words J(t,0,) and J(t,1,x)) restrict to
rank-1 homotopies 95 (T') — 85 ().

3. For each 0 < s,z < 1 one of the following two conditions holds:

(a) Laminatedness There exists a direction ¢ in the plane (s,x) such
that
Rank(D,¢)J (t,s,2)) <1
for each t € [0,1]

(b) Path space thinness: there exist non-null constants a and b such
that

0 9,
a%J(t7 s,x) + b%J(t, s,x) =0

for each t € [0,1].
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Once again, since any 3-path has a product structure close to its boundary, it
follows that laminated rank-2 homotopy is an equivalence relation.

The quotient of Sy(M), the set of 2-paths of M, by the relation of laminated
rank-2 homotopy is denoted by Si(M). We call the elements of S&(M) laminated
2-tracks. Note that the boundaries 9 : Sy(M) — S;(M) descend to boundaries
dE: SY (M) — S;(M) and 9 : S§(M) — S;(M); here i = 1,2.

2.2.3 Identity 2-tracks

There exists a map S1(M) — S3(M) sending a path v to the 2-path id(y)
(written simply as «y) such that id(y)(t, s) = v(t), for each s,t € [0, 1]. It descends
to maps id: S;(M) — S5(M) and id: S; (M) — SL(M).

2.2.4 A technical lemma

The following lemma will be needed for proving the consistency of the verti-
cal composition of laminated and strong 2-tracks. It generalises lemma 52 of
[FMP1].

Lemma 19 Let f: 9(D?) — M be a smooth map such that:

1. The restriction of f to any face of OD> has a product structure close to
the boundary of it.

2. The restrictions f(0,s,2) and f(1,s,x) are constant.
3. We have Rank(D, f) < 1,Vv € 0D3.

Then f extends to a map g: D> — M defining a laminated rank-2 homotopy
connecting O3 (f) = 05 (9) and 95 (f) = 95 (g).

Proof. Let D? = {(t,s,7) : —1 < t,s,2 < 1} and S? be its boundary; a smooth
manifold with corners. According to the proof of lemma 52 of [FMP1], the
map f: S2 — M factors as f = po ¢, where ¢: S> — N is a smooth map, N
being a contractible manifold, and p: N — M is smooth. Choose a contraction
¢: N x[0,1] = N of N to a point of it. We can suppose that each end of [0, 1]
has a sitting instant, in other words, that there exists a positive € such that
c(x,t) =c(x)if t € [0,¢] U[l —¢,1] and z € N.
Consider the map g: D? — M defined as:

stone) = (1 (1557 ) 1 =12

where [(s,2)] = max (|s], |2|). The map g is smooth and has a product struc-
ture close to the boundary of D?. All this follows from the product structure
condition on the faces of S? and the sitting instant condition on ¢, which take
care of the fact that (s, z) — |(s,2)| is not smooth.
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Let (s,x) € [~1,1)%. If (s,z) is a point where |s, x| is smooth then either
Z(s,z)] =00 @|(s z)| = 0. Suppose Z|(s,z)| = 0 then it follows, since
Rank( H<1 € 52 that

Rank(Dyg o) g(t, 5,2)) < 1

for each ¢ € [0, 1]. The same argument is valid when %Ks, x)| = 0. When (s, z)
is not smooth, we only need to notice that a%g(t, s,x) =0 and %g(t, s,x) = 0.
]

2.2.5 Vertical composition of 2-tracks

Recall that we can vertically compose any two 2-paths I' and I with 95 (T') =
05 (I”). Denote it by T'ioI”, and represent it graphically as:

a5 (')
F/
) .
T

r

95

[r
ThT” = 85 (IY) = 85 (T) =
I

> (1)

Suppose [I'] and [IV] are (laminated or strong 2-tracks) such that 95 ([T']) =
95 ([T]). Choose a rank-1 homotopy H connecting 95 (') and 9; (I"). Define
[[)g2[I] = [T#2H#2I"]. By using lemma 19 we obtain the following, not
entirely trivial, result:

Lemma 20 The vertical composition of (laminated or strong) 2-tracks is well
defined (does not depend on any of the choices made).

See [BH1, BHS, HKK, FMP1, BHKP] for similar constructions.

It is easy to see that the vertical composition of strong and laminated 2-
tracks is associative. In the laminated case, we will need to use the path-space
thinness condition in definition 18. We have:

Proposition 21 The vertical composition of strong or laminated 2-tracks de-
fines categories with morphisms S5(M) and S5(M), respectively, and objects
S1(M). The source and target maps are 9, and 95 . The identities are as in

2.2.6 Whiskering 2-tracks by 1-tracks

Let I' be a 2-path. Let also v be a 1-path, such that 9;"(T') = 9; (7). The right
whiskering of I" with v is by definition the 2-path I'tyy = I'1id(7); see 2.2.3.
We analogously define left whiskering 7/, T if 9; (y) = 9; ('), and whiskering
of n-paths by 1-paths for arbitrary n.
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It is easy to show that these whiskerings descend to an action of the groupoid
81(M) in the categories So(M) and S5(M). The main part of the proof is
to show that, in the laminated case, [[')t1[y] = [['f1y] does not depend on
the representatives I' and v chosen. Suppose we have a rank 1-homotopy H
connecting v; and v and a laminated rank-2 homotopy J connecting I'y and
I'y. Then (Jf1v1)b3(id(T2)81id(H)) is a laminated rank-2 homotopy connecting
I'1t1y1 and Taoliyye. Here id(Tg)(t, s,2) = I'a(t, s) and id(H)(¢, s, x) = H(t,x),
where ¢, 5,2 € [0,1].

