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Higher gauge theory with string 2-groups

GETACHEW ALEMU DEMESSIE AND CHRISTIAN SAMANN

We give a complete and explicit description of the kinematical
data of higher gauge theory on principal 2-bundles with the string
2-group model of Schommer-Pries as structure 2-group. We start
with a self-contained review of the weak 2-category Bibun of Lie
groupoids, bibundles and bibundle morphisms. We then construct
categories internal to Bibun, which allow us to define principal 2-
bundles with 2-groups internal to Bibun as structure 2-groups. Us-
ing these, we Lie-differentiate the 2-group model of the string group
and we obtain the well-known string Lie 2-algebra. Generalizing the
differentiation process, we find Maurer-Cartan forms leading us to
higher non-abelian Deligne cohomology, encoding the kinematical
data of higher gauge theory together with their (finite) gauge sym-
metries. We end by discussing an example of non-abelian self-dual
strings in this setting.
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1. Introduction and results

Higher gauge theory [I], 2] is an extension of gauge theory which allows for a
consistent and non-abelian parallel transport of extended objects, avoiding
various naive no-go theorems [3]. It is particularly interesting in the con-
text of string theory, as it may be a good starting point for developing a
description of M5-branes, see e.g. [4].

One of the most important open problems in this context is the lack
of solutions to higher gauge equations which are truly non-abelian. More
specifically, no higher principal bundle with connection is known that is not
gauge equivalent to a trivially embedded abelian gerbe with connection. This
is particularly unfortunate because knowing such a solution would lead to
immediate progress in higher gauge theory, both on the mathematical and
the physical side.

Obvious solutions to look for are higher gauge theoretic versions of
monopoles and instantons. Indeed, higher twistor descriptions of potential
such solutions have been successfully developed [5H7], but these have not
led to new solutions so far. Candidates for non-abelian self-dual string so-
lutions within higher gauge theory were constructed in [§], but these have
the disadvantage that they either do not satisfy the so-called fake-curvature
conditionlﬂ or partially break the original gauge symmetry of the higher prin-
cipal bundle.

It is therefore important to consider generalizations of the current for-
mulations of higher gauge theory which do allow for interesting solutions.
One such generalization has been proposed in [9], where spacetime was re-
placed by a categorified space. Here, we develop higher gauge theory with
smooth 2-groups, which are 2-groups internal to the weak 2-category Bibun
of Lie groupoids, bibundles and bibundle morphisms. We focus our atten-
tion in particular on the smooth 2-group model of the string group given by
Schommer-Pries [10].

This 2-group model of the string group is interesting for a number of rea-
sons. First, recall that the most relevant examples of non-abelian monopoles
on R? and instantons on R* form connections on principal bundles with
structure group SU(2), where this gauge group is intrinsically linked to the
spin groups Spin(3) = SU(2) and Spin(4) = SU(2) x SU(2) of the isotropy
groups SO(3) and SO(4) of the underlying spacetimes. Correspondingly,

IThis condition guarantees that the parallel transport of extended objects is in-
variant under reparameterizations. One might, however, argue that for the simplest
self-dual strings, this condition becomes irrelevant.
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one might expect the higher version of the spin group, the string group,
to be relevant in the description of higher monopoles and instantons. Other
evidence originating from an analysis of the topological part of the M5-
brane world-volume action [4] suggest that the string group of Eg might
be the appropriate choice. There is further ample motivation from both
physics and mathematics for being interested in higher gauge theory with
the string group, stemming from the connection to 2-dimensional supersym-
metric sigma-models and elliptic cohomology. For a more detailed account,
see [10].

Our goal in this paper is thus to describe explicitly the kinematical
data of higher gauge theory with the smooth string 2-group model as gauge
symmetry structure. In particular, we will need to develop the appropriate
notion of principal bundle, connection and corresponding gauge transforma-
tions. We intend to use our results as a starting point for finding higher
monopole and instanton solutions in future work.

Principal bundles with smooth structure 2-group can be defined in (at
least) two ways. First, we can regard them as certain smooth stacks over the
base manifold, as done in [I0] and we review and explain this definition in
our paper. Second, we can give a description in terms of generalized cocycles
with values in the string 2-group. This requires us to introduce the notion
of a category internal to the weak 2-category Bibun together with weak
internal functors. The resulting internal category trivially contains ordinary
categories internal to the category Mfd*® of smooth manifolds. We can then
define a principal 2-bundle as a weak functor from the Cech groupoid of the
relevant cover of the base manifold to the delooping of the smooth 2-group.
Both approaches are equivalent, but we will mostly use the latter one as it
leads to a convenient description of gauge theory.

As shown in [I1], the notion of smooth 2-group is in fact equivalent to a
Lie quasigroupoid, or (2,0)-category internal to Mfd>°, with a single object,
which is defined in terms of Kan simplicial manifolds. As far as we are
aware, this is the most general reasonable notion of Lie 2-group available in
the literature today. In particular, smooth 2-groups contain ordinary groups
as well as strict 2-groups. Our notion of principal 2-bundle is therefore very
comprehensive and as we show in some detail, special cases include ordinary
principal bundles as well as principal bundles with strict structure 2-groups.

Introducing a connection on these principal 2-bundles is more work,
as it also involves the Lie 2-algebra of the underlying smooth 2-group. To
simplify our computations, we lift the string 2-group model to a weak 2-
group model by introducing preferred horn fillers in the underlying Kan
simplicial manifold.
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Having defined principal smooth 2-group-bundles, we can readily use an
approach by Severa [12] for this purpose. Here, the higher Lie algebra of a
higher Lie group arises from the moduli space of functors from the category
of manifolds Mfd* to descent data for principal bundles with the higher
Lie group as structure group over surjective submersions N x RO — N,
N € Mfd*°. Following this approach, we successfully differentiate the smooth
2-group model for the string group and the resulting Lie 2-algebra is indeed
the well-known string Lie 2-algebra.

Given a Lie 2-algebra, we can immediately derive the local description
of higher gauge theory with the string 2-group together with infinitesimal
gauge transformations from appropriate homotopy Maurer-Cartan equations
on some L,-algebra and their infinitesimal symmetries.

To glue together these local connection forms to global objects, however,
we also need the explicit form of finite gauge transformations. These can
be obtained by extending Severa’s differentiation approach. Coboundaries
between the descent data for equivalent principal bundles induce equivalence
relations on the moduli space of functors, which directly translate into finite
gauge transformations of the connection forms. From these we can glean a
full description of the kinematical data of higher gauge theory with the string
2-group. Put in mathematical terms, we obtained a very explicit description
of the second Deligne cohomology group with values in the smooth string
2-group model.

As an application, we discuss examples of solutions to the non-abelian
self-dual string equations. Due to the form of the string Lie 2-algebra, these
solutions still reduce to the well-known abelian ones, if the fake curvature
condition is imposed. A more comprehensive study of self-dual string solu-
tions using smooth 2-groups is postponed to future work.

In this paper, we have tried to be rather self-contained in our presen-
tation to facilitate access to concepts and methods that might not be very
well-known as of now, such as the weak 2-category Bibun, Segal-Mitchison
group cohomology and the extension of Severa’s differentiation process lead-
ing to gauge potentials and their finite gauge theories.

Finally, a remark on our notation. As in [10], we work with left-principal
bibundles which encode morphisms from a Lie groupoid H to some Lie
groupoid G and for which the (left-) action of the morphisms of G onto the
bibundles is principal. In general, we try to use a consistent right-to-left
notation, but we still write B : H — G for a bibundle from H to G as well
as B € Bibun(#,G).
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2. The weak 2-category Bibun
2.1. Bibundles as morphisms between Lie groupoids

To discuss gauge theories, we will have to describe various group actions on
fields. Such actions are most naturally captured in the language of groupoids.

Definition 2.1. A groupoid is a small category, in which every morphism
is invertible.

The idea here is that the objects of a groupoid describe a set that the
morphisms act on. A prominent example is the groupoid arising from the
action of a group G on a set X. The action groupoid X//G has objects X
and morphisms X x G. We define source and target maps on the morphisms
as s(z,g) = x and t(z,g) = g > x; the identities are given by id, = (x, 1g).
Composition is defined for pairs (z,g) and (Z, §), if t(z, g) = & and we then
have (z,g) o (Z,9) = (,99)-

If we are merely interested in the group G itself, we can consider the
case where X is the one-element set X = % on which G acts trivially. This
yields the so-called delooping BG = (G = ) of a group G, with the elements
of G forming the morphisms. Composition of morphisms is here the group
multiplication and the embedding of * in the morphisms yields the unit in G.

To define groupoids with more structure, we use the concept of internal-
ization. Essentially, the objects and morphisms of a category internal to a
category % are objects of ¢, while the structure maps consisting of source,
target and composition are morphisms of €. In particular, we can consider
groupoids internal to Mfd*°, the category of smooth manifolds and smooth
morphisms between them.

Definition 2.2. A Lie groupoid is a groupoid internal to Mfd>.

That is, the objects Gy and morphisms G; of a Lie groupoid G are smooth
manifolds and the structure maps s, t, o, id are all smooth. Since Mfd> does
not have all pullbacks, we also have to demand that s and t are (surjective)
submersions. Otherwise, the domain of the composition morphism, G; thz
G1, might not be a manifold. A ubiquitous example of a Lie groupoid is the
delooping BG = (G = %) of a Lie group G.

Lie groupoids and the functors internal to Mfd®® between these form
the category of Lie groupoids. We will be interested in an extension of this
category to a weak 2-category, in which the morphisms between groupoids
are generalized to bibundles.
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Definition 2.3. A (left-) principal bibundle from a Lie groupoid H =
(H1 = Hop) to a Lie groupoid G = (G1 = Gyp) is a smooth manifold B to-
gether with a smooth map 7: B — Gy and a surjective submersion o : B —

Ho

(1) gl\go V B\‘;H

Moreover, there are left- and right-action maps

(2) G xgl B—B and Bx{ Hi— B,

which satisfy the following compatibility relations

(i) 91(g2b) = (g192)b for all (g1, g2,b) € G X, G1 xg, B;
(i) (bh1)he = b(hyhs) for all (b, h1, ha) € B x3;° Hy x5, Ha;
b 1dH( b)) = b and idg(7(b)) b = b for all b € B;

g(bh (gb)h for all (g,b,h) € Gi xg| B x5;. Ha;

(iii

)

)

(iv)

(v) The map Gi xg' B — B x3, B : (g,b) (gb,b) is an isomorphism
(and thus the Q’l action is transitive).

Analogously, one defines right-principal bibundles. All bibundles in this pa-
per will be left-principal bibundles and we will always clearly mark the
surjections ¢ in our diagrams by a two-headed arrow —».

The generalized maps between Lie groupoids encoded in (equivalence
classes of) bibundles are also called Hilsum-Skandalis morphisms [13]. The
maps o and 7 should be regarded as source and target maps and the mor-
phisms between hg € Hp and gg € Gy are given by elements b € B with
o(b) = hg and 7(b) = go. The morphisms between morphisms h; € H; and
g1 € Gy are then given by the principal left-action. We will return to this
point shortly.

Bibundles contain ordinary functors between Lie groupoids as follows.

Definition 2.4. Consider a morphism of Lie groupoids ¢ = (¢0,A¢1) be-
tween Lie groupoids ‘H and G, ¢o.1 : Ho,1 — Go,1- The bundlization ¢ of ¢ is
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the bibundle

¢07 g]_

o N NS

where t is the target map in G and = is the obvious projection. The actions
of G; and H; on ¢ are given by

(4) g'(z,9) == (x,g'0og) and (z,9)h:= (s(h),g0 ¢1(h))

for g,¢' € G1, h € Hy and (z,9) € ¢.

There is now a nice characterization of bibundles arising from bundliza-
tion, cf. e.g. [14} [15]:

Proposition 2.5. Given a bibundle B : H — G between Lie groupoids G
and H, the map o : B — Hy admits a smooth (global) section if and only if
B is isomorphic to a bundlization.

