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Abstract

We develop a ready-to-use comprehensive theory for (super) 2-vector bundles over smooth man-
ifolds. It is based on the bicategory of (super) algebras, bimodules, and intertwiners as a model
for 2-vector spaces. We discuss symmetric monoidal structures and the corresponding notions of
dualizability, and we derive a classification in terms of Cech cohomology with values in a crossed
module. One important feature of our 2-vector bundles is that they contain bundle gerbes as
well as ordinary algebra bundles as full sub-bicategories, and hence provide a unifying frame-
work for these so far distinct objects. We provide several examples of isomorphisms between
bundle gerbes and algebra bundles, coming from representation theory, twisted K-theory, and
spin geometry.
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1. Introduction

In this paper, we develop a theory of 2-vector bundles. Just as a vector bundle over a manifold X
is a collection of vector spaces (the fibres), together with information on how these fit together to
a bundle structure, a 2-vector bundle will be a geometric object whose fibres are 2-vector spaces.
Here, a 2-vector space is an object of a delooping bicategory of the category of vector spaces, i.e.,
a symmetric monoidal bicategory such that the endomorphism category of the monoidal unit is
equivalent to a vector space category.

In this paper, we choose a certain bicategory of finite-dimensional algebras, finite-dimensional
bimodules and intertwiners over £k = R or C, which we denote by 2Vecty. In fact, we work
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throughout with a larger bicategory s2Vecty of super 2-vector spaces, where algebras and bi-
modules are Zso-graded and all intertwiners are grading preserving; this is crucial for several
applications. The idea to consider algebras as 2-vector spaces was brought up by Schreiber in
discussions at the n-Category Café [27, 28], also see [29, §A] and [31, §4.4] for early references
advocating this point of view. There are many other possible (mostly “smaller”) choices, see the
Appendix of [4] for a “bestiary of 2-vector spaces”; e.g., Kapranov-Voevodsky 2-vector spaces
[15]. Another round of examples comes from various flavors of linear categories. In particular, in
the context of TQFTs, a frequently used model for 2-vector spaces are linear finitely semisimple
abelian categories. Our reason to use the algebra/bimodule model of 2-vector spaces is that it is,
for the most part, straightforward to turn algebras and bimodules into bundles. Another reason
is that many of the examples we have in mind are of this form.

In our previous article [13] we have described how to turn (finite-dimensional) algebras and
bimodules into algebra bundles and bimodule bundles over smooth manifolds, in such a way
that a bicategory sAlgBdlEi(X ) is obtained. The composition in sAlgBdlZi(X ) is the relative
tensor product of bimodule bundles over an algebra bundle. The well-definedness of such a tensor
product does not come for free and depends crucially on the admitted class of bimodules and
the conditions one imposes for their local triviality. Our article [13] describes and solves these
issues. In [13] and in the present work, we stick to finite-dimensional algebras and bimodules;
in our subsequent article [14] we also consider versions with von Neumann algebras.

The bicategory sAlgBdlEi(X ) of algebra bundles is a preliminary version of 2-vector bundles.
It is preliminary because algebra bundles do not satisfy bicategorical descent — one cannot glue
locally defined algebra bundles along invertible bimodule bundles to again obtain an algebra
bundle. Another way to say this is that algebra bundles — though locally trivial as bundles
— are not locally trivial in the correct bicategorical sense, i.e., as 2-vector bundles. In more
precise terms, we have shown in [13] that the presheaf of bicategories sAlgBAIY', which assigns
to each smooth manifold X the bicategory sAlgBdlzi(X ), is only a pre-2-stack, but not a 2-
stack. However, every pre-2-stack can be 2-stackified using the plus construction of Nikolaus and
Schweigert [21], and this is precisely our definition (Definition 2.18) of super 2-vector bundles:

s2VBdly, := (sAlgBdIPH) T,

In particular, our super 2-vector bundles then form a 2-stack, i.e., they do satisfy descent and
are locally trivial as 2-vector bundles.