2.2.7 Horizontal compositions of strong 2-tracks

Let T and I be two 2-paths with 9, (I") = 9; (I'). We can consider the obvious
horizontal concatenation I'j;I”, denoted by I'T”. There are however two other
natural ways to define the horizontal composition of I and I. These are:
F/
Do T = (00, (1)) b2 (05 (D)) =
T

and
T

T = (05 (DR (0o ) =
It is easy to see that these three horizontal compositions descend to the quo-
tient S5(M) of S3(M) under strong rank-2 homotopy and they all coincide. In
addition the interchange law between the horizontal and vertical compositions
holds. In fact we have:

Theorem 22 The horizontal and vertical composition of strong 2-tracks defines
a 2-groupoid 85(M) with objects given by the set of points of M, 1-morphisms
given by S1(M) and 2-morphisms by S5(M).

See [FMP1, FMP2, MP, SW2] for details. The definition of a 2-groupoid ap-
pears, for example, in [HKK]. For related constructions see [BH1, BHS, BH3,
BHS, HKK].

2.2.8 Horizontal compositions of laminated 2-tracks and the inter-
change 3-track

Let us now look at the behaviour of the horizontal composition under the rela-
tion of laminated rank-2 homotopy. We can see that fj; does not descend to the
quotient. However f; and 4] do descend, even though they do not coincide.

Given 2-paths I and I with ;7 (') = 9; (I'), let J = ['#I" be the 3-path
whose typical slices as x varies appear in figure 1. We have put v, = 95 (I),
Yo = 95 (D), 7L(t) = T'(t, x), T (t,s) = T'(t,xs) and T, (t, s) = T’ (t, z4s(1—x)),
where t,s,2 € [0,1]. Note I',5,I", = I", for each z € [0,1].

This good (see below) 3-path T'#I" is well defined up to reparametrisations
in the z-direction. Below (see subsection 2.3) we define an equivalence relation
on 3-paths which solves this ambiguity.

26



T’ r

Ind

Figure 1: Slices of T#T” for x =0, x =1/4, x =1/2, x = 3/4 and = = 1.

Note that 95 (T#I") = T'g; T and 95 (T#I") = I'g{ V. This will give us the
interchange 3-cells; see 1.3.1.

2.3 3-tracks
A 3-path (t,s,x) — J(t,s,z) is called good if 8;(,]) each are independent of x.

Definition 23 (rank-3 homotopy (with laminated boundary)) We will
say that two good 3-paths J and J' are rank-3 homotopic (with laminated bound-
ary), and we write J =3 J' if there exists a 4-path (t, s,x,u) € D* — W (t,s,x,u)
€ M such that:

1. We have 0, (W) = J and 0f (W) = J', in other words W (t,s,x,0) =
J(t,s,x) and W(t,s,x,1) = J'(t,s,x), where t,s,z,u € [0.1].

2. The restriction W (t,1,x,u) is independent of x and defines a rank-1 ho-
motopy connecting W (t,1,x,0) and W(t,1,z,1) (each independent of x,
therefore identified with paths in M), and the same for the restriction
W(t,0,x,u).

3. The restriction W (t,s,0,u) defines a laminated rank-2 homotopy connect-
ing J(t,s,0) and J'(t,s,0), and analogously for W (t,s,1,u).

4. For each v € [0,1]* we have Rank (D, W) < 3.

We denote S5(M) as being the set of all good 3-paths up to rank-3 homotopy
(with laminated boundary). The elements of S3(M) will be called 3-tracks.

Notice that the interchange 3-track T'#I” of two 2-tracks with 9 (I') =
Ay (I7) is a well defined element of S3(M). In addition, all boundaries 95,7 =
1,2,3 of good 3-paths descend to maps 0% : S3(M) — M, 95F: S3(M) — Si(M)
and 05 : S3(M) — Sa(M).

The following lemma will be useful later. The proof is achieved by using a
filling argument very similar to the proof of theorem A of [BH2].

Lemma 24 Two good 3-paths J and J' are rank-3 homotopic (with laminated
boundary) if, and only if, there exists a 4-path W: D* — M satisfying the
conditions 1,3,4 of the definition 23 but with condition 2 replaced by:

2’ The restriction W (¢, 1,2z, u) defines a laminated rank-2 homotopy which
connects the 2-paths W(t,1,2,0) and W(¢,1,2,1) and the same for the
restriction W (¢,0, 2, u).
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Proof. One of the implications (2 = 2') is immediate. Let us prove the
reciprocal.

If W is a homotopy connecting J and J’ as in the statement of the lemma,
we substitute W by WiV, where V is defined in the following way: con-
sider a smooth retraction r: D3 — D3\ {z = 1}. Define a smooth function
U: (0D*\ {z =1}) x [0,1] — M, as:

1. U(t,0,z,u) = W(t,1,z,u), the right hand side is a laminated rank-2 ho-
motopy.

2. In (O(D?)\ ({z =1} U{s =0})) x [0,1] we put U(¢, s, ,u) = W(t,1,0,u).
Note W (t, 1,0, u) is a rank-1 homotopy.

Finally, let V(¢,s,z,u) = U(r(t,s,z),u)). Then WiV is a rank-3 homotopy
with laminated boundary, and will give us, after a very minor adjustment, a
rank-3 homotopy with laminated boundary connecting .JJ and J’. m

2.3.1 Vertical composition of 3-tracks

Let J and J' be good 3-paths with 95 (I') = 95 (I'). Recall that we can perform
their vertical composition T'joI"”. If [I'] and [I] are such that d5 ([T']) = 95 ([I]),
then choosing a rank-1 homotopy H connecting d; (I') and 9, (I') permits us to
put [[g2[T] = [Theid(H)geI"], where id(H)(t, s,z) = H(t,s), for each ¢, s,x €
[0,1]. By using the same argument as in 2.2.5, we can see that this vertical
composition of 3-tracks is well defined.