Proof. Assume that gZA) is a bundlization of a functor ¢. Then a section 7 :
Ho — B of 0 : B — Ho is given by v(ho) = (ho,1dg,(n,))- Conversely, given
a section -y, we define a functor ¢ = (¢g, ¢1) by putting ¢g(ho) = 7(v(ho)).
The map on morphisms ¢; : H; — G; is defined via its left-action

() ¢1(h1)y(s(hn)) := y(t(h1))

for all h; € H;. Because this action is principal, this fixes ¢1(h1) uniquely
Note that s(¢1(h1)) = do(s(h1)) because the left-action is a map Gy xg’

B — B. Similarly, we have ¢;(idp,) = idg,(s,) due to axiom (iii) in the
definition of bibundles and t(¢1(h1)) = t(¢1(h1)v(s(h1))) = 7(y(t(h1))h1) =
7(v(t(h1))) = ¢o(t(h1)). Composition is by Definition compatible with
the resulting functor ¢. O

Note that in the proof above, the construction of a section from a functor
and that of a functor from a section are inverses of each other. In particular,
if one starts from a section 7 from a functor ¢, the reconstruction of a functor
from the bundlization qg and the section - returns the original functor ¢.
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Let us now list a few instructive examples of bibundles. We evidently
have the identity bibundle from a Lie groupoid H to itself,

() \/\/

which is the bundlization of the identity functor of Lie groupoids. More-
over, bibundles include smooth maps between manifolds and Lie group ho-
momorphisms via bundlization. Inversely, a bibundle between discreteﬂ Lie
groupoids X = X and Y = Y reduces to a morphism X — Y, as condi-
tion (v) in the definition implies that the total space of the bibundle is X.
That is, bibundles between discrete Lie groupoids arise from a bundliza-
tion of smooth maps between manifolds. Similarly, bibundles between Lie
groupoids H = (H = %) and G = (G = *) for Lie groups H and G arise from a
bundlization of a smooth functor corresponding to a group homomorphism.

Another non-trivial example is a principal G-bundle over a manifold X
where G is an ordinary Lie group, which can be regarded as a bibundle
between the Lie groupoids X = X and G == . For a very detailed review
on Lie groupoid bibundles, see also [16].

Definition 2.6. A bibundle map between bibundles B and B’ between
Lie groupoids H and G with structure maps (o,7) and (o/,7') is a map
¢ : B — B’, which is biequivariant. That is, c’o¢ =0, 70 ¢p =7, and ¢
commutes with the H and G actions.

Bibundles between Lie groupoids H and G together with bibundle maps
form the category Bibun(#,G). Note that we can also compose bibundles
using the notion of coequalizelﬂ Given two bibundles B : H — G and B’ :
£ — H, we have the coequalizer

(7) B x§; H1 x5, B'= Bxj" B'» B® B,

where the maps denoted by the double arrow are the left- and right-actions
of H1 on B’ and B, respectively. The coequalizer is therefore the bibundle

2By discrete, we shall always mean categorically discrete, i.e. no morphisms be-
yond the identities, and not topologically discrete.

3see Appendix
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given by the quotient by the diagonal action,
(8) B® B' = (B xy, B')/H1,

where H; acts on B xy;, B’ as h: (b,b') = (bh, h~1¥). This composition is
associative only up to a natural isomorphism of bibundles. For more details,
see [16 [17].

With this composition, the categories Bibun(#,G) extend to a weak 2-
category.

Proposition 2.7. There is a weak 2-category consisting of Lie groupoids
as objects, bibundles as morphisms and bibundle maps as 2-morphisms. We
denote this weak 2-category by Bibun.

Note that the strict 2-category consisting of Lie groupoids, smooth func-
tors and natural transformations, which is a subcategory of Mfd>°Cat, the
strict 2-category of categories, functors and natural transformations internal
to Mfd>°, is also a subcategory of Bibun. The embedding of the objects is
trivial and that of smooth functors is given by bundlization. Maps & between
bibundles (;AS and 1[1 between Lie groupoids H and G,

<13 = Ho ng,s Gi
/ \
\ /

)= Ho x5 G

9) g1 —=Go

i

are compatible with the right actions involving ¢, and ;. Therefore, they
have to be of the form & : (h,g) — (I, g’) := (h,ga(h)), where a(h) € G
encodes a natural transformation « between ¢ and . This directly implies
the following, cf. e.g. [18]:

Proposition 2.8. Bibundle morphisms between bundlizations gg and 1,2 are
in one-to-one correspondence with natural transformations ¢ = .

We now come to the definition of equivalent Lie groupoids via weak
1-isomorphisms in Bibun.
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Definition 2.9. A bibundle equivalence is a bibundle B € Bibun(#, G),
which also defines a bibundle B~! € Bibun(G,H) by reversing the roles of
o and 7. Two Lie groupoids G and H are equivalent, if there is a bibundle
equivalence between them.

Note that the weak 2-category Bibun can be regarded as the 2-category of
“stacky manifolds.” In particular, Lie groupoids are presentations of smooth
stacks. In this context, bibundle equivalence amounts to Morita equivalence.

As an example, consider the action groupoid G = G x G = G for some
Lie group G. We shall see soon that this groupoid can be regarded as a
Lie 2-group and corresponds to the crossed module G Y4 G. This action
groupoid is Morita equivalent to the trivial Lie groupoid * = % and the
bibundle equivalence reads as

(10) G\G/G\/

where 7 is the identity and o is trivial. For another example, consider the
Cech groupoid U2 = U of a cover U := U;U; of a manifold X, where U2 :=
U;;U; N U;. This Lie groupoid is equivalent to the manifold X itself:

N U[2\ U/U\X/X

2.2. Smooth 2-groups

The smooth 2-groups we are interested in are in fact 2-groups internal to
the weak 2-category Bibun. Therefore, we now give a brief review of smooth
2-groups. For more details, see [10, [19].

Definition 2.10. A 2-group is a weak monoidal category in which all mor-
phisms are invertible and all objects are weakly invertible.

That is, a 2-group is a category ¥ endowed with a unit e and a bifunctor
® : € X € — €, which satisfiese ® a X a and a® e = a as well as (a ® b) ®
c>a® (b®c), where the isomorphisms are given by the left- and right-
unitors lg, re and the associator a. These have to satisfy the usual coherence
axioms, cf. e.g. [10].
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To define smooth 2-groups, we now internalize 2-groups in the weak 2-
category Bibun, see also Appendix [A]for a brief review of 2-group objects in
a weak 2-category.

Definition 2.11. A smooth 2-group in the sense of [10] is a 2-group object
in Bibun.

As shown in [20], this definition is equivalent to the canonical definition of
a Lie 2-group in terms of simplicial manifoldsﬁ

Explicitly, a smooth 2-group is given by a Lie groupoid G together with
a bibundle m : G x G — G and a bibundle id : (x = %) — G as well as bibun-
dle morphisms a, | and r. The bibundle morphisms have to satisfy certain
coherence axioms, cf. Appendix [A]

This definition of smooth 2-groups subsumes a large number of other
notions, as explained in detail in [I0]. Here, we just summarize the most
important examples. First, a Lie group G, regarded as a Lie groupoid G = %
is a smooth 2-group. The monoidal product is the group product in G,
which is promoted to a functor of Lie groupoids and then bundlized. Second,
crossed modules of Lie groups H e give rise to strict Lie 2-groups, which
are special smooth 2-groups, as follows. Consider the groupoid G x H = G,
with structure maps

(12a) s(9,h) :=g, t(g,h):=0(h)g and id(g):= (g, 1n).

Composition of morphisms is defined by

(12b) (O(h)g, ') o (g,h) = (g, h'h)

and the tensor product on morphisms is given by the semidirect group action
on G x H,

(12¢c) (9,h) @ (¢, 1) :== (99 h(g> 1)) and g®g =gg,

where ¢g,¢' € G, h,h/ € H and >: G x H — H is the action in the crossed
module of Lie groups. One can even show categorical equivalence between
crossed modules of Lie groups and strict Lie 2-groups [19].

Finally, weak Lie 2-groups, i.e. weak 2-groups internal to Mfd°°Cat are
also examples of smooth 2-groups.

4Here, a Lie 2-group is a Kan complex with one 0-simplex and unique horn fillers
for n-simplices with n > 3, cf. [21].
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2.3. Categories internal to Bibun

In order to define principal 2-bundles with smooth structure 2-groups, we
will need the notion of a category internal to Bibun. Recall that a category
internal to a category with pullbacks % is a pair D = (Dy, D7) of objects
in € together with source, target, identity and multiplication morphisms
in ¥ such that the usual compatibility conditions between these structure
maps for categories hold. Fully analogously, one defines internal functors
and internal natural transformations.

The concept of an internal category has been weakened in the past to
allow for categories internal to strict 2-categories [22]. Here, we need a slight
extension to weak 2-categories to define categories internal to Bibun.

A more technical issue is that of pullbacks which do not all exist in
Bibun, similarly to the case of Mfd®°. We can circumvent this problem by
introducing the notion of transversality.

Definition 2.12 ([10, Def. 28]). Let #;2 and G be Lie groupoids and
Bi2:Hi2 — G be principal left-bibundles. Then By 2 are transverse, if the
maps By — G are transverse mapsﬁ

We then have the following proposition.

Proposition 2.13 ([10, Prop. 31]). Let Hi2 and G be Lie groupoids
and B2 : Hi12 —+ G be transverse principal left-bibundles. Then the pullback
H1 xXg Ha exists in Bibun.

With this notion, we are now ready to define categories internal to Bibun.

Definition 2.14. A category % internal to Bibun is a pair of Lie groupoids
%o and %) together with bibundles

(13) s,t: 61 :?Cgo, idt(fo—)(gl, B.: % Xcsé’;z %1—)%1,

called the source, target, identity and composition morphisms, respectively.
We demand that s and t are transverse, which guarantees the existence of the

SRecall that two maps f: X — Z and g : X — Z are transverse, if the sum of
the pushforwards of 7,X along f and 7,Y along g amounts to the full tangent
space Ty Z = Ty Z for all p,q with f(p) = g(q).
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pullback %1 xffz %1. The following diagrams are required to be commutative:

G~ G X, G ——— Go—2 >
(14) t B. s \ st
650 t cgl > (g() %0

We also have bibundle isomorphisms a, | and r defined in the commutative
diagrams
(15)
s,t s,t
X X,
G xg, G xg, O idx1 1xid
B.x1 1% B, Cgo X%y %1 4>(51 X%, Xcgl%%l X, %()

s,t a s,t / \
(51 X‘Ffo ‘51 (51 X%po cgl

B.
pry pry

“1

called the associator, the left- and right-unitors, respectively. Coherence of

the associator and the unitors amounts to the (internal) pentagon identity,
(16a)

[BC®(1><BC)]®(BC><1><1)

(a®1)o (a®1)o

B.® [(Bex 1) ® (Be x 1 x 1)] B.® [(1 x B)® (1 x1x B)]

Hl@(axl) (1®(1><a))o%”

Be® [(Bex 1)@ (1x Box 1)] —22= L [B, & (1x B)] & (1x Bex 1)

as well as the (internal) triangle identity,
(16b)

[B.® (B. x1)] @ (1 xid x 1) [Be® (1 x B)] ® (1 xidx 1)

(1®M (10(1x1))o
B

c

(ax1)®1
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In the above diagrams, we suppressed arrows for the isomorphisms = be-
tween bibundles arising from the non-associativity of horizontal or bibundle
composition ® in Bibun.

Analogously, we now define internal functors.