Concretely, a super 2-vector bundle V on a manifold X consists of the following data: a
surjective submersion Y — X, a super algebra bundle A over Y; a bundle M of invertible
priA-pri.A-bimodules over Y2 and an invertible even intertwiner

f: prag M @prs 4 Prig M — prig M
over YBI which satisfies a coherence condition over Y4. Here, Y[¥ denotes the k-fold fibre

product of Y with itself over X, which comes with projection maps pr; ., : vl — vy,

Schematically, we depict a super 2-vector bundle as

A M ,u coherence

pry

V= y;ymgymgm _ (1)

J -

X
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We think of the surjective submersion ¥ — X in terms of a generalized open cover of X: any
open cover (U;);er of X gives rise to a surjective submersion Y = [[,.; U; — X (in fact, a local
diffeomorphism); yet, allowing general surjective submersions is often convenient in practice. We
emphasize that every super 2-vector bundle has its individual surjective submersion ¥ — X, and
that in general it cannot be assumed to be trivial (i.e., Y = X).

The isomorphism class of the typical fibre of the algebra bundle A in (1) is not an invariant
under isomorphisms of super 2-vector bundles. However, it turns out that its Morita class is an
invariant, which we call the Morita class of the super 2-vector bundle V; it is the higher analog
of the rank of an ordinary vector bundle.

For each manifold X, we obtain a bicategory s2VBdl(X) of super 2-vector bundles on X, and
one may ask for a classification, i.e., a description of the set of isomorphism classes. In this article,
we classify super 2-vector bundles of fixed Morita class A in terms of the first Cech cohomology
with values in the automorphism 2-group Aut(A) of A. As a Lie 2-group, the automorphism
2-group Aut(A) can be presented by a smooth crossed module AF 5 Aut(A), where AJ, the
group of even units in A, includes into Aut(A) as inner automorphisms, and Aut(A) acts on Aj
in the standard way. Precisely, our classification result is the following; see Theorem 4.5 in the
main text.

Theorem 1.1. Let A be a Picard-surjective super algebra. Then, there is a canonical bijection
hg (A—s2VBd1(X)) >~ HY(X, Aut(A)),

i.e., super 2-vector bundles over X of Morita class A are classified by the Cech cohomology of X
with values in Aut(A).

Here, hy denotes the set of isomorphism classes of objects in a bicategory. Moreover, we say
that a super algebra A is Picard-surjective if the natural map Aut(A) — Pic(A) is surjective.
We proved in [13, Prop. A2| that every super algebra is Morita equivalent to a Picard-surjective
one; hence, our classification result in fact applies to all 2-vector bundles.

Though there is a well-defined tensor product between arbitrary 2-vector bundles, the bi-
category s2VBdl;(X) is in general not monoidal. The problem lies already in the bicategory
sAlgBdIP (X) and has been observed and discussed in [13]. It is rooted in the fact that the well-
definedness of the relative tensor product between bimodule bundles (the composition) requires
a condition (“implementing”) that is not preserved under the exterior tensor product of bimodule
bundles (the monoidal structure). In [13], we suggest two options to solve this problem. Either,
one can take the underlying sub-bigroupoid Grpd(s2VBdlx(X)); this circumvents the problem
because invertible bimodule bundles are automatically implementing. Or, one can consider the
full sub-bicategory ss-s2VBdl,(X) over all semisimple super 2-vector bundles; i.e., ones whose
super algebra bundle A has semisimple fibres; here, the problem does not arise as bimodule
bundles between semisimple super algebras are automatically implementing.

The invertible objects in both symmetric monoidal bicategories (i.e., the objects with tensor
inverses) provide a unified picture: we show that in both cases a super 2-vector bundle is invertible
if and only if its Morita class is a central simple super algebra (Proposition 3.27). Invertible
super 2-vector bundles will also be called super 2-line bundles; these form a symmetric monoidal
bicategory denoted s2LBdl;(X). Our classification specializes to the following; see Theorem 4.14
in the main text.

Corollary 1.2. For any smooth manifold X, there is a canonical group isomorphism

ho(s2LBdl, (X)) = HO(X, BWy) x HY(X, Zy) x H3(X, EX).
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Here BW}, is the Brauer-Wall group for the field £k = R or C, and the first factor on the right
hand side specifies the Morita class of the super 2-line bundle on each connected component.
This result was previously obtained by Mertsch in his PhD thesis [19] by a direct computation,
whereas we compute the Cech cohomology group H! (X, Aut(A)) in case of a central simple super
algebra and then deduce the result from Theorem 1.1.