2.3.2 Upwards composition of 3-tracks

Let J and J’ be good 3-paths with 95 (J) = 95 (J'). Consider the composition
JhzJ', called upwards composition. Suppose that we solely have J3 (J) =%,
95 (J"). Choose a laminated rank-2 homotopy H connecting 95 (J) and 05 (J'),
and put: [Jliz[J'] = [JisHbsJ']. The proof of the following essential lemma
(very inspired by [BH2, BHS]) will be very similar to the proof of lemma 24 and

will make use of it.
Lemma 25 This upwards composition is well defined in Ss(M).

Proof. Suppose J 23 J; and J’ =3 J;, and choose laminated rank-3 homotopies
A and A’ yielding these equivalences. Choose also laminated rank-2 homotopies
H connecting 5 (J) and 95 (J') and H; connecting 95 (J;) and 03 (J3).
Consider the map W: D* — M defined in the following way: we fill the
=1 and z = 0 faces of D* with the laminated rank-2 homotopies 95 (A’) and
05 (A). Then we fill the u = 0 and u = 1 faces of D* with H and H’. The
boundary of the s = 0 face of D* will define a rank-1 homotopy U (¢, v) connect-
ing H(t,0,0) with itself. Explicitly it is given by the following concatenation of

28



rank-1 homotopies:

H(t,0,z) A’(t,0,0,u)
— 5 —_ 5

H(t,0,0) H(t,0,1) A’(t,0,0,1) = H'(t,0,1)

H'(t,0,1—x) A(t,0,1,1—u)
— — 5

H'(t,0,0) H(t,0,0)
By applying lemma 19, the s = 0 face of D* can therefore be filled with a
laminated rank-2 homotopy. To extend W to the rest of D* put W (¢, s, z,u) =
W (t,r(s,z,u)), where r is a smooth retraction of D3 onto D3 \ {s = 1}.
Then Af3Wi3 A’ satisfies the conditions of lemma 24, which implies there
exists a laminated rank-3 homotopy connecting JizHisJ' and Jifz3Hi3J;. =

2.3.3 Whiskering 3-tracks by 1-tracks

The treatment is entirely similar to what was presented in 2.2.6.

2.3.4 The fundamental thin Gray 3-groupoid S3(M) of a smooth
manifold M

We have:

Theorem 26 Let M be a smooth manifold. The sets of 1-,2- and 3-tracks can
be arranged into a Gray 3-groupoid 83(M) whose set of objects is M.

Proof. We need to verify the conditions in 1.3.1. Conditions 1. to 3. are
trivial. The difficult bit (existence of compositions) of conditions 4. to 10. are
already proved, and all the rest follows straightforwardly by the definition of
laminated and rank-3 homotopy (with laminated boundary), as in the construc-
tion in [FMP1, FMP2, MP, SW2]. We have already proved the existence of an
interchange 3-cell; 2.2.8. The fact that it verifies conditions 13. and 14. follows
since both sides of each equation can be connected by rank-3 homotopies with
a laminated boundary. =

By applying the construction in 1.3.3, we can also define the fundamental
2-crossed module P5(M, z) of M, where z is a point of M. By forgetting the
existence of 3-morphisms, this also defines the fundamental pre-crossed module
(of groupoids) of M, denoted by Po(M) = (9: P2(M) — Si1(M),>), and by
considering based morphisms the fundamental pre-crossed module of M, say
PQ (M, 1‘)

3 Three-dimensional holonomy based on a Gray
3-groupoid

Fix a smooth manifold M. We will make use of Chen’s definition of differential

forms in the smooth space of smooth paths in M, as well as iterated integrals

of differential forms; see [Ch]. For conventions see the Appendix.
The main result of this section is:
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Theorem 27 Consider a 2-crossed module H = (L — E — G,>,{,}) with
associated differential 2-crossed module ([ — ¢ — g,>,{, }). Let M be a smooth
manifold. Consider differential forms w € AY(M,g), m € A*(M,e) and 6 €
A3(M, 1) such that 6(0) = M and d(m) = Q, where Q = dw + [w,w] = dw +
%w A W oand M = dm + w A” m denote the curvature of w and 2-curvature
3-form of the pair (m,w); see [FMP1, FMP2, BS, SW2, SW3].

Then we can define a smooth (strict) Gray 3-groupoid map (definition 13)

(w,m,0)
H :83(M) — C(H),

where C(H) is the Gray 3-groupoid constructed from G (and whose sets of objects
and 1,2 and 3-morphisms are smooth manifolds.)

Definition 28 Givenw, m and 6 as above, the 3-curvature 4-form O of (w, m,0)
s given by
O=di+wA”0—mnttm;

see the appendiz for this notation. Here m AUY m is the antymmetrisation of
6{m,m}.