Definition 2.15. Given two categories ¥ and & internal to Bibun, an
internal functor ® : € — Z consists of bibundles ®q; : 65,1 — %1 and bi-
bundle isomorphisms ®;. and ®3;q such that the following diagrams
(2-)commute:

(17)
O ———b~—F—% C1 X%, €1 61 %o 61
P, [oR P, @lx(pl‘/ o, @2, b,
‘@1 s ‘@O t 90 D X 9y D D 90 id D

The bibundle morphisms have to satisfy coherence axioms which amount to
the following commutative diagramsﬂ

(18a)
<I>1 X (I)l B X 1
B, @ [(Bex 1) @ (®1 x &1 x D1)] P ® (Be x (Be x 1))
aoN\H \Hl@a
[Be® (1 x B)] ® (@1 x @1 x &) ®1 ® (Be x (1 x Be))

1@%& %

<I>1><(I)1 1><B

6Note that in these diagrams, the structure 1- and 2-morphisms in ¢ and 2 are
labeled by the same symbols.
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and
(18Db)
[ (@1 x 1) ® [(1 xid) ® (1,s)]]
B.® [(1 xid) ® [(®1 x o) @ (1,5)]] [®1® Be] ® [(1 xid) ® (1,s)]

~

\
/ (110

® [(d x 1) ® [(®o x 1) @ (t,1)]] (@1 ® Be] ® [(id x 1) @ (t,1)]

1®m 00%

[ CI)l X (I)l [(ld X 1) (t, 1)]]

=
/X
o
[

\
N
o
o
[

where we again suppressed additional arrows for isomorphisms arising from
the non-associativity of horizontal composition in Bibun. Moreover, we write
(B1, B2) for the morphism (B; x Bs) o A, where A is the diagonal morphism
A : G — G x G. The first diagram contains bibundles from 6 x¢, 61 x¢, 61
to 2, while the second diagram contains bibundles from %) to %;.

And we finish with internal natural transformations.

Definition 2.16. Given two internal functors ® and ¥ between categories
% and 2 internal to Bibun, a natural transformation 5 : ® = ¥ consists of
a bibundle 6y — %) together with a bibundle isomorphism (5 rendering the
diagrams

(19)
‘1/0 ‘I)() ﬂ
A (BL1®t,P1) y B,
'@0 t ‘@1 s ‘@0 .@1 X .@1 Be @1

(2-)commutative. In addition, we have coherence rules amounting to the
commutative diagrams
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(20a)
B.® [(Bex 1)@ [(¥1 x f1 x @1) @ (1 % (t,1))]]

ao=

1®(B2%x1)

[Be@ (1x Be)] @ [(¥1 % B1 x ®1) @ (1 x (t,1))]

2o(1QR(1X32))o B, ® [(BC X 1) ® [(51 x &1 x (Dl) & (('C7 1) X 1)]]

[BC(X) (1 X Bc)] & [(\Ifl x Wy x ﬂl) ® (1 X (175))] ao
a~t [Bc X (1 X BC)] ® [(ﬂl x &1 x <I>1) X ((t7 1) X 1)]
[B.® (Be x 1)] @ [(¥ x 1 x 1) ® (1 x (1,5))] (160(1% Py, ) )0

[(B1 x ®1) ® [(1 x Bo) @ ((t,1) x 1)]]

(18 (Ws,. X 1))02 /

Be® [(W1 % f1) ® [(Be x 1) Ls))]]

(20b) Be® [(id x 1) ® (o, B1)] [(1 xid) ® (81, ®o)]
1®(\I]2'id><1)ﬂ ﬂ/l(@(lx(blid)

Be® [(¥1 x 1) ® (id, f1)] === B ® [(1 x &1) @ (B1,id)]

The first diagram describes isomorphisms between bibundles from %) X,
%1 to 21 and on this Lie groupoid we have (1 x (t,1)) = ((1,s) x 1). The
second diagram describes isomorphisms between bibundles from % to %
and involves the bibundle isomorphism

(21)  Bo®idiq: Be® (81 ®t,®1) ®id) = B ® (U1, 51 ®s) ®id).
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3. Smooth 2-group bundles
3.1. Ordinary principal bundles

Recall that given a smooth manifold X € Mfd*, the (generalized) bundles
over X are objects in the slice category[] Mfd>/X. That is, a generalized
bundle is a smooth manifold P with a smooth morphism P — X.

To obtain a principal bundle P over X with structure Lie group G,
we have to demand that there is a principal group action of G on P and
that the bundle is locally trivial with typical fiber G. The first condition
is implemented as follows. We switch from G to the trivial bundle Gx =
(G x X — X), which is a group object in Mfd>*/X. We can then demand
that P is a Gx-object 7 : P — X in Mfd*°/X.

To implement the second condition, we define a cover of X as a smooth
manifold Y together with a surjective submersion x € Mfd* (Y, X'). While
not all pullbacks exist in Mfd*°, those along surjective submersions do. For
simplicity and for reasons of familiarity, let us restrict ourselves to ordinary
covers k : U — X given by a disjoint union of patches, U := U;U;. We then
demand that x*P is G-equivariantly diffeomorphic to the bundle U x G —
U e Mfd>°/X.

We will also need a description of the principal bundle P in terms of
descent data or transition functions. For this, we use the G-equivariant dif-
feomorphism p; : U; x G — P|y, to define a transition functions. Note that
the diffeomorphism is of the form p;(p) = (7 (p), gi(p)) for p € 7=1(U;). Then
the expression g;;(p) := g;l(p)gj(p) for p € 771(U; N U;) depends only on
w(p) since g; ' (hp)g;(hp) = g; ' (p)h ™ hg;(p) = g; " (p)g;(p). We thus obtain
a function g;; : U; N U; — G, which satisfies the condition g;jg;1 = gix on
triple overlaps U; N U; N Uy, # @. The (g;5) thus form a Cech 1-cocycle with
respect to the cover U.

Similarly, one readily shows that diffeomorphic principal bundles P and
P’ subordinate to the same cover U are described by transition functions
(9ij) and (ggj) which are related by g;; = 'yiggjfyj for some local smooth f}mc—
tions v; : U; — G. The (9;) form the Cech coboundaries linking the Cech
cocycles (g;;) and (g;;).

Alternatively, one can regard the principal bundle P as a functor from
the Cech groupoid UUR = U with U? .= U; ;U; NUj to the Lie groupoid
BG = (G = #). One readily sees that this functor is encoded in a Cech 1-
cocycle (gi5):

“cf. Appendix
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(9i5)

G—2 _yh
(22) @ | g

Moreover, two functors corresponding to diffeomorphic principal bundles
are connected by a natural isomorphism, which in turn gives rise to a Cech
coboundary.

3.2. Definition of smooth 2-group bundles

Let us now generalize the above discussion to the categorified setting. This
yields higher principal bundles as special kinds of stacks, which were already
defined in [I0], and we recall the relevant definitions in the following. For a
related approach, see also [23].

Note that a 2-space is a category internal to Mfd> and here, we re-
strict our attention to Lie groupoids, i.e. groupoids internal to Mfd*. The
2-bundles over a 2-space X’ are then simply elements of (a subcategory of)
the slice 2-category Bibun/X, cf. [23].

Given a smooth 2-group G, we can trivially regard it as a 2-group object
Gx in Bibun/X as follows:

g1><X1

o NN

Go X Xo

We then define:

Definition 3.1. Given a smooth 2-group G, a smooth G-stack is a G-object
in Bibun.

We also define G-stacks over other smooth stacks X', which are the ob-
jects of Bibun:

Definition 3.2. A smooth 2-group over a smooth stack X is a 2-group
object in Bibun/X. Given a smooth 2-group Gy over a smooth stack X, a
smooth Gy-stack over X is a Gy-object in Bibun/X'.
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Finally, let us impose the condition of local triviality to arrive at higher
principal bundles. To this end, we need to introduce covers and discuss
pull-backs to the patches in the covers. It will be sufficient for us to work
with covering bibundles arising from a bundlization of 2-covers as defined in
[2]. For a more general perspective, see [10]. Since the 2-spaces we want to
cover are Lie groupoids, we demand that our cover is also a groupoid U =
(U1 = Up) internal to Mfd™, together with a functor 7 : U — A such that the
contained smooth maps U; — X1 and Uy — Uy are surjective submersions.
The bundlization of such a 2-cover gives rise to the bibundle

X Uy T Xy Uy
(24) \ / \u /
0

Xo
cf. Section Pullbacks exist for surjective submersions, and thus they
exist along the corresponding bundlizationsﬂ

Definition 3.3. Given a smooth G-group over a stack X, a principal G-
bundle over X is a smooth G-stack P over X such that there exists a covering
bibundle k : U — X with £*(P) being G-equivariantly equivalent to U x G
as a smooth G-stack over U.

Altogether we have the following picture:

(25)

U x Gy K*Pq Py g1 x X3
l I | l
Z/{o X go Beq H*PQ BH* 'P() go X XO
S T T T

Byxg Bi-p 2 Bp Gx
l |
Z/ﬁ \UO B,-@ XO Xl

where Bp is a Gy-object in Bibun/X, 1 is a bibundle isomorphism, B is a
bibundle equivalence and Byxg ® Beq = Bi-p.

8Using 2-covers saves us the discussion of transversality conditions for bibundles
required for pullbacks to exist. For details, see e.g. [23].
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Let us work through two examples in somewhat more detail: ordinary
principal bundles and principal 2-bundles over a manifold X, where the
structure 2-group is a crossed module of Lie groups.

In the first case, consider a principal bundle 7 : P — X with struc-
ture Lie group G over a manifold X with cover x: U — X. We have an
isomorphism p; : U;U; x G — x*P such that wo p; is the obvious projec-
tion. To regard these as principal bundles in the sense of Definition [3.3] we
first trivially extend the group object Gx = (G x X — X)) to a 2-group ob-
ject over a Lie groupoid, by promoting G x X and X to discrete categories
G=(GxX =2Gx X)and X = (X = X). The projection in Gx induces an
obvious functor between G and X', which we can bundlize to the following
smooth 2-group over X

X xG X xG

@ N\

X xG

To obtain a covering bibundle By, of X', we proceed similarly. We trivially
extend a cover k : U — X to the discrete 2-cover (k,k) : (U =2 U) - (X =
X), and bundlize the result:

- X\X /U\1 U/U

Similarly, all the other maps are generalized to bibundles by bundlization
of the corresponding functors between discrete groupoids and it is obvious
how to complete diagram . In particular, n is trivial.

In the case of principal 2-bundles over X, we choose the strict structure
Lie 2-group G = (G x H = G). Again, we promote X and its cover U to
discrete groupoids. We have an obvious functor from the Lie groupoid G x X
to X, which we bundlize to

GxX G[><H) x X

o N\ N,

G><X

As covering bibundle, we choose again . Recall that a principal G bundle
over X can be regarded as a 2-space P fibered over X, whose pullback along
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the cover is equivalent to the bundle G x (U =2 U), cf. e.g. [24]. Bundlization
then allows us to fill in all the remaining bibundles of diagram .

3.3. Cocycle description

Let G be a smooth 2-group. One can now derive transition functions by
locally trivializing the above description of principal G-bundles in the usual
manner.

Alternatively, we can directly derive a description in terms of generalized
Cech cocycles. Let k:U — X be a covering bibundle of a stack X. We
can construct the Cech groupoid Cf(lxl ) of Uy = Uy as the obvious category
internal to Bibun. Correspondingly, we construct BG of the smooth 2-group
G as a category in Bibun. We then have the following definition, generalizing
the usual Cech description of principal fiber bundles.

Definition 3.4. A principal G-bundle over X subordinate to a cover U
of X is a functor internal to Bibun from the Cech groupoid € (i) to the
delooping BG of the smooth structure 2-group G. Two principal G-bundles
over X subordinate to a cover U are called equivalent, if there is a natural
isomorphism between their corresponding functors.

Altogether, we get the following diagram:

- T

= io Uy = Uh

0

where ® and ¥ are internal functors, § is an internal natural isomorphism
and the maps s and t are bibundles’]

As a particularly simple example, consider the principal G-bundle ®!
whose ®1-component is given by the bundlization of the functor mapping
all of Uy to 1g € Go and all of U1 to idy, € Gy.

°In principle, the maps (G; = Go) = (* = *) are also given by bibundles, but
since the target is trivial, they collapse to trivial maps.
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Definition 3.5. A trivial principal G-bundle is a principal G-bundle which
is equivalent to the principal G-bundle ®'.