We also study weaker notions of invertibility in symmetric monoidal bicategories, most im-
portantly full dualizability. While in the bigroupoid Grpd(s2VBdlx(X)) dualizability, full du-
alizability, and invertibility are the same, we show (Proposition 3.27) that in ss-s2VBdl;(X)
all objects, i.e., all semisimple super 2-vector bundles are fully dualizable. In this sense, full
dualizability corresponds to semisimplicity, just as it is the case for 2-vector spaces [4].

An important feature of our framework is that both super algebra bundles and (super) bundle
gerbes give rise to super 2-vector bundles. This can be seen directly using the above description
in (1): for an algebra bundle A on X, one just takes ¥ = X and M = A to get a 2-vector
bundle, while for a bundle gerbe over k with surjective submersion ¥ — X, one just takes
A = k, the trivial algebra bundle over Y with typical fibre k. In particular, super 2-vector
bundles provide a framework in which isomorphisms between super algebra bundles and bundle
gerbes can be discussed. Thus, questions like “When is a bundle gerbe a bundle of algebras?”
(see [23]) obtain a well-defined meaning (and answer: if and only if its Dixmier-Douady class is
torsion, see Corollary 4.19). Throughout this paper, we provide a variety of results about the
correlation between super 2-line bundles, super algebra bundles, and super bundle gerbes; see
Sections 3.2, 3.3 and 4.4. Figure 1 shows schematically a summary of these results.

A geometric example of the situation that a bundle gerbe is isomorphic to an algebra bundle
is the following: an oriented Riemannian manifold X¢ canonically carries the spin lifting gerbe
92183‘1, which is a real line bundle gerbe. This bundle gerbe is trivial if and only if X admits a
spin structure, and a trivialization is precisely a choice of spin structure. On the other hand, one
can apply the Clifford algebra construction to the tangent bundle, which yields a bundle C1(T'X)
of real super algebras over X. Both the spin lifting gerbe and the Clifford algebra bundle give

rise to 2-vector bundles, and they may be compared as such. In fact, we prove that
G = CTX) ® Cl_g

as 2-vector bundles, where an isomorphism is provided by the twisted spinor bundle. We derive
this from a general statement (Theorem 5.6) about lifting gerbes and representations, and also
prove some variations concerning complex scalars and non-oriented manifolds.

We remark that precursors to our super 2-vector bundles have appeared in several places,
but the presentation as the 2-stackification of a presheaf of bicategories (together with the conse-
quential fact that they form a 2-stack) is new in the present paper. For example, in [24], Pennig
defines “Morita bundle gerbes” with respect to a unital C*-algebra A. If A is finite-dimensional,
this essentially reduces to our (ungraded) complex 2-vector bundles of Morita class A. Pennig
does not define a bicategory (let alone a 2-stack) but only considers stable equivalence classes. He
also classifies Morita bundle gerbes by the Cech cohomology with coefficients in a C*-algebraic
version of the 2-group Aut(A), and our classification theory was strongly motivated by Pennig’s
ideas and results. It is worth pointing out that, in spite of the similarities to Pennig’s approach,
our methods are more conceptual as we use the modern 2-stack-theoretical framework. Moreover,
we go a bit further, for instance, with the discussion of the tensor product of algebras under this
classification.
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algebra bundles bundle gerbes

Figure 1: A Venn diagram relating various sorts of 2-vector bundles and
bundle gerbes. The intersection between algebra bundles and bundle ger-
bes consists of those algebra bundles whose fibres are Morita equivalent
to the ground field, and at the same time of all bundle gerbes whose
Dixmier-Douady class is torsion. The intersection between algebra bun-
dles and 2-line bundles consists of all algebra bundles whose fibres are
central and simple.

In [8] Ershov adapts Pennig’s definition to a finite-dimensional setting. Ershov’s Morita
bundle gerbes coincide with our ungraded complex 2-line bundles of Morita class C, see (3)
for further comparison. In his lecture notes [10] Freed sketches the definition of a 2-category
of invertible algebra bundles over topological groupoids G, which coincides with (a continuous
version of) our notion of super 2-line bundles if G is the groupoid obtained from a cover ¥ —
X, ie., where Go = Y and G; = Y2, Freed then obtains a classification result similar to
Corollary 1.2, using homotopy-theoretical methods. Finally, in [3] Baas, Dundas, and Rognes
propose a definition of a “charted 2-vector bundle” based on a category of 2-vector spaces that
is equivalent to Kapranov-Voevodsky 2-vector spaces. In [21] Nikolaus and Schweigert recast
charted 2-vector bundles in term of 2-stackification, showing that charted 2-vector bundles form
a 2-stack. Nonetheless, we do not see any direct relation between these charted 2-vector bundles
and our 2-vector bundles, and their framework does not seem to capture the geometric examples
we have in mind.