3.1 One-dimensional holonomy based on a Lie group

Let G be a Lie group with Lie algebra g and A: R — g be a smooth map. Let
FA(to,t) be the solution of the differential equation:

0

aF*“(lto,lt) = FA(to,t)A(t), with FA(t,t9) = 1¢

It thus follows that

a%FA(to,t) = —A(to)F2(to, t).
0

Moreover
FA(tg,t +1') = FA(to, t) FA(t,1).

More generally, suppose that (t,s) € R? — A4(t) € g is a smooth map. It is
well known (and not difficult to prove) that:

0 ¢ 0
gFAS (to,t) = /to FAs (t07t’)%As(t’)FAS (t' t)dt'.

Let w be a 1-form in the manifold M. Let v: [0,1] — M be a smooth
curve in M, and A be given by v*(w) = A(§). Put g% (to,t) = F%(to,t). Note
G2 (to,t + 1) = g2 (10, 1)g= (1, /) and. ¢ (1,5) = 1 (5,1) .

Suppose s € [ — 4 is a smooth one-parameter family of smooth curves in
M. In other words the map T': [0,1]> — M such that T'(t,s) = 75(¢) for each
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s,t € [0,1] is smooth. We have:

9
%g'ys (a7 b)

—/b% 020 (L)) g2 (v, by
=), PO e e\ ) 9t

= [0 (a0 (20, ) + o () ) o000
= 0o0) [ 2.0, (a0 (20 o)) + e (2t ) g, v
Now note that (integrating by parts):
[ oo (2aw) s na
= @500 (o)) 65,0
t [ o (2aw) o ()] oz .00

And therefore, putting Q = dw + [w,w] as being the curvature of w (and where
[w,w](X,Y) = [w(X),w(Y)]), we get the following well known lemma:

t=b

Lemma 29 Let w € A (M, g) be a g-valued 1-form in M. We have:
0 w w ’ w —1 0 9 w
Sea.t) = =g (0.0) [ (@007 ( (0, 0] o, 10y
w w —1 a w )
+ g’Ys (CL, b) (g'ys (ta b)) w %767 5) (g'ys (t7 b))
This can also be written as:

b
D g @)= ( [ ame (G o) 6 <t,a>dt> (o)

t=b
v <<g;g (@.0) (569 65,007

which means that we also have:

)gi(a,b) (11)

t=a

0 w -1 w -1 ’ w g 2 w -1
S @™ =g @0 [ @0 (G0, o) (o) ar

g% (a,) <<g;1 (@.0) (59(6.9) (5 (0.0

31



We thus arrive at the following well known result; see [CP, MP].

Corollary 30 One dimensional holonomy based on a Lie group is invariant
under rank-1 homotopy. More precisely, if v and v are rank-1 homotopic 1-
paths then g5(0,1) = ¢%,(0,1).

3.1.1 A useful lemma of Baez and Schreiber

Suppose that the group G has a left action >, by automorphisms, on the Lie
group E, with Lie algebra e. Let #,% € M. We define P(M,*,+") to be the
space of all smooth paths ~: [0,1] — M that start at * and finish at *’.

Let U be an open set of M. Let f: (t,z) € [0,1] XU — v,(t) = fe(z) € M
define a smooth map F: U — P(M,,%"), which is the same as saying that f
is smooth. Note that we have v,(0) = * and ~,(1) = «’,Vo € U. Let A be a
(n + 1)-form in M with values in e. Let w be a 1-form in M with values in g.
Put D,A = dA +w A” A, the exterior covariant derivative of A.

Consider the twisted iterated integral:

fgb g b [(A) = /Ob g (0,t) > (L%f*(A)) dt € AU, ). (13)

By using the second equation of the previous lemma we have

ala, 0.0) = = [ @200 14 (@) 2, 0.0+ 6, 0,07 ),

Here the map (t,x) +— g% (0,t) € G should be seen (through the action ) as
taking values in the vector space of linear maps ¢ — ¢. Applying equation (19)
from the Appendix it thus follows:

b
d 7€ g2 v *(4)

b b
_ j{ ¢ > Dy f*(A) - ]g g2 o0 FHQ) g b FH(A) + f7 (62 5 A)

We have used the identity tx (a A 8) = tx (o) A B+ J(a) A ix(B), valid for any
two forms « and 3. Recall J(a) = (—1)"a, where n is the degree of a.
We define the following form in the loop space P(M, x*,x'):

j{A - 7( (62(0,6)) b 4,

and analogously for iterated integrals. We are following the notation (but not
the conventions) of [BS]. In other words:

P (?i A) - fg;;(o,t)»f*(A)dt,

for each plot F: U4 — P(M,*,%"), the map f: I x U — M being f(t,x) =
F(z)(t), where v € { and t € I.
We thus have the following very useful lemma which appeared in [BS].
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Lemma 31 (Baez-Schreiber) Let the Lie group G act on the Lie group E by
automorphisms. Consider a smooth manifold M. Let A be a (n+1)-form in M
with values in ¢. Let w be a 1-form in M with values in g. We have:

d%A:—j{DWA—%Q*DA, (14)

Dy,A=dA+wnA” A

where

18 the exterior covariant derivative of A with respect to w.

3.2 Two dimensional holonomy based on a pre-crossed
module

Suppose that G = (0: E — G,>) is a (as usual Lie) pre-crossed module. Let
® = (0: ¢ — g,>) be the associated differential pre-crossed module. Let w €
A (M, g) be a g-valued smooth 1-form in M. Let m € A2?(M,¢) be an arbitrary
e-valued 2-form in M. (Later we will put the restriction d(m) = €, where
Q= dw+ [w,w] = dw + $w A" w is the curvature of w.)