Let us explain how ordinary principal bundles over a manifold X with
structure group G fit into this definition. If X is the discrete groupoid X =
X, then we can also choose the cover U to be discrete. In this case, the
maps s and t collapse to smooth maps between Ui and Uy. The Cech
groupoid ¢ (U) can be reduced to the Cech groupoid of an ordinary cover
Uy =U = U;U; of X and the composition of compatible elements in U; o =
U = 1, ;U; NU;j is the (bundlization of) the usual composition of double
overlaps. The groupoid G is now the discrete Lie groupoid G = G and the
composition bibundle is simply the bundlization of the multiplication map,
trivially lifted to a functor. Given this initial data, the bibundles contained
in @ and ¥ reduce to smooth maps (g;;) : UP?) — G. Their composition with
multiplication appearing in the second diagram of is encoded in the
bibundles

w "\~ NN A

with UBl := U; ;2 Uij xa Uji, = U ;U N U; N Uy, and the second bibundle
is the bundlization of the group multiplication. These bibundles compose to

the bibundle

U[3}

(1) \/\ /

Altogether, we recover the usual Cech cocycles encoding transition functions
of a principal G-bundle over X subordinate to the cover U:

(32) gij(x)gjn(x) = gix(x), =€ U;NU;NUy.

Analogously, the bibundle morphisms contained in g arise from bundlizing
smooth maps (v;) : (U;) — G.1If (gi;) and (g;;) are the cocycles corresponding
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to the functors ® and ¥, then we have

(33) Yi(x)gij (x) = gij ()75 (x),

and the v; form a Cech coboundary.
3.4. Example: Principal 2-bundles with strict structure 2-group

As a preparation for discussing principal 2-bundles with smooth 2-groups
as their structure 2-groups, let us also go through the example of principal
2-bundles with strict structure 2-group in much detail.

The relevant 2-cover is again derived from the Cech groupoid of the
underlying manifold X as a category internal to Bibun as done in the previous
section. The structure 2-group is given by a strict Lie 2-group G = (G x H) =
G, which is regarded as a category G = * internal to Bibun with the bibundle
B being the monoidal product in the strict Lie 2-group G.

Here, the bibundle ®; (and ¥;) no longer collapses straightforwardly.
To simplify the discussion, let us assume that the cover U is sufficiently fine
so that U = L; jU;; is contractible. Then the bibundle ®; reads as

GxH P =UlR xH Ut

o N

G U2l

where ¢ is the projection. The bibundle ®; is now necessarily a trivial bi-
bundle over U2 and therefore isomorphic to a bundlization. Instead of using
this fact, let us come to this conclusion by explicitly working through the
details.

Note that 7 is fully fixed by its image of elements (i, j, x, 1) € UR x H,
because the left-action fixes the remaining part of 7. In particular,

(35) (i, 4,2, h) = (7(i, j,x,Ln), k) (4,4, 2, 1n),
and thus
(36) 7(i,7,x,h) = t(T(i,j, x, 1y), h).

We therefore define

(37) glJ(‘r) = T(ihjax?]lH)v
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implying 7(4, j, z, h) = 0(h)gi;j(x). Altogether, we see that the bibundle &,
is simply the bundlization of the functor

GKH'&UP

.

]
G ]

(9i5)

as expected since the bibundle is a trivial bundle over U2

Let us now consider the appropriate version of the second diagram in
(L7), which encodes (weak) compatibility of the internal functor with bibun-
dle composition:

UBl x H
TRT
(39) GxH—=G s, 8 =<— /8]
UBl x H

with UBl = U5 5kUsjk- Since the map @3 . is compatible with the principal
left-action and the projections o, it is fully determined by the function A :
UBl — H defined implicitly according to

(40)  @90(d, 4, ks, In) = (i, 4,k hijp (@), (6,5 k@, Tw) € UPL X H,

where we chose to invert h;;, for consistency with conventions e.g. in [5].
The condition that (7 ® 7) = 7 o pryz o @5 . then directly translates into the
equation

(41) O(hiji(x))gij () gjk(x) = gir ().
Also, the coherence axiom ((18al) amounts to
(42) gy o (Pijr ®ids,,) = Py o (ida,, ® Pjxr),

where the restriction of ®g . : UBl ' x H—= UBl x H to Qi U NU; NUE X
H—UNU;NU;xH and of ®: (U =2 UP) = (GxH=G) to ®y:
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(Ui; = Uij) = (G x H = G) appear. Evaluating on (i,7,k,l,z,1y) us-
ing the formulas , we obtain the relation

(43) hikihije = hiji(gi; > hjrr).

Equations and are the usual cocycle relations for a principal 2-
bundle with strict structure 2-group.

Given two such cocycles (gij, hiji) and (9§j7h;’jk)a we can consider in-
ternal natural isomorphisms between them, cf. Definition Such an iso-
morphism § is encoded in a bibundle 8; from U =2 U to Gx H = H and a
bibundle isomorphism (2 contained in

Bc ® ((ﬁl X t)v (I>1)

e

(44) GxH—/=x=G B2 U — g

~ ]

Bc ® (\PL (ﬁl & 5))

Here, B, is the bundlization of the vertical composition functor in the strict
2-group G X H=H and we use again the standard notation (Bj, Bs) :=
(B1 X By) ® A, where A : G — G x G is the appropriate diagonal bibundle.
Following arguments analogous to those given above, the bibundle 3; is dif-
feomorphic to U x H and the map 7: U x H — G is fully determined by
maps ;(x) := 7(i,z, 1y). Moreover, the bibundles related by the isomor-
phism (5 are isomorphic to U x H, and the isomorphism S, is fixed by
maps Xij(x) := B2(i, j, x, 1y). The second diagram in then immediately
yields the equation

(45a) Vigij = 0(Xi3) 9557 -

The commutative diagram (20al) simplifies a bit, because all associators are
trivial. Evaluating the bibundle isomorphisms at (7, j, k,x, 1y) in U Bl % H,
we obtain the relation

(45b) Xikhije = (Vi > hijr)Xij (955 & Xk)-

Equations give the usual coboundary relation for a principal 2-bundle
with strict structure 2-group, as found e.g. in [2] or in the conventions close
to ours here in [5].
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4. The string group
4.1. General remarks
The string group String(n) is a 3-connected cover of the spin group Spin(n).

It fits within the Whitehead tower of the orthogonal group O(n). Recall that
the Whitehead tower over a space X consists of a sequence of spaces

(46) oy ..o x (@) My Vs x(2) 2y (1) M X,

where the maps v; induce isomorphisms on all homotopy groups in degree
k> and m;(X®) =0 for j < i. In the case of O(n), we have

(47) -+ - — String(n) — Spin(n) — Spin(n) — SO(n) — O(n).

The string group is only defined up to homotopy, and therefore the
group structure can only be determined up to As.-equivalence. Moreover
the smooth structure on the string group is not determined at all. There-
fore, there exist various different models and the first geometric model as
a topological group was constructed by Stolz [25] and Stolz and Teichner
in [26]. Because 7 and w3 of String(n) vanish, the string group cannot be
modeled by a finite-dimensional Lie group.

Looking for ways to circumvent this issue, one is naturally led to Lie
2-group models of the string group [19]. These are Lie 2-groups endowed
with a Lie 2-group homomorphism to Spin(n), regarded as a Lie 2-group.
A first such model was constructed in [27], which is a strict but infinite-
dimensional Lie 2-group and differentiates to a strict Lie 2-algebra which is
equivalent to the string Lie 2-algebra. Closely related is the construction of
[21], which yields an integration of the String Lie 2-algebra as a simplicial
manifold. Moreover, there is an infinite-dimensional model as a strict Lie
2-group [28] which was obtained by smoothening the original Stolz-Teichner
construction. The model we shall be mostly interested in here is that of
Schommer-Pries [10]: a group object in Bibun which is semistrict but finite
dimensional. We believe that this model is best suited for a description of
physically interesting solutions to higher gauge theory.

4.2. Differentiable hypercohomology

A particularly interesting Lie 2-algebra is the string Lie 2-algebra of a com-
pact simple Lie group G, and we will encounter its explicit form later. This



Higher gauge theory with string 2-groups 1921

Lie 2-algebra is fully characterized by the Cartan-Killing form on a Lie
group, which represents an element of H?3(Lie(G),R). In [19], the authors
showed that Lie 2-groups are classified by a pair of groups G, H, with H
abelian, an action of G on H by automorphism and an element of H3(G, H).
It is thus tempting to assume that the string Lie 2-algebra can be integrated
to such classifying data. As shown in [19], however, this cannot be done if
the underlying topology is to be respected.

The reason behind this problem is that ordinary group cohomology is
not the right framework for this integration. As done in [I0], one should
rather switch to Segal-Mitchison group cohomology [29], which we briefly
review in the following.

Recall that given a simplicial set S, = U;io Sp, we have face and de-
generacy mapﬂ f?: S, — Sp—1 and d” : S, — Sp41, 0 <4 < p. The former
induce a coboundary operator on functions on S, § : C*°(S,—1) — C>(S,),
via (0f)(s) == Y0_o(=1)7 f(]s) for s € S,

Given a manifold M together with a good cover 7 : V; = U;(V;) - M,
we can define a simplicial set, the nerve of the Cech groupoid, as the fibered

product ]

(48) V,:IjV[P}:El |_| Vie Xm Viy X X Vi,
p=1 p=1141,...,0p

Sheaf-valued maps on V) are called a Cech (p — 1)-cochains. Together with
the corresponding simplicial coboundary operator d, they form a complex.
Cech cohomology with values in the sheaf .7 is simply the cohomology of
that complex.

In many constructions in category theory, and in particular in higher
category theory, it is actually more convenient to talk about the nerve of
a category than about the category itself. Consider for example the nerve
N (BG) of the groupoid BG, which is the simplicial set G4 = U;io G*P, where
G is some Lie group and G*° = . The face and degeneracy maps are given

0Note that our symbols for these maps differ from another widespread choice.
UTf 7r; : V; = M are the restrictions of 7, then the fibered product is defined as

‘/i XM V] = {(7/,_]737)‘771(37) = WJ(I)}
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by
fo(g1) = fi(g1) = =,
(92,---59p) ifi=p>1,
(49> fip(glw"?gp): (gla--'vgpfl) 1fl:07p>]-a
(91,1 Gi-1Gis Git1,---,9p) HO<i<p>1,

dg(*) = ]lG,
df(gl""vgp) = (917'"agiflagiagia--'agp)'

We denote the differential arising as a coboundary operator of this simplicial
complex by dy.

To combine this simplicial complex with that arising from the Cech
groupoid, we need to consider a simplicial cover of Go. Our definition of
such a cover will come with somewhat more structure than that of [10], cf.
[30].

Definition 4.1. A simplicial cover (Vs, I,) of a simplicial manifold M, is
a simplicial set I, together with a simplicial manifold V, covering M, such
that for all j € I,

(50) fi(Voi) C Vi) and di(Vpj) C Viorid,6)s

where 0 < ¢ <por 0<i<p+ 1, respectively, and the face and degeneracy
maps are those of V, and I,.

Given now an abelian group A, we can consider the hypercohomology of
smooth A-valued Cech cochains on G,, where the differentials are induced
by the two simplicial structures. We have the following double complex.

on

c>® (V3[1],A) L) e

on On
(51) c>® (‘/2[1]’A) e C>® <V2[2]7A) S¢

On on on

c>® (Vl[l]vA) & Cc>o<‘/v1[2]7 A) L} > (‘/-1[3]7 A) L} L

SN Sn 5NT 5N]

e (Vi A) s e (v A) s eo (v A) s oo (1Y A)

de
—_—
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Note that Vj covers the point * and therefore the bottom line of the dia-
gram above can be chosen to be trivial. For simplicity, we shall label the
(p, q)-cochains by CP4(A) := COO(V[pJFH A) in the following. Segal-Mitchison
cohomology is now the total cohomology of this double complex. The un-
derlying differential is

(52) OsM 2(5“ +(_1)p5N
n n+1
|_| c>( V[p+1 A) = |_| CPP(A) — |_| Cp,n+1fp(A)’
p=0 p=0

where p is the Cech degree of the cochain that dgy acts on. We shall al-
ways work with normalized cocycles, which become trivial if two subsequent
arguments are identical.