2. 2-vector bundles

The goal of this section is to introduce the 2-stack of 2-vector bundles in several flavours (e.g.,
real /complex, ungraded/graded). We explain first what our models for 2-vector spaces are, and
then turn these into bundles over manifolds. This results in a variety of pre-2-stacks which may
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be viewed as “preliminary 2-vector bundles”. We then apply the 2-stackification procedure of
Nikolaus-Schweigert [21] to construct 2-stacks of 2-vector bundles of various flavours.

2.1 The bicategory of 2-vector spaces In order to define 2-vector bundles, one first has to
settle on a good notion of 2-vector spaces. In general, 2-vector spaces should form a symmetric
monoidal bicategory V such that the monoidal category éndy(1) of endomorphisms of the mo-
noidal unit 1 is isomorphic to some category of vector spaces (e.g., finite-dimensional ones) over
a field k. We describe in this section our choice of a sub-bicategory s2Vecty of the symmetric
monoidal bicategory sAngi of finite-dimensional super algebras over k, where k is either R or C.
We start by recalling the basics of the bicategory sﬂlgzi.

The objects of sAlgEi are monoid objects in the symmetric monoidal category sVecty, of finite-
dimensional super vector spaces; in more detail, these are finite-dimensional, Zs-graded, unital,
associative algebras A over k (in short: super algebras). We will use the notation A = Ay @ A;
to denote the graded components. If A and B are super algebras, then the 1-morphisms A — B
in sAlgEi are Zg-graded, finitely generated B-A-bimodules (we will just say bimodules). The
2-morphisms are bimodule intertwiners, and are always required to be parity-preserving.

If M: B— Aand N : C — B are l-morphisms (i.e., M is a A-B-bimodule and N is a
B-C-bimodule), then the composition in sAlg}gi is the relative tensor product M ®pg N over B,
which gives a A-C-bimodule and hence a 1-morphism C' — A. The reason that 1-morphisms
from B to A are taken to be A-B-bimodules (as opposed to B-A-bimodules), is that we then have
MoN = M®p N for the composition of 1-morphisms in our 2-category; consequently we do not
have to distinguish between the symbols o and ®. The identity bimodule of a super algebra A is
A, considered as an A-A-bimodule in the obvious way. An A-B-bimodule M is invertible if there
exists a B-A-bimodule N such that M ® p N &2 A and N ® 4 M = B. Two super algebras A,
B are isomorphic in the bicategory sAlgEi if and only if there exists an invertible A-B-bimodule
M ; this relation is usually called Morita equivalence.

Remark 2.1. The bicategory Alg]j;i of (non-super) algebras, (non-super) bimodules and inter-
twiners forms a (non-full) sub-bicategory, by declaring algebras and bimodules to be purely even.
That way, the ungraded situation is included in our discussion.

We recall that to any A-B-bimodule M one can associate another A-B-bimodule I[TM with
the graded components swapped, see [13, §2.1]. We also recall the usual way of twisting bimodules
by super algebra homomorphisms (i.e., even algebra homomorphisms). Given a super algebra
homomorphism ¢ : A’ — A and an A-B-bimodule M, there is an A’-B bimodule oM with
underlying vector space M, the right B-action as before and the left A’-action induced along
¢. Further, if ¢ : B — B is another super algebra homomorphism, then we obtain a A-B’-
bimodule My, in a similar way. Both twistings can be performed simultaneously, resulting in an
A’-B’-bimodule oM. If N is another A’-B’-bimodule, then an intertwiner u : N — oMy is the
same as an intertwiner along ¢ and 1, i.e., an even linear map satisfying

u(a>n<b) = ¢(a)>u(n)<(b), neN, ac A, beB. (2)

We refer to |13, Lem. 2.1.3] for a summary of further properties of this construction.