Given a smooth map I': (¢,5) € [0,1]2 — ~5(t) € M, defining therefore a
smooth map s € [0,1] — v, € P(M, "), define e{f”m)(so, s) as the solution of
the differential equation:

d

1
b (wm) _ (wm) w 9 0
e 09 = s0.8) [ 0,00 (G0 o))

with initial condition e%w’m)(so, s0) = 1g. In other words

d w,m w,m *
ge%’ )(so,s):e(r’ )(so,s)I‘ (im);

see 3.1.1 for this notation. Note that (by using lemma 31) the curvature of the
I-form ¢ m (in the path space P(M,*,+')) is

foe [ o] - e me o fo]

where M = dm + w A” m is defined as being the 2-curvature 3-form of (w,m).
By using lemma 29, it thus follows that:

Theorem 32 Let M be a smooth manifold. Suppose G = (0: E — G,p) is a
Lie pre-crossed module, with associated differential crossed module & = (9: ¢ —
g,>). Let w € AY(M,g) and m € A%(M,e). Let M = dm + w A” m be the 2-
curvature of (m,w). Suppose that (t,s,z) € D* — T,(t,s) =~%(t) = J(t,s,7) €
M is smooth. Suppose also that 4% (0) = «" and v*(1) = * for each s,z € [0,1].
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We have:

d w,m
— ™ (0, a)

FExplicitly:

d
<°” (0, a)

=[] s 0.0 (S0, S i) et s aaids
w [ [ o ([ amosee (S L) a) g 0,00
m (;m St ) e s s
[ o ([ anwape (L ey ) g 000
( S S (0)) e it
- [ [ oo m (e ) ar.
/0 005 m (;vm aiv?(ﬂ) t] e (s, a)ds
el 50 [ 000 m (G20, Sz d
([ oem (Gt gorw) @) s,

Now note that [[ fdt, [} gdt'] = [ [3[fdt,gdt') + [, [i]fdt,gdt'], and use it
in the fourth term. Consider also the definition of the Peiffer commutators
(u, vy = [u,v] — O(u) > v, where u,v € e. We obtain the following result:

Corollary 33 Under the conditions of the previous theorem, and, furthermore,
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as

suming that O(m)

0
%eg’m) (0,a)

:/ e?w’m)(O s)J
O x

= Q, we have:

0
_ “ (w,m) % o (,) g 2 (w,m) (w,m)
(/0 er.(0,5)J ( wJV[ %Jm* m> (85’ 89:) er. (s,O)ds) er.” ' (0,a)

o () (2) (£ ) (2700

which can also be written as:

9 e

m)
3x (0,a)7"

= ™ (0,0) /O e (0, 5)." (% M- ?f m ) m) (;,i) ™) (5, 0)ds
—T: (f[; m) (zi) o (0,a) 7 + el ™ (0,a) T <7£ m> i). (15)

Explicitly (looking at the first expression):

d

dx

(UJ m) (O a)

e

e
0 0

00000 (520, 500 5220 ) et s s

t o 0
w / I Y /
5) /0gﬂ(O,t)Dm<at/,asvs(t))dt,

w 9 ey O o (w,m)
32 0.0 m (S0, 2o7(0)) ™ (s it

a 1
+/ / v ™ (0
0 0

O [ o5 000m (20, 2o

w 8 x 8 x (wm)
32 0.0 m (S0, S (0)) 7 s i)

+el™ (s,a) /
0

350,00 m ( Sz@). gt a

_</0 (Ot)bm((gt ()a2 ())dt) ™ (s, a).
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Using this last result it follows that:

Corollary 34 The two dimensional holonomy based on a pre-crossed module
(0: E — G,>) is invariant under laminated rank-2 homotopy. More precisely,
if T, are 2-paths which are laminated rank-2 homotopic, and m € A?(M,e)

and w € AY(M,g) are such that (m) = Q = dw + [w,w] then e(rw’m)(o, 1) =
eiff’m)(o, 1). Two dimensional holonomy based on a crossed module (where, by
definition, the Peiffer commutators vanish) is invariant under strong rank-2
homotopy.

Proof. If J(t,s,x) = yZ(t) is a laminated rank-2 homotopy then the right hand
side of the equation in the previous lemma vanishes. If J is a rank-2 homotopy,
then in principle only the first term vanishes, but this is compensated by the
fact that the Peiffer pairing is zero. m

3.2.1 The non-abelian Green theorem and a pre-crossed module map

Fix a pre-crossed module (0: E — G, ), with associated differential 2-crossed
module (9: ¢ — g,>). The next result follows directly from the unicity theorem
for ordinary differential equations:

Lemma 35 (Non-abelian Green Theorem) Let I be a 2-path in M. Let
m € A*(M,e) and w € AY(M, g) be such that d(m) = Q = dw + [w,w]. We then
have:

-1
0 (e(rw’m)(&s/)) g5, =45, for each s,s" €0,1].
Recall that we put I'(t,s) = 7s(t), for each s,t € [0,1] and g= = g2 (0,1).

We also have (combining corollary 34 with the non-abelian Green theorem)
that

Theorem 36 The assignments

Y ESIM) = g7 € G, and ' € Py(M) ’_>el(_‘w,m) cE.

where g% = g% (0,1) and e(rw’m) = e%w’m)(o, 1) define a morphism of pre-crossed

modules. See 2.5.4 for notation.