As an example, consider a representative A\ of a generator of
H3,,(Spin(n),U(1)). Such an element encodes a model for the string group
as shown later. It is given by four smooth mapﬁ

(53a) A= (A0 =0, A2 AL2 A03) N e ¢hI(U(1)),
where the cocycle condition dgpA = 0 reads as
(53b)  0=06:A2,  GNAPL =002 SnAbE = 05007, s AP =0

Evidently, the map A?! defines an element in H?(Spin(n),U(1)) and there-
fore encodes an abelian gerbe over Spin(n).

To conclude, let us briefly show how one can construct a simplicial cover
of Spin(n)e = N(BSpin(n)) following [30], which is the starting point for
constructing an element of H3);(Spin(n), U(1)). We focus on the case n = 3,
but our construction readily generalizes to arbitrary n.

Example 4.2. An element g € Spin(3) = SU(2) is parameterized by a real

vector (2!, 22, 23, 21) of length 1 as follows:
14 .2 3, ;.4
B e o 1 x° +1x
(54) 9= (—:E3 +izt ozl — iiUQ) '

12For comparison, Ai, Ay and A3, §;, and 4, in [I0] correspond to A%t A\L2 \0:3)
dx and O, respectively.
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A convenient cover of SU(2) is given by V; = Vl[l] = Uier, V1, with I =
{1,...,8} and

Vig ={g € SU(2)| zt >0}, Vie = {g € SU(2)| ' <0},

(55) Viz={g€SU@2)|z*>0}, Vi4={gecSU?2) x2 < 0},
Vis={g€SU@2)|z® >0}, Vig={geSU?2)| <0},
Viz={geSU@2)| 2 >0}, and Vig={ge€SU?2)|z*<0}.

The index set I; is now trivially extended to a simplicial set I, by using
multiindices:

(656) I = {(i1,%2,13)|i123 € I1}, I3 ={(J1,J2,73,74)|j1,2,34 € I2}, etc.

The actions of the face f# and degeneracy maps d? are obvious: the former
drop the i-th slot, while the latter double the i-th slot. Note that the I,
are finite and carry a total order induced by the lexicographic ordering of
indices.

The simplicial cover V, is then obtained from the preimages of the face
maps of the nerve of BSU(2):

Va,(irsiais) = (15) 7 (Vii,) 0 (FD) 7 (Vi) N (F2) ™ (Vi)
(57) V3. Grdagsa) = (B 7 (Vo) N (F) 7 (Vo)
(f

N ()7 (Vag) N () 7 (Va),

etc. with the obvious face and degeneracy maps.

The lexicographic ordering of indices allows us to introduce a section
¢ of m: Vg — N(BSpin(3)). In particular, ¢1(g) is the element v € V; ; with
m(v) = g and ¢ as small as possible.

4.3. The string group model of Schommer-Pries

In [10], Schommer-Pries constructed a smooth 2-group model of the string
group, and we briefly recall this construction in the following. First, we
need to generalize the extension of Lie groups by other Lie groups to the
categorified setting, as done in [10, Def. 75]:

Definition 4.3. An extension of a smooth 2-group G by a smooth 2-group
A consists of a smooth 2-group £ together with homomorphisms f: A — &,
g: & — G and a 2-homomorphism « : go f — 0 such that £ is a principal
A-bundle over G.
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We are interested in extensions of a smooth 2-group G = (G =2 G)
by a smooth abelian 2-group A = A = *, which form the weak 2-category
Ext (G, A). The following theorem gives a way of encoding this weak 2-
category in Segal-Mitchison cohomology classes:

Theorem 4.4 ([10, Thm. 1]). Let G be a Lie group and A be an abelian
Lie group, viewed as a trivial G-module. Then there is an (unnatural) equiv-
alence of weak symmetric monoidal 2—categorieﬂ:

(58) Ext (G,BA) 2 H3,(G,A) x H3\(G,A)[1] x H\ (G, A)[2].

For the model Sy of the string group of SO(n), we are interested in the
case G = Spin(n) and A = U(1). At least for n > 5, the cohomology groups
HZ%(G,A) and H&;(G,A) are trivial. Thus, the corresponding extension
is parameterized by an element A = (A%0, A2 AL2 \03) of HSM(G,A), cf.
Equations . We now have the following theorem.

Theorem 4.5 ([10, Thm. 100]). Forn > 5, H3\;(Spin(n),U(1)) £ Z and
the central extension of smooth 2-groups Sy corresponding to a generator A
gives a smooth 2-group model for String(n).

Let us now work through the details of this string group model . Given
a simplicial cover V, of Spin(n) as constructed in Section the 3-cocycle
A contains the non-trivial smooth maps

(59) e V3[1] — A, L2 VQ[Q} — A and A\!: ‘/1[3] — A.

As remarked in Section the map A\*! is in fact a Cech 2-cocycle and de-
fines an A-bundle gerbe over Spin(n). Identifying bundle gerbes with central
groupoid extensions, we obtain the groupoid underlying the smooth 2-group
corresponding to A:

(60) Sy o= VA xA= W
Here the source, target and identity maps are given by

(61) s(vo,v1,a) =v1, t(vg,vi,a) =v9 and id(vg) = (vo,vo,0),

13Here, the weak 2-categories M, M([1] and M|[2] are the obvious trivial weak
2-categories with objects M, %, %, morphisms M, M, * and 2-morphisms M, M,
M, respectively.
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and the invertible composition is defined as
(62)  (vo,v1,a0) 0 (v1,v2,a1) == (vo,v2, a0 + a1 + A*' (vo, v1, v2))
for vo,1,2 € V1 and ap, a1 € A. It remains to specify the 2-group structure on
the Lie groupoid Sj.

Note that there is a Lie groupoid functor (fg,f2) from the Lie groupoid
Cy = (V2[2} x A*2 = 13) to Sy x Sy. This functor is a weak equivalence in
Mfd>°Cat and upon bundlization, we can invert it. The same is true for

the functor (fofo, fofo, f2fs) from the Lie groupoid Cs := (Vi%l x A*3 = V)
to S;°. This yields bibundles

(63) BQZS)\XSA%CQ and B3ZS)\XS)\><S)\—>C3.
Furthermore, we have the Lie groupoid functors
(64) Co =58y, C3-258, and C3 258,

where

m(yo, y1, a0, a1) == (f1(yo), f1(y1), a0 + a1 + A (yo,91)),
p1(20, 21, ag, a1, az2) = (fif1(20), f1fi(z1),
(65) ap + a1 + ag + FEAM2 (20, 21) + F5AL2 (20, 21)),
p2(20, 21, ag, a1, a2) = (fifa(20), fifa(21),
ap + a1 + ag + fEAY2 (20, 21) + F3AV2 (20, 21))

for yo1 € V2[2], 20,1 € ng and ap,1,2 € A. There is a natural isomorphism
T: Vs — V{# x U(1) defined by

(66) T(z0) = (fifi(20), fif2(20), A (20)), 20 € V5,
which satisfies
(67) p2(20, 21,00, a1, a2) o T'(z1) = T'(20) © p1(20, 21, a0, a1, a2)

due to 55/\0’3 = oy b2
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After bundlization and composition with the bibundles , we obtain
bibundles

Bn : S)\ X S)\ — 8)\,
(68) Bp1 : S)\ X S)\ X S)\ — S)\,
Bp2: S)\XS)\XSA%SA,

and the natural isomorphism 7' yields a bibundle isomorphism a: B),, =
B,,. Because the bibundles By, and B, can be identified with By ® (B X
1) and Bpy, ® (1 x Bp,), respectively, a is indeed the associator. Here, a is
completely determined by 7" since a is the horizontal composition of 1" with
the identity isomorphism on Bs.

It remains to define the unit e as well as the left- and right-unitors |
and r. Both unitors are trivial (i.e. the identity isomorphism) and up to
isomorphism, the unit is uniquely defined as the bundlization e of the Lie
groupoid functor

(69) (x = *) — Sy,

which takes * to a vy € Vl[g with 7(vg) = L.

Let us now briefly verify that we indeed constructed a smooth 2-group.
For this, we need to check that the bibundle (B, , By) is an equivalence
and that the internal pentagon identity is satisfied. The former is relatively
clear, because By and thus also (B),, Bs) are bibundle equivalences. One

then readily checks that
(70) (ierﬁ): S)\XCQ — SAXS)\

is a bibundle equivalence. It is obvious that the associator only affects the A-
part of the Lie groupoids Sy, C2 and Cs, and therefore the internal pentagon
identity reduces to the equation

(71) A3 (w1, va, v3) + A3 (vg, v1va, v3) + A% (vg, v1, v2)

= A%3(vgv1, va, v3) + A% (v, v1, vavs),

where vg 123 € Vlm. This is precisely the equation dyA%3 = 0, which holds
since A is a Segal-Mitchison 3-cocycle. Finally, note that the interchange
law, which is the compatibility condition for the vertical and horizontal
multiplications, follows from dyA%! = 50/\1’2.

We conclude this section with the following two remarks:
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Remark 4.6. While we are mostly interested in the smooth 2-group model
of the string group Sy given by the central extension of the smooth 2-group
Spin(n) = Spin(n) by A = %, the above construction of this extension as
well as most of our following discussion readily generalizes to arbitrary Lie
groups G.

Remark 4.7. Multiplicative bundle gerbes as defined in [31] are special
cases of the above construction of a 2-group object internal to Bibun from a
Segal-Mitchison 3-cocycle.

4.4. From the smooth 2-group model to a weak 2-group model

Recall that it has been shown in [20] that smooth 2-groups are equivalent
Lie 2-quasigroupoids with a single object, which are given by certain Kan
simplicial manifolds. The difference to a weak Lie 2-group, which is a weak
2-group object internal to Mfd*°Cat, is that in the latter case, horizontal
composition of objects and morphisms yields unique objects, which is not
true in the case of Lie 2-quasigroupoids.

In particular, consider horizontal composition of two objects (vg,v1) by
the composition bibundle By, in the smooth string 2-group model. The result
is a set of isomorphic objects given by {7(b)|b € By, : 0(b) = (vo,v1)}. If
the simplicial cover V, used in the construction of the string group model
consists of contractible patches V7, then the bibundle By, and in particular
the bibundle Cs is trivial over V3 x V; and allows for a global section. By
Proposition By is then isomorphic to a bundlization.

To give the underlying multiplication functor explicitly, we proceed as
follows. Without restriction in the cases we are interested in, we assume a
simplicial cover V, as constructed in Example In particular, the sim-
plicial index set I, has now a total order with each subset of the simplicial
set having a lowest element. We can now use these lowest elements to fix
ambiguities, like defining preferred horn fillers and fixing a unique identity
object in Sy.

First, consider the surjective submersion (fg,fy): Vo — Vi x V4. For
each element (vg,v1) € V4 x V4, we can now choose the element of V5 over
(v, v1) with the lowest position according to the obvious lexicographic or-
dering of patch multiindices. This defines a function ¢[21] (Vi x W) =V,
satisfying

(72) f02¢[2”(v0, v1) =v; and f22¢[21] (vo,v1) = vp.
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In the language of quasigroupoids and Kan complexes, the function ¢o picks
a horn filler in V4 for the horn (vg,v1) € V4 x V4. Applying the face map f?
to this horn filler then yields a preferred horizontal composition:

(73) vo ® vy = £ (vg, v1).

Since the lexicographic ordering on V5 arises from that on Vi, we evidently
have a relation between gb[;] Vix Vi = Voand ¢1: G— Vi:

Proposition 4.8. The horizontal composition is completely induced from
the product on G:

(74) v © w1 = £} (v, v1) = 1 (m(vo)m(v1))
for all vo1 € V7.
Corollary 4.9. We have the following identities:

m(vp ® v1) = w(vg)m(v1),
(75) VXU E2v®us = Yy Rv =2 Qvs,
(Vo ® V1) ® vy =01 ® (V1 ® V2)

for all vo 12 € V1.