Proof. What is left to prove is entirely analogous to the proof of theorem 39
of [FMP1]. m

3.3 3-Dimensional holonomy based on a 2-crossed module

Let (L LA RN G,>,{,}) be a 2-crossed module, of Lie groups, and let (I 2,

e 2 g,>, {, }) be the associated differential crossed module. Recall that we have
a left action >’ of E on L defined as e>'l = 1{6(1)~', e}. The differential form of
it is v’ = —{x,v}. Together with the boundary map §: L — E, this defines
a crossed module. This permits us to reduce the analysis of 3-dimensional
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holonomy to the analysis of a 2-dimensional holonomy in the path space, based
on a crossed module. Compare with corollary 33 and [FMP1, FMP2, SW2, BS].

Suppose we are given forms w € A' (M, g), m € A%(M,¢) and § € A3(M,1I).
We suppose that d(m) = Q = dw + [w,w] and §(f) = M = dm + w A” m. Note
that 96(0) = dQ) +w A* Q = 0, as it should, by the Bianchi identity. We define
the 3-curvature 4-form © of (w,m,0) as

O=di+wA” 0 —mAbtm,

where the 4-form m AL} m is the antisymmetrisation of the contravariant tensor
6{m,m}.
Let now J: [0,1]3> — M be such that:

1. 0] (J) = % and 9; (J) = #, where *, %' € M.
2. 82i(J ) are rank-1 homotopies.

Put J(t,s,x) = Ty(t,s) = vE(¢), for each t, s,z € [0,1]. We define lf,w’m’e)(x07m) =
17(zo,x) as being the solution of the differential equation:

0
a—xlj(:xo,a:)

1
_ (w,m) . _ (.} 9 9
lj(xo,x)/o ep.(0,8)>"J (7{9 f;m* m) (85’6x) ds (16)

with initial condition I;(z,2z) = 1. Compare with (15).
3.3.1 The behaviour of the 3-dimensional holonomy on a smooth
family of cubes.

Consider the following (e-valued and [-valued) forms in the path space P(M, *, ),
of smooth paths in M that start in * and finish in *':

A:]{m
B:—f@—i—?{m*{’}m,

and note, see above, that §(B) coincides with the curvature dA + [4, A] =
—fwj\/[—l—fwm*{*} m of A.

Let us calculate the 2-curvature 3-form C' = dB+AA” B (in the path space)
of the pair (4, B). Recall that (9: [ — e,p’) is a differential crossed module.
First of all note that by using the results of 3.1.1 and the Appendix follows:

d/m*{’}m:—]{Dwm*{’}m—i—fm*{’}Dwm—?{m/\{’}m

—f(Q*Dm) *{’}m—i—]{m*{’} (Q*Dm)—/ Q «>2 (m/\{’} m),
w w Q
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where we have used the notation X o (y,2) = (y, X > z), for each X € g and
Y, z € [. By using the fact that the Peiffer pairing is, by definition, g-equivariant,
it thus follows:

C:}I{Dwﬁ—i—]{Q*DH fM*{}m—i—?{m*{}M 7{m/\{}
—fﬂ* mltm j{m*{} (Q %" m)
—fm/\D ]{9+7{m/\‘>,?{m*{’}m

Recall that M = D,m. First note that (by definition of a differential 2-crossed

module):
j{m/\blj{t?:—jgm/\{’}op%éw):—%MA{’}%m
Therefore:
%M*{’}m—&—]{m/\blfez—jgm*{’}opj\/[

We also have (by using equation 6 of the definition of a differential 2-crossed

module):
fQ*DQJr}{m*{’}MqL?{m*{’}DpM:O

Therefore

Now note (by using equation (9)):

%m/\bj{m*{}m fQ/\D?{m*{}
:fj{(m*{} *QQ+%Q*‘> (m «5Y m)
y{m*{} (Q*"m +?{m* ) «Uhm

We have put <'v = —v>'z and <X = —Xp>x., where X € g,v € ¢ and x € [.
In general, given a differential 2-crossed module, we have:

—{a,b}<d(c) = —{a,b} < c = —{6{a,b},c} = —{6{a,c}, b} — {a, [b,c]}
—{a,c} < b—{a,d(b)>c} =a(b)>{a,c} —{a,d(b) > c}
={9(b)>a,c} =—{a<d(b),c}
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we have used equations (6) and (8) and also 5. of the definition of a differential 2-
crossed module. This makes the first and last terms of the penultimate equation
cancel.

Putting everything together, it follows that 2-curvature 3-form C = dA +
A A" B of the pair (4, B) is

C:]{Duﬂ—%m/\{’}mif@,

recall that © = D0 —m AU m = dd+wA” 0 —m ALY m denotes the 3-curvature
4-form of (w,m, #). By using corollary 33 (or [FMP1, FMP2]) follows:

Theorem 37 Let M be a smooth manifold and *,+" € M. Let (L — E —
G,>,{,}} be a 2-crossed module, and let (I — ¢ — g,>,{,}) be the associated
differential 2-crossed module. Choose forms w € AY(M,g), m € A*(M,e) and
0 € A3(M, 1) such that d(0) = M = D,m and d(m) = Q, the curvature of w.

Let W: D* — M be a smooth map such that 0] (W) = +" and 0; (W) = *.
Let W (t,s,z,u) = Ju(t,s,z) = T(t,8) = V(s,0u)(t), where t,s,x,u € [0,1]. We
have:

88u (i ,m, 0)(x’ 2 )

— (w7m,0) / (wm) / * 8 8 a
=1y (x,x)/{ou eru (0,8)' W (](@) <83 3 D )dsdx
l(wmé))mx/ (wm)OSDW* mt)m 3’2 ds
T oz
+<[J 6%‘,im) 0, S W* <f /m*{}m> (888’51,) ds> lSw,m,9)($7x/).

Corollary 38 Three dimensional holonomy based on a 2-crossed module is in-
variant under rank-3 holonomy, restricting to laminated rank-2 holonomy in the
boundary. More precisely if J and J' are 3-paths which are rank-3 homotopic
(with laminated boundary) then

as long as 0(0) = M = D,m and O(m) = Q, the curvature of w.

3.3.2 The holonomy of the interchange 3-cells

Fix a 2-crossed module (L — E — G,>,{,}} with associated differential 2-
crossed module (I — ¢ — g,>, {,}). As before, consider differential forms w €
AY(M,g), m € A?(M,e) and 6 € A3(M, 1) such that 9(f) = M and d(m) = Q,
where as usual Q = dw + [w,w] = dw + 3w A* w and M = dm +w A" m

Let I and T be two 2-paths with 9] (T") = 9, (T').
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Theorem 39 (The holonomy of the interchange 3-cell) We have

w,m,0 w,m w,m -1 w w,m
ll(“#l“’ = ( ! {(65“ )> o5 (1) > 6%’ )

Proof. Let J = I'#I" be the interchange 3-path. Let v = 05 (T'). Let F(s) and
F’(s) be the paths v5 and ~., respectively, for each s € [0,1]. As usual v4(t) =

I'(t,s) for each s,t € [0,1], and the same for v.(¢). Put e(z) = e%‘”’m) (0,z),
e = e(1) and f(z) = e(F“,)’m)(O,x). Also put I(z) = lf;”’m*")(o,a:). As usual

9v. = 95, Recall g, = d(e(s))"tg,.
By a straightforward explicit calculation using equation (16) and the explicit
form of J = I'#I" indicated by figure 1 we have:

d
@1(517)

~ (o) | 1(97>f(x))6(s)>’{F* ([m) (5:) amr (fm) ()} as

(we have used the fact that the interchange 3-cell is has derivative of rank < 2).
By using 4. of the definition of a 2-crossed module this simplifies as:

%l(ﬂf)

~i) [ (g2 (@) {eor ([m)(5)oor (fm) (5) o
o s ([2) () o (L) ()]

On the other hand, by equation (2) and the definition of f(z) we have:

St~ son e ({) ()

e )0 s (e (f ) (2]

thus in particular (recall lemma 4)

ds
(17)

-1

dieb’ {efl,g,ybf(x)}
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The last equation follows from 4. of the definition of a 2-crossed module together
with lemma 8. Now:

b o () (8) s o= () (&)

Therefore:

& e oo () () )
oo (L) (@)oo (£) (2)) )
o ([n) () oo () (2)) )

Integrating over s and comparing with equation 17, by recalling that d(e~*(s))g, =
g~, (lemma 35), and by using lemma 6 we can see that

ev' {e ! (z),9,> f(x)} ! = 1;(x), for each z € [0,1],

this finishes the proof of the theorem. m

3.3.3 The non-abelian Stokes theorem and the end of the proof of
Theorem 27

Fix a 2-crossed module (L — E — G,>,{,}} with associated differential 2-
crossed module (I — e — g, {, }).

Similarly to the non-abelian Green theorem, the following follows directly
from the unicity theorem for ordinary differential equations:

Lemma 40 (Non-abelian Stokes Theorem) Let J be a 2-path in M. Con-
sider differential forms w € AY(M,g), m € A*(M,e) and 6 € A3(M,1) such
that 9(0) = M and O(m) = Q. We then have:

-1
P (Zgw,M,Q) (.’I}, J}l)) eul;):n _ ecf‘J{,Tn

recall that we put J(t,s,x) = Tx(t,s), for each t,s,x € [0,1]. In addition

e;j;m = e?;m((), 1).

By combining all that was done in this section, it thus follows that the
assignment
7681(M)»—>g§ € G,

T e So(M) — (g5 oy et™)

and

J e Sg(M) — ( (w,m) lSw,m,O))

9o; (1) €05 (4)’
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defines a strict Gray 3-groupoid map (definition 13)

(w,m,0)
H :83(M) — C(H),

where C(H) is the Gray 3-groupoid constructed from G. What is left to prove
is completely similar to the proof of theorem 39 of [FMP1].

4 An application: Wilson 3-spheres

4.1 Complete Whiskering

Let J be a 3-path with J(0D?) = {+'}. Given a 1-path v with 9; (y) = * and
07 () = #', let v.J be the 3-path obtained by filling {z € D3, |z| < 1/2} with
J and the rest of the cube D? with v, in the obvious way. This corresponds to
the standard way to define the action of the fundamental groupoid of M in the
homotopy group m3(M, x"). Note that +..J is well defined up to rank-3 homotopy
with laminated boundary.

Lemma 41 We have:

w,m,0 w w,m,0
lEy-J ) = g5 > lS ),
Proof. Follows by the definition of lgw’m79), noting that what was added to J

has derivative of rank < 1, together with the identity
g (ed'l)=(g>e)p (grl), where g€ G,e€ Eand l € L,

valid in any 2-crossed module. m

4.2 The definition of Wilson 3-spheres observables

Let (L — E — G,>,{,}} be a 2-crossed module with associated differential
2-crossed module ([ — ¢ — g,>, {, }). Consider differential forms w € A'(M, g),
m € A?(M,¢) and 6 € A3(M, 1), as usual such that 9(6) = M and d(m) = Q.