Proof. The first relation follows from the fact that ¢; is a section of 7= and
therefore m o ¢1 = idg. The second and third relations are then direct con-
sequences of the first one. O
Note that the above corollary does not imply that the associator is trivial;

it merely has the same source and target. We can now readily extend ¢[2” :
V1 x Vi — V5 to higher fibered products as done in the following lemma:

Lemma 4.10. The map ¢[22] : Vlm X le] — V2[2] with

(76) 51 (v, v1), (v2,v3)) == (95 (vo, v2), b (01, v3))),

where vo 1,23 € Vi with w(vg) = w(v1) and w(ve) = w(v3), renders the follow-
ing diagram commutative:
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GxG - Vo v
(77) T M ]
GxG P VixWVi V1[2] X Vlm

The maps gb[;] and ¢[22] define a functor internal to Mfd*°,

V2[2]><A><A [ V1[2]><V1[2]><A><A
¢[22]><idA><A
™ | |
Va VixW

oL

and we can replace the bibundle Co with the bundlization of this functor,
making horizontal composition unique also for morphisms.

We also have a surjective submersion (3,3, 3) : V3 — V5 x Vo x Va, and
we define a map (;Sgl] : V1 x Vi x V7 as the horn filler of ¢o(v1,v2), ¢p2(vo,v1 ®
vy) and ¢a(vg, v1) with the lowest lexicographic position. It satisfies

f3 b3 (vo, v1,v9) = da(v1,v2), f3f5 b3 (vo, v1,v2) = va,
(79)  f3p3(vo,v1,v2) = Pa(v,v1 @ v2), £33 b3 (vo, v1,v2) = 1,
£33 (vo, v1,v9) = d2(v1,v2), £33 b3 (vo, v1, v2) = vo.

Altogether, we arrive at the following theorem.

Theorem 4.11. The Lie groupoid Sy := V1[2] x A = V1, together with the
identity-assignment

(80a) I:(x=%)—= 8\, I(x):=1s, = ¢1(lg),
Il(*) = id]lsk = (ESM ]lSA,O),

the horizontal composition

vo @ vy = Figa(vg, v1) = é1(m(vo)m(v1)),
(80b) (v, v1,a0) ® (v2,v3,a1) == (vo ® va,v1 @ v3,
ag + ay + A% (¢2(vo, v2), h2(v1,v3))),
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the vertical composition
(80c¢) (vo, v1,a0) o (v1,v9,a1) == (vo, V2, ag + a1 + A3 (vo, v1, v2)),

the unitors

o = (0. Ls, ®0,0) = (0,61 (w(0)), 0),
(80d) o = (0,0 @ 15,.0) = (v, 61 (x(1)). 0)

and associator

(80€) aug,un,u, = (fifa(ds(vo, v1,v2)), fifi(ds(vo,v1,v2)), AV (d3(vo, v1,v2)))
= (v0 ® V1 ® V2, Vo @ vy @ vz, A3 (3(v0,v1,02))),

where vo 123 € V1 and ag1 € A, forms a weak Lie 2-group, which we denote
by SY'.

Note that since the unitors are non-trivial, Sy is not a semistrict Lie 2-group
in the sense of [7].

This description of the smooth string 2-group model as a weak Lie 2-
group will simplify the explicit computations leading to the cocycle descrip-
tion of principal S)-bundles with connection later on.

5. Differentiation of the string 2-group model
5.1. Strong homotopy Lie algebras and N@Q-manifolds

Clearly, any reasonable differentiation prescription for a categorified Lie
group should yield a categorified Lie algebra. The most general notion of
categorification of a Lie algebra is that of a weak Lie 2-algebra [32]. Here,
we can restrict ourselves to so-called semistrict Lie n-algebras, which in turn
are categorically equivalent to n-term Loo-algebras [33]. In the differentia-
tion method we will use later, the latter will appear in their dual form as
N@-manifolds.

Definition 5.1. An N@-manifold is an N-graded manifold endowed with
a vector field @ of degree 1 such that Q% = 0. We will refer to the vector
field @ as the Chevalley-Eilenberg differential.
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N@-manifolds are in one-to-one correspondence with L-algebroidd™¥]
To get strong homotopy Lie algebras, we need the following restriction.

Definition 5.2. An L.-algebra is an N@Q-manifold concentrated in positive
degrees. An n-term L.-algebra is an NQ-manifold concentrated in degrees

{1,...,n}.

For n = 1, this yields the ordinary Chevalley-Eilenberg description of a Lie
algebra.

Let us describe 2-term Lo-algebras, which are categorically equivalent
to semistrict Lie 2-algebras, in more detail. They will play the role of a
categorified gauge Lie algebra in our later discussion.

Example 5.3. Let X and Y be complex vector spaces with coordinates
x® and y*. Then X[1] @ Y[2] is an N@Q-manifold, where the notation implies
that elements in X[1] and Y[2] come with homogeneous grading 1 and 2,
respectively. The vector field @) is necessarily of the form

9 _1p 5 0 b 0 4 5.~ 0
(81) Q = —fﬁy“a? ) aﬁl'ax' @ — abxay 8ya -3 gﬁﬁfxo‘m x'yaya

with some structure constants f € C. The latter define graded antisym-
metric multilinear brackets on the shifted space X[0] & Y[1]. Introducing the
grade-carrying bases (7,) and (t,) on X[0] and Y[1], respectively, we have

Hl(ta) = ngaa /142(7_0“7—5) = f;/ﬁT’Y)

a

(82) b
M2(Taata) = faatby M3(7—a77—6a7—’7) - faﬁ'yta'

Note that the operations j; are of degree i — 2 and the condition Q2 =0
yields the usual higher or homotopy Jacobi relations between the u; defining
a 2-term Loo-algebra, cf. [34, [35].

5.2. Cocycle description of principal string 2-group bundles

For the differentiation of the string 2-group model Sy, we need descent data
for principal Sy-bundles in terms of Cech cocycles and Cech coboundaries.
Let us develop these in the following. We restrict ourselves to principal Sy-
bundles over ordinary manifolds subordinate to a cover U, and consequently,

14Some care has to be taken when homogeneous parts of the NQ-manifold become
infinite dimensional.
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the covering groupoid Y = U =2 U is discrete. Following the discussion in
Section [3.3] we start from the diagram

v,
Sy gl UR =yl
(83) o
o, S t
F S ae— U U

where S\ =2 (* £ %) is a category internal to Bibun with composition given
by the bibundle B,,. The information contained in the functors ® and ¥
as well as in the natural isomorphism [, together with the coherence con-
ditions will yield the appropriate generalization of Cech cochains, cocycles
and coboundaries describing principal Sy-bundles and their isomorphisms.

We will assume that the cover U is good and in particular, that U
is contractible. This implies that the bibundles ®; and ¥, are both trivial
bundles over U2 admitting a global smooth section. By Proposition this
implies that ® and ¥ are isomorphic to bundlizations QAS and @Z of smooth
functors of Lie groupoids ¢ and 1. Moreover, because of Proposition [2.8] the
bibundle map 8 can be given by a smooth natural transformation between
¢ and 1. The only bibundle which is not a bundlization here is the multi-
plication By,, which appears in the coherence diagrams for internal functors
(18al) and for internal natural transformations with B, = Bn.

An explicit evaluation of the composition of bibundle isomorphisms in
is rather cumbersome. To simplify our discussion, we therefore choose
to switch to the weak Lie 2-group model SY of the string 2-group model given
in Section Our principal 2-bundles will therefore be weak principal 2-
bundles in the sense of [7], which are given by weak 2-functors internal to
Mfd>°Cat from the Cech 2-groupoid to the delooping of SY. From there, we
also recall the following proposition:

Proposition 5.4 ([7], Prop. 3.15). Ewvery weak principal 2-bundle ®
1s equivalent to its normalization, which is given by a mormalized weak
2-functor which maps to the unit in the structure 2-group over overlaps
Up NUy and whose 2-morphisms are the obvious left and right unitors over
UsNUgNU; and UyNnU NU;.
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We will give the consequences of this proposition below; for more details,
see [7]. With the above simplifications, we arrive at the following theorem.

Theorem 5.5. The functor ® defining a (normalized) principal SY -bundle
is described by a I-cochain (vj) € C® (U V1) together with a 2-cochain
Vijk € CcoUBl, VI[Q] x A) such that

(84)  vijk = (Vik, Vij @ Vjk, Qigr)s Vi = Lsy,  Viig = luy,  Vijj = fey,
aikt + aijr + AV (P2(vik, Vi), G2(vij @ Vjk, Vkt))
= aiji + ajp + A2 (B2(vi, 0j0), d2(vig, vk © i)
+ X3 (B3 (vij, vik, vR1)),

where a;, € C°(UBLA). We call the data (vij, a;ji) a degree-2 Cech cocycle
over the cover U with values in SY .

Proof. The first line of equations in is readily derived from (v;j) en-
coding the natural isomorphism

(85) Do ik 2 P1ij @ Py i = P,

cf. the second diagram in , together with Proposition . The coherence
axioms of this natural isomorphism read as

Uikt © (Vijr ® idy,,) = vij 0 (idy,, @ Vjr1) © Auy, 050,000

86
( ) Vijj © (idvij ® id]lsk) =y, and Vjjj O (id]lsA (9 idvi]‘) = |U1.].,

cf. (18a]). The last two equations are identities, and the first one reduces to

(87) (vit, (Vij ® Vik) ® Vi, Qg+ i+ A2 (P2 (Vikes V1) D2(Vij © Vi, Vi)
+ A2 (031, vig ® i, (V35 © Vik) @ Vkr))
= (vit, (vij ® Vji) @ Vit aijitajr+A2 (D2(vig, 1), B2 (vig, Vi @ Vi)
+ A2 (vy, Vij ® Vi1, Vij @ (Vi @ vgr)) + )\0’3(¢3(vij, Vjk, Uki))
+ N (v, 055 ® (v ® v, (Vi ® Vi) @ VRr)).
The identities of Corollary together with the fact that we are working
with normalized cocycles cause A\*! to drop out of Equation . The re-

maining non-trivial part of this equation then yields the equation on the
2-cochain (aj). O

It is now similarly straightforward to describe the natural 2-isomorphism
B given the coboundary relation between two Cech 2-cocycles.
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Theorem 5.6. The natural isomorphism 5 : ® = ¥ giving an equivalence
relation between (normalized) principal Sy -bundles ® and W described by
2-cocycles (vij, aijr) and (vi;, ajy) is captured by 0-cochain and 1-cochains,

(88) (Bi) e C=(U, Vi) and (Byj) € COO(U[Z}7‘/'1[2] x A),
such that

(89)  Bij = (Bi @y, v ® By, i), Bii = 1 o lg, = idg, (x(,))
i + aije + A (d2 (i, Br), d2(vij ® vjk, Br))
= uj + ajjp + o+ A2 (2B, Vi), d2(Bi, vi; ® vf)
+ A% (B, v, ) — A% (vig, By, Vi) + AP (v, vji, Br)-

where a;; € C(UR A). We call the data (B;, ;) a degree-2 Cech cobound-
ary over the cover U with values in SY'.

Proof. The first equation in is directly obtain from the defining diagram
for f3;;, cf. the second diagram in . The coherence axioms then read as

Bir o (vigr @ 1dg,) = (idp, ® viz) 0 ag, wy,01, © (Bij @ idyy, )
(90) © a;},ﬁj,v;k °© (ide ® Bﬂf) © 303,051,610

Bii o (id1s, ®idg,) = (idg, @ ida, )org' olg,
cf. , with the second condition directly reducing to the identity

(91) i =15 olg, = (d1(n(B:)), d1(m(B:), X (91(m(82)), B, b1(m(B:)))
= id¢1(77(1371))'

The part in le] of the first condition also yields an identity. Thus the
component in A reads as

ik + aiji + N (d2(vik, Br), d2(vij ® vjk, Br))
+ A2 (B © v, vik ® Br, (vij © vjk) ® Br)
= j + agp, + ajp + A2 (2(Bi, Vi), d2(Bss vi; @ Vi) + 20385, Vi, Vi)
+ AN (0a(B; @ v, vjn), 2(vig © By, i) — AV (vig, By, )
+ A2 (o (vig, B @ Vi), d2(vij, vk @ Br)) + AV (vig, vjk, Br)
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+ A8 @ v, Bi ® (v @ V), (Bi ® vi;) ® V)

(Bi

+ X (8 @ (v); ® V), (B @ v;) ® U;kv (vij ® Bj) @ Vi)
+ 2B @ vy ® v]k, (vij ® Bj) ® Vg, vij ® (B ® viy,))
+ A% 1((”@] ® Bj) ® U]kv vi; ® (B; ® Ujk)? vij ® (Vjk ® Br))
+ AP (v @ (B ® Vi), vig @ (vji @ Br), (vij @ vjk) © B).

Just as in the proof of Theorem terms containing A>! drop out due to
identities from Corollary The same is true for the third and fourth term
containing A2. The remaining part is then coboundary condition on the
Q. O

5.3. Functor from manifolds to descent data

To differentiate the smooth 2-group model of the string group, we use a
method suggested by Severa [12]. He observed that the Lie algebra g of
a Lie group G can be regarded as the moduli space of functors from the
category of manifolds to descent data of principal G-bundles on the surjective
submersion N x R%' — N. In particular, such descent data is given in terms
of functions g(6p,01) : N x R%? — G, which satisfy

(92) g(00,61)g(61,02) = g(bo, 02).

This relation implies that g(6,61) = g(60,0)(g(#1,0))~ and we can ex-

pand]
(93) 9(60,0) = 1 + why,

where w € g[1]. We thus recover the Lie algebra as a vector space. The
moduli space g[1] comes with a natural action of Hom(R°', R%") and one of
its generators can be identified with the Chevalley-Eilenberg differential of g,
encoding the Lie bracket. The natural action of this generator on functions
f on R reads as

d
—f(&o +e,01+e,...,0,_1 +€),

(04) Ak f (00,01, 0m1) =

5For simplicity, assume that G is a matrix group. Otherwise, one has to insert
the diffeomorphism between G and 773G in an infinitesimal neighborhood of 1 and
its inverse into all formulas.
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and its application to
(95) 9(00,01) = 1g + w(fo — 01) + 5w, w]ob1

induces an action dgw = —3[w,w], which in turn yields the Chevalley-
Eilenberg differential

(96) Qéa = _%fgygﬂ A 577

where the £ are the coordinate functions on g[1].

Severa pointed out that this construction extends to higher principal
bundles with arbitrary Kan simplicial complexes as structure quasi-
groupoids, and it yields a differentiation of the latter to L.o,-algebroids. The
definition relevant for our purposes is then the following.

Definition 5.7. The Lie n-algebra of a smooth n-group G is the moduli
space of functors taking a manifold N to descent data of principal G-bundles
with respect to the surjective submersion N x R — N. The algebra struc-
ture is encoded in the Chevalley-Eilenberg differential given by a generator
of the action of Hom(IR%', RO") onto the moduli space.

We are now interested in the special case of principal SY-bundles. Our dis-
cussion will follow closely that of [7], with generalized arguments due to Sy
having non-trivial unitors.

We start from a weak normalized 2-functor encoded in a degree-2 Cech
cocycle v on the cover N x RO — N. This cocycle consists of a V;-valued
Cech 1-cochain together with a Vlm x U(1)-valued 2-cochain,

v(fp,01) and

(97) 0(90, 01, 92) = (v(ég, 92), ’1)(90, 91) & 1)(91, 92), a(@o, 01, 92)) .

Since v is normalized, we have v(6p,6p) = v(0,0) = 1s,. Note that in a
cover V; as constructed in Example open sets in Vj are fully con-
tained within one of the patches. Because v(6y, 61) depends smoothly on the
Grafmann variables, it lies on the same patch V;; as 1s,. This patch con-
tains an infinitesimal neighborhood of 1s,, and we have ¢1(7(v(6o,61))) =
v(6o, 01), which leads to significant simplifications. In particular, the equa-
tion m(v(6p,01))m(v(01,02)) = w(v(bo,02)) implied by the cocycle condition
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now lifts to Vi:
(98) v(6o,01) ® v(01,62) = v(6o, O2).

This, in turn, renders the A?-terms in the cocycle condition for the
a(fp, 01,02) trivial, leaving us with

(99) a(bo, 62,03) + a(bo, 01, 62)
= a(bo, 01, 03) + a6y, 02,03) + A3 (d3(v(0o, 61), v(61,02), v(02,03)).

As one might expect due to the form of the surjective submersion, the
principal Sy'-bundle we are dealing with here is trivial.

Lemma 5.8. The cochain B defined by
(100) ,3(90) = ’U(Qo, 0) and 04((90, 91) = a(@o, 91, 0)

forms a coboundary as defined in T heorem trivializing the principal SY -
bundle described by v. Moreover, we have a(6y,0) = 0 as well as a(0, 6p) = 0.

Proof. This follows by direct computatio using the fact that the A\(®»%)
vanish if an argument is given by a sequence of degeneracy maps acting on
Is,. Note in particular that a(6y, 6o, 01) = a(fy,61,01) = 0 because of the
normalization of v. O

We can now fix the following expansion of the cochain £ in the Graimann
variables, using implicitly the local diffeomorphism between the neighbor-
hood of 1s, and T3, Vi:

(101) B(6o) = 1s, +wbp and «(bp,01) = b1,

where w € Ty, [1]Vi = Ty [1]G = Lie(G)[1] and ¢ € Lie(A)[2].

Next, we use the explicit coboundary relations to compute the Graimann
expansion of the cocycle components. The fact that in a neighborhood of 1, ,
the horizontal composition collapses to group multiplication in G directly

gee also [7] for some of the technical details
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yields
(102) U(QQ, (91) =1s, + W(QO — 91) + %[w,w]eoel,

cf. Equation . On the other hand, the coboundary relation for the mor-
phisms reduces to

(103) CK(H(),HQ) + a(90,01,02)

= a(bo, 01) + a(61,02) + A°3 (v(60, 61),v(01,02), B(62)).
Since \%3(1s,, —, —) = A?3(—, 1s,,—) = A\%3(—, —, 1s,) = 0, we have
(104) )\0’3(’0(90,01),@(91,92),5(92)) =: /\0’3(w,w,w)000102,

where \%3(w, w, w) is the obvious linearization of A% around (1s,, 1s, , Ls, ).
From this, we compute the expansion

(105) a(eo, 01, 92) = w(eoel + 6105 — 9092) + )\0’3(0.), w, w)009102.

The Chevalley-Eilenberg differential induced by the relevant generator of
Hom (R, RO1) is then characterized by

dxw = —%[w,w],

(106) dgy = =23 (w, w, w).

We can summarize our findings in the following theorem.

Theorem 5.9. The Lie 2-algebra of the smooth 2-group model SY of the
string group with G = Spin(n) is the string Lie 2-algebra equivalent to the 2-
term Loo-algebra u(1)[1] — Lie(G), together with the non-trivial higher prod-
ucts

(107) p2(z1,22) = [21,22],  ps(x1, 22, 23) = k(21, [22, 23])

for some k € R. Here (—, —) and [—, —] denote the Killing form and the Lie
bracket on Lie(G), respectively.

Proof. Tt only remains to argue that A\%3(w,w,w) ~ k(w, [w,w]) for some
k € R. For the Lie groups considered in this theorem, any such 3-cocycle is
necessarily of this form. O
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5.4. Equivalence transformations

Let us now extend the above differentiation process to derive equivalence re-
lations on the moduli space. Later we will exchange the Chevalley-Eilenberg
differential for the de Rham differential and this will give us gauge trans-
formations for connections on principal SY-bundles and further the full un-
derlying Deligne cohomology of these bundles. This approach to Deligne
cohomology with values in categorified groups was first used in [7].

Given a principal SY-bundle on N x R — N in terms of a Cech 2-

cocycle v, we now perform an isomorphism 3 to another such Cech 2-cocycle

v’

(108) (ﬁ(@o),a(ﬁg,el)) . (v(90,01),a(90,01,02)) — (U’(QQ,91),@’(90,91,92)).

At the level of moduli, this translates into a relation

(109) (/8(90)’5(90791)) : (Wﬂ/)) — (W/ﬂﬁ/)

and we are interested in the explicit isomorphism. The Cech 2-coboundary
B is necessarily of the form

(110)  B(bo) =B —dgBby and «a(fo,01) = ((01 — Oo) + dx( Opb1.

Because both v and v’ are normalized, 3 relates the 2-cocycles as follows:

(111) v(0o,01) @ B(61) = B(0o) @ V' (6o, 61),
a(bo,02) + a(fy, 01,02) = (B, 01) + a’' (0o, 01,02) + (61, 02)
+ A93(B(6g), v (00, 61), 7' (01, 602))
— A3 (v(Bo,61), B(61), ' (61, 62))
+ A3 (v(0, 1), v(01,02), B(62)),

and the second equation reduces to

(12) Y(0ofr + 0102 — Oof2) = (V' + dic¢ + A**(B,, )
—A%3(w, B, + A3 (w, w, ﬂ))
X (6001 + 01602 — 0p06-),
A3 (w,w,w) = A3 (W' W, W) 4+ A3, [w, w],w) + - - -
_ )\0’3(dK67w’,w’) — ...
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From the first equation in (111)) and the first equation in (112)), we readily
read off the following relations:

BRwW =w® B+ dkp,

) b~ i = X038, ) £+ A w, Ba) — A0, B).

The second equation of (112)) is then automatically satisfied, and we arrive
at the following theorem.

Theorem 5.10. Cech 2-coboundaries between Cech 2-cocycles v = (w, )
and v' = (W', 9¢") corresponding to descent data for principal SY -bundles on
surjective submersions of the form N x RO — N are parameterized by ele-
ments 5 € V1 and ¢ € A[1]. The moduli of the coboundaries and cocycles are

related as in Equation (113]).

6. Gauge theory with the string 2-group
6.1. Local description with infinitesimal gauge symmetries

The local description of higher gauge theory with the string 2-group is readily
given without our above considerations and below we briefly recall how, cf.
e.g. [7]. The string Lie 2-algebra of a connected compact simple Lie group is
known to be u(1) — g with non-trivial higher products ps(x1,x2) = [21, 2]
and ps(x1,xe,x3) = k(z1, [r2,23]), x; € g and k € R. This Ly-algebra can
be tensored with the graded differential algebra of differential forms on a
contractible patch U of a manifold, Q*(U). The result is another L..-algebra,
L with higher products fi;. The latter are the tensor products of the higher
products p; on the string Lie 2-algebra with the differential on Q°*(U).

Recall that in any L.-algebra, we can define homotopy Maurer-Cartan
elements. In L, these are elements ¢, for which the homotopy Maurer-Cartan
equation

(114) Y (¢, 0) =0

o0 (_1)i(z’+1)/2
, 7!

=1

is satisfied. This equation exhibits a gauge symmetry, parameterized at in-
finitesimal level by an element v € L of degree 0, which maps Maurer-Cartan
elements to Maurer-Cartan elements:

. (_1)i(i—1)/2 ~

(115) ¢ — ¢+ d¢ with &b:ZWM(%Q”"@'

)
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More explicitly, we have the following proposition.

Proposition 6.1. The homotopy Maurer-Cartan elements of L are given
by pairs A € QY (U)® g and B € Q*(U) ® u(1) satisfying the equations

F = dA+1iu(AA) = 0,
(116) Tamld )
H = dB — gu3(4,A4,A) = 0.

Infinitesimal gauge transformations are parameterized by pairs x € Q°(U) ®
g and ¢ € QYU) ® u(1) and act according to

(117) §A=dz+ps(A,z) and 6B = —d(+ Fus(z, A, A).

Proof. Substituting ¢ = A — B and v =z + ¢ into (114) and (115) yields
the proposition. O

6.2. Non-abelian Deligne cohomology with values in the string
2-group

The full global description of non-abelian gauge theory is governed by non-
abelian Deligne cohomology. Let us first review the case of ordinary prin-
cipal bundles with connection before presenting the details for principal
SY-bundles.