Let M be a manifold. Let also S C M be an oriented 3-sphere S3 embedded
in M. Consider an orientation preserving parametrisation J: D3/0D? = §3 —
S C M of S. Consider

W(S,w, m,0) = lgw,m,e) ckeré C L,

(recall the non-abelian Stokes Theorem), called the Wilson 3-sphere observable.
We have:

Theorem 42 The Wilson 3-sphere observable does not depend on the parametri-
sation J up to acting by elements of G. If S* denotes S with the reversed
orientation we have W(S*,w, m,0) = (W(S*,w,m,0)) "
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Proof. The second statement is immediate from Theorem 27. Let us prove the
first. Let J,J': D3/0D? be orientation preserving parametrisations of S. Let
J(OD3) = * and J'(0D?) = #'. Consider an (ambient) isotopy W: D3 x I — S
connecting J and J’, recall that the oriented mapping class group of S3 is
trivial. Let vy(x) = W(0D?3,z), a smooth path. Obviously (by using W) J is
rank-3 homotopic, with laminated boundary, to v.J'; see subsection 4.1 for this
notation. The result follows from lemma 41 together with corollary 38. m

5 Appendix: Iterated integrals and Chen forms

Fix a manifold M. Given a vector space U, we denote the vector space of U-
valued differential n-forms in M as A"(M,U). Let V and W be vector spaces.
Suppose we have a bilinear map B: (u,v) € U x V +— uxv € W. If we are
given U and V valued forms o € A%(M,U) and B € A*(M,V) we define the
W-valued (a + b)-form a AP 3 in M (also denoted a A* 3) as:

(a+0b)!
alb!

anBp= Alt(a @P B) € A"TP(M,W).

Here o ®P 3 is the covariant tensor B o (o x 3) and Alt denotes the natural
projection from the vector space of W-valued covariant tensor fields in M onto
the vector space of W-valued differential forms in M. Note that if B°P denotes
the bilinear map V' x U — W such that B°P(v,u) = B(u,v) then

BAB” o= (=1)%a nB a.
On the other hand if we define J(w) = (—1)""w, where w is an m-form, we will

continue to have d(a A 8) = (da) AB B+ J(a) AP dS.

5.1 Iterated integrals

For details see [Ch, BT]. Let U be an open set in some R". Let wq,...,w,
be forms in A" TR x U, W;), for i = 1,...,k, where W; are vector spaces.
Suppose we are given bilinear maps V; x W;11 — W,11, say (v,w) — v * w.
Given —00 < a < b < 400, we define a = f;wldt = f;wl as being the
Wi-valued ni-form in U such that

b 0
a(vl,...,vm):/ w1 (mavla"'aan)dt'

Having defined the W,,-valued (ny + ...+ n,, )-form f; W1 * ...k wy,dt, then the

Wing1-valued (ny + ...+ ngy, + nyppr)-form f; W1 * ...k W dt 18
b b t
y{wl*...*wmﬂz/ (7{ W1*...*wmdt/>/\*Lé)@t(wm+1)dt,
a a a
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where ¢x (w) denotes the contraction of a form w with a vector field X. Some-
times parenthesis may be inserted to denote the order in which we apply bilinear
maps (if not the order above).

For simplicity (but with enough generality for this article), suppose that all
forms w; vanish when ¢ =0 and ¢ = 1. Given a b € [0,1], let wy, = 7} (w), where
rp(x) = (b, z) for each x € Y. As in [Ch] we can prove that:

b b b d b
d%w:—/(Lgdw)dtJr/ —wtdt:wawof/(bgdw)dt (18)
0 0o 7 o dt o
b
=wp —f (dw)dt. (19)
0

In general we have (by induction):

b m b
d?{ wl*...*wmdt:Z(—l)i% Jwy koo Jwi—g ok (dw;) * wigq * ...k wpy
0 = 0
m—1 b
+ Z(fl)l]{ Jwy sk oox Jwiog ok (Jwi A" wig1) * Wiga k..o % Wiy
i=1 0

b
_(—Dm<%;J@ﬂ*.”*J@%_Q>A*ﬁ@%J (20)

For a proof see [Ch].
From now on we use the following convention

1
%wl*...*wn:f w1 k... ok wydt.
0

5.2 Forms in the space of curves

Let M be a smooth manifold. Let P(M, x) denote the space of all smooth curves
~v:[0,1] — M that start at . Recall that a plot is a map F': U —P(M, ), such
that the associated map F’': I x U — M given by F'(t,x) = F(x)(t) is smooth;
see [Ch].

By definition a p-form « in P(M,x) is given by a rule which associates
a p-form F*(«) in U to each plot F: U — P(M,x), satisfying the following
compatibility condition: For any smooth map g: U’ — U, where U’ is an open
set in some R™, we have (F o ¢g)*(w) = ¢*(F*(w)), in U’. The sum, exterior
product and exterior derivative of forms in the space of curves are defined as:

F* o+ B) = F*(a) + F*(B), F*(anp)=F(a) NF*(B), F*(da) = dF"(a),

respectively, for each plot F': U — P(M, x).
Let wy,...,wy, be forms in M of degrees a; + 1, for i = 1,...,n. Then we
define a aj + ...+ a,-form § wy *...*w, in the path space P(M, ) by putting:

P(fm*m*%>:fww@gx”upfwﬂ
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