Given a Lie group G with Lie algebra g = Lie(G), a principal G-bundle
with connection over a manifold M with respect to a cover U = U;U; —» M is
described by a non-abelian Deligne 1-cocycle. Such a 1-cocycle consists of G-
valued transition functions (g;;) on the fibered product U xr U = U; ;U; N
U; and g-valued one-forms (A4;) on U satisfying

(118) gijgik = gi  and  Aj = g Aigij + g;; dgij-

Note that the cocycle conditions glue together the local data contained
in (4;) to a global connection. Two such Deligne 1-cocycles (g;5, A;) and
(gz’-j,A;) are considered equivalent, if they are related by a Deligne 1-
coboundary consisting of G-valued functions on U, (g;), as follows:

(119) gi; = 9; '9ij9; and A} =g Aigi +g; ' dgi.

The coboundary relations describe finite gauge transformations of the 1-
cocycles.
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From our discussion in Section [5] we can now derive the explicit form
of Deligne 2-cocycles and 2-coboundaries for principal SY-bundles. In the
following, M denotes the base manifold of the principal SY'-bundle and U =
L;U; — M is a cover of M.

Definition 6.2. Let G be a connected compact simple Lie group with Lie
algebra g := Lie(G). Let furthermore Lie(S}) = (g x u(1) = g) be the Lie
2-algebra of the weak 2-group model SY over G. A Deligne 2-cocycle with
values in SY, which describes a principal SY-bundle with connective struc-
ture, is then given by a SY-valued Cech 2-cocycle (vij, aiji) together with
local forms A = (4;) € QY(U,g), B = (B;) € Q%(U,u(1)) and forms on over-
laps ¢ = (¢ij) € QYU xa U, u(1)), satisfying the following cocycle relations:

(120)
W(Uik) = TF(’UZ']‘ &® vjk), vy = 1s,,
ikt + aijr + A2 (P2 (vik, vir), p2(vij @ vjk, Vk1))

= ajji+ajk+ A2 (d2(vij, vj1), d2(vij, vk @ vgr)) + A0 (B3 (Vi Vik,s VEL),
m(vij) A = Ajm(viy) + dm(viy), dA; + %[Al-, Al =0,
B; = Bj — d(ij — A\ (v, Ai, Ai) + A3 (A, 045, Ap) — A3 (A;, Aj, vig)
Chj+ A" (A),vji,vij) = Cij+Critdajin+ A% ()i, Ak, vik) = A2 (053, Vi, Ag).-

Here, the transformations of A and B on double overlaps of patches are the
previously derived gauge transformations. The transformations of the (;; are
compatibility conditions for the previous transformations on triple overlaps.

Definition 6.3. A Deligne 2-coboundary between two Deligne 2-cocycles
(v,a,A,B,() and (v',a’, A', B',{’) is a set of functions § = (3;) € C>=(U, V1),
local 1-forms ¢ = (¢;) € QY(U,u(1)) and functions on overlaps a = («;j) €
C>®(U xpr U,U(1)) such that
(121)
Bi ®vj; = vij ® Bj, Bii = idg, (x(8,));
ik, + aijr + A2 (2(vik, Br), ¢2(vij @ vjk, Br))
= aij + ajyy, + g + A2 (d2(Bi, viy.), d2(Bi, vij @ V)
+ A%3(8i,vi5, ) — A% (i, By, Vi) + AV (vig, vk, Br),

m(B:i)A; = A (Bi) + dm (),
B; = Bl - dC’L - )‘0’3(/8% A;; A;) + )\073(Ai7 51:7 A;) - )‘073(141'7 Ai7 /B’L))
i — A3 (A, vi5, B5) + AV (A3, Bi,viy) + A2 (Bi, vy, AS) + ¢

= Cj; — A" (vij, A, Bj) + AV (v];, By, AL) + daj + A3 (8i, Af, vy) + .

tj
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Two Deligne 2-cocycles related by a Deligne 2-coboundary are called
equivalent.

As a consistency check, consider the Deligne 2-cocycle relations and remove
one index, say k. Then relabel all affected cochains as their corresponding
parts of a 2-coboundary, e.g. v;; — v; — ;. The resulting relations have to
agree with the relations for a 2-coboundary between a Deligne 2-cocycle and
the trivial Deligne 2-cocycle, which they do.

The above two definitions provide all necessary details for a global de-
scription of the kinematical part of higher gauge theory with the string
2-group SY as structure group.

6.3. Application: A self-dual string solution

As stated in the introduction, one of the most pressing issues in higher gauge
theory is the explicit construction of physically well-motivated examples of
higher principal bundles with connective structure. Obvious candidates for
dynamical constraints on such connections are the self-duality equation for
a 3-form curvature on R5, as well as the self-dual string equation in R?.
The former should be closely related to a non-abelian formulation of the
long-sought (2,0) superconformal field theory in six-dimensions; the latter
will be considered in some detail below in a simple case which is readily
discussed.

Recall that k abelian self-dual strings [36] are described by a 2-form
B together with a function ® satisfying the equation H = dB = *d® on
M = R*\{x1,...,2}. The points z1, . ..,z are identified with the locations
of the k self-dual strings, and the Higgs field ® as well as the 2-form potential
B diverge at these points.

One can readily translate the self-dual string equation to higher gauge
theory, cf. e.g. [5] or [§]. Note that the spin group of the underlying space-
time was intrinsically linked to the gauge group in the 't Hooft-Polyakov
monopole [37] and the BPST instanton [38, B9]. Therefore, a good choice of
an interesting gauge 2-group for self-dual strings is the string group Sy of
Spin(4) = SU(2) x SU(2).

The self-dual string involving the connection of a principal SY-bundle is
described by a spin(4)-valued 1-form A on M together with a u(1)-valued
2-form B and a u(1)-valued function ®. These have to satisfy the equations

(122) F=dA+i[A,A=0 and H=dB - Jus(A, A A) = d®,
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where the first equation is the fake-curvature condition and the second
equation is the non-abelian version of the self-dual string equation. The
fake-curvature condition implies here that A is pure gauge, and we write
A = 7(v)~tdm(v) for some v € C®°(M, V7). Since dus(A, A, A) = 0, we then
have d xd® = 0 and ® is a harmonic function on M. To choose a simple
example, we put M = R*\{0} and ® = L, where r is the distance from the
origin in R*. There are now two extreme solutions which satisfy the second
equation in . One is v = 1gy and

xh (R2 arctan (;—i) — r’\:c’\)
R2(7‘>‘ 3 )

B = %dx“ A dz¥euien

R=lz|, ™ =/|z]2 = (a})?,

the other being B = 0 and
1 1 3.2 3y :4
(124) v:¢1<< T +1x :c1+1a:2>7]l>'

|| —3 4+ izt 2l —ix

(123)

The first one is a reformulation of the solution given in [40], the second
one is an adaptation of the standard gerbe over S3 ~ SU(2). Note that the
content of v in the second solution can be partially gauged into the other
SU(2) contained in Spin(4).

We can now show that the above two solutions are indeed gauge equiva-
lent, as one would expect. First, recall that the self-dual string equation on
R* can be augmented to a self-duality equation on R by assuming that all
fields and forms are constant in the two additional direction and identifying
® with the 2-form potential in these directions. The gauge transformations
of ® should therefore be identified with those of this component of B, which
vanishes if all gauge parameters are constant and the 1-form potentials van-
ish in these directions. It follows that ® is gauge invariant and the same
holds trivially for H. Since both solutions have the same ® and thus the
same H, this implies that they are gauge equivalent.

Altogether, we found that a solution to the non-abelian self-dual string
Equations is gauge equivalent to the usual abelian solution. The reason
for this was the fake curvature relation F = 0. This equation guarantees that
parallel transport along surfaces is reparameterization invariant, see e.g.
[41]. Even though this relation appears naturally in a twistor construction
of non-abelian self-dual strings [5], this equation is not physically relevant
for self-dual strings, as the string is perpendicular to the space M and there
is no parallel transport within M. For more details on this point, see [§]. A
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study of non-abelian self-dual string solutions which do not satisfy the fake
curvature relation is beyond our scope here, and we postpone it to future
work.
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Appendix A. Group objects in categories

Recall that a category with finite products has a terminal object * and
products between any two objects.

Definition A.1. A group object in a category ¥ with finite products is
an object G € € together with morphisms m € €(G x G,G), e € € (*,G),
inv € € (G, G) such that the following diagrams are commutative:

idg xm idg xe

GxGxG GxG * X G =G X % GxG
mxidci im exidgl = \Lm
GxG T G G xG m G
(A1) G 2 Laoxeg— L gxq
iidcxinv
GxG m
* \G

where A(g) = (g,9). A group is then a group object in Set and a Lie group
is a group object in Mfd>°.

Definition A.2. Given a group object G in a category with finite products
%, a G-object in € is an object X € ¥ together with a morphism « : G x
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X — X such that the following diagrams commute:

ledX lxidx

GxGxX GxX * X X GxX
(A-Q) ideal ia P2 ia
Gx X a X X idx X

We now need to lift the above definitions to 2-categories. The defini-
tion of a 2-group object was introduced in [19]. Here, we follow closely the
presentation in [10].

Definition A.3. Given a weak 2-category % with finite products, a 2-
group object in ¥ is given by an object Cy in ¥ together with 1-morphisms
m:Cy x Cy — Cp and e : x — Cy as well as invertible 2-morphisms

(A3) a:mo(mx1)—mo(lxm),
. l:mo(ex1)—== and r:mo(lxe) =,

where = denotes the isomorphisms * x Cy = Cy = Cy X *. The morphism
(pry,m) : Cp x Cy — Cpy x Cy has to be an equivalence and a, | and r have
to satisfy the (internal) pentagon and triangle identities, cf. [10].

The pentagon and triangle identities are obtain by considering the two ob-
vious morphisms

/—\
(A.4) (mo(mx1))o(mx1x1) mo ((I1xm)o(lx1xm))
\_/

and for the triangle identity, we look at

T
(A.5) mo ((mo(lxe))x1) mo (1x1)

\_//
This yields essentially the diagrams with B, replaced by m.

Definition A.4. A homomorphism ¢ between 2-groups G and G’ in a weak
2-category % consists of a 1-morphism ¢; : G; — G2 and a 2-isomorphism
¢ :m' o (1 X ¢1) = ¢ omand ¢ : id — ¢ oid. These have to satisfy three
coherence axioms, cf. [10] and diagrams (18).

Definition A.5. Given a 2-group object G in a weak 2-category ¥ with
finite products, a G-object in % is an object X in € together with a 1-
morphism «: G x X — X as well as invertible 2-morphisms a, : @ o (m X
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idy) = ao(idg x a) and |, : a0 (e x idy) — idy, such that the following
diagrams 2-commute:

mxidxy exidy

gxgxX GgxX * X X gx X

(A.6) ingai / la P2 / )l(a

GxX X X e

Moreover, certain coherence axioms for a, and |, are satisfied, cf. [10] and
diagrams (20)).

Appendix B. Further useful definitions and proposition

To compose bibundles, we needed the notion of coequalizer.

Definition B.1. Given two morphisms f,g: X1 = Xj in a category %, a
coequalizer is an object Y € % together with a morphism y : Xy — Y such
that y o f = y o g. Moreover, we demand that the pair (y,Y") is universal in
the sense that for any other such pair (y/,Y”), there is a unique morphism
u:Y - Y.

In the definition of a G-stack over X, we needed the concept of a slice
2-category. First, the following definition.

Definition B.2. Given a category % together with an object a € €, the
slice category %’/a has as its objects the class € (—, a). Morphisms between
two objects f:b— a and g : c— a of the slice category are commutative
triangles, i.e. elements h of € (b, c) with go h = f.

This is generalized to 2-categories as follows.

Definition B.3. Given a (weak) 2-category % and an object a € €, the
slice 2-category %' /a consists of the following data. The objects € /a are the
1-morphisms of € with codomain a. The 1-morphisms of %’ /a between ob-
jects f: b — aand g : ¢ — a are pairs (h, x), where h : b — cis a 1-morphism
of € and x : f = gh is a 2-isomorphism in ¢

b h c

(B.7) X"//

a
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Finally, consider two l-morphisms (hi,x1) and (he, x2) between f:b— a

and ¢g:c¢— a in % /a. The 2-morphisms from (h1,x1)
morphisms & : hy = hy of € such that x2(f) = (g€)x1(f)

1]
2]

3]

[4]

[5]

[10]

[11]

[12]

to (hg,x2) are 2-
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