For any super algebra A, one may consider the Picard group, Pic(A). By definition, its
elements are the isomorphism classes of invertible A-A-bimodules, and its group multiplication
is given by the relative tensor product over A. If ¢ € Aut(A), then the bimodule Ay is invertible.
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Moreover, Ag ®4 Ay = Agoy. Thus, the assignment ¢ — A, induces a group homomorphism
Aut(A) — Pic(A). (3)

A super algebra is called Picard-surjective, if every invertible A-A-bimodule M is isomorphic to
one of the form Ay for some ¢ € Aut(A4). In other words, the map (3) is surjective.
As working with bicategories can be involved due to non-strictness, it is often convenient
— when possible — to reduce to a one-categorical context. This leads to the notion of a framed
bicategory: a bicategory B together with a category € with the same objects and a functor € — B
such that (a) it is the identity on the level of objects and (b) the image of every morphism of € has
a right adjoint in B. Assigning to a super algebra homomorphism ¢ : A — B the B-A-bimodule
B, establishes such a framing
sAlg, — sAlgh! (4)

for the bicategory of super algebras; see [13, Lem. 2.1.6] for a more detailed discussion.
Another important feature of the bicategory sAlg}zi is that it is symmetric monoidal in the
sense of Schommer-Pries [30, Definition 2.3]. The monoidal structure is the graded tensor product
of super algebras, respectively, the exterior graded tensor product on bimodules over k. The
tensor unit is the field k, considered as a trivially graded super algebra, 1 := k. This way, we
obtain &nd, Angi(l) 2 sVecty as symmetric monoidal categories, which qualifies the bicategory

sAlg}gi as a bicategory of 2-vector spaces.

Remark 2.2. One can show that every super algebra A is dualizable with respect to the sym-
metric monoidal structure of sAlgEi. Furthermore, a super algebra is fully dualizable if and only
if it is semisimple (equivalently, separable), see [4]. Finally, it is well-known that a super algebra
is invertible if it is central and simple. The group of isomorphism classes of invertible objects in
sfllggi is called the Brauer-Wall group of k. It is well known that BWr = Zg and BW¢ = Zo,
and that representatives are the real and complex Clifford algebras, Cl,, (n = 0,...,7) and Cl,
(n =0,1), respectively.

The passage from algebras to algebra bundles is straightforward, whereas the passage from
bimodules to bimodule bundles needs extra care, see Section 2.2. The crucial point is to achieve
a well-defined relative tensor product of bimodule bundles over an algebra bundle. A locally
trivial vector bundle structure on the fibrewise relative tensor product does not come for free
and requires some control of the bimodule actions. This leads us to the definition of the sub-
bicategory sVecty C sAlgEi, which will be our choice of 2-vector spaces, and which we explain
next.

We associate to any A-B-bimodule M the group I(M) of triples (¢, u, 1)) consisting of super
algebra automorphisms ¢ € Aut(A) and ¢ € Aut(B) and of an invertible (even) intertwiner u
along ¢ and 1, i.e., u satisfies the relation (2). It is straightforward to show [13, §3.1] that I(M)
is a Lie subgroup of Aut(A) x GL(M) x Aut(B). We call I(M) the group of implementers, due
to the fact that if (¢, u,1p) € I(M), then u implements the automorphisms ¢ and 1, in the sense
that

d(a)>m =u"t(a>u(m)), m<a(b) = u  (u(m) <b), acA, meM, beB. (5
We will next consider the projection maps

pe: I(M)— Aut(A) and p,: I[(M)— Aut(B), (6)
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which are smooth group homomorphisms. The following definition has been introduced in [13,
Def. 3.1.3].

Definition 2.3 (Implementing modules). Let A and B be super algebras and let M be an
A-B-bimodule. Then, M is called implementing if the maps p, and p, are open.

We refer to [13, §3.1] for some remarks concerning this definition. Moreover, we infer from
[13] the following results.

Proposition 2.4.
(i) For any automorphisms ¢, € Aut(A), the bimodule , Ay is implementing.
(i) Every invertible bimodule is implementing.

(11i) Every bimodule over semisimple algebras is implementing.

(iv) The relative tensor product of implementing bimodules is implementing.

For examples of non-implementing bimodules, we refer again to [13]. In particular, if ¢, :
A — B are (non-invertible) super algebra homomorphisms, it happens that the bimodule ;B
is mot implementing.

Due to (iv) we are in position to define a sub-bicategory
s2Vecty, C sAlgd!

with the same objects (super algebras) but only the implementing bimodules as 1-morphisms
(and all intertwiners between those as 2-morphisms). By (ii), both bicategories have the same
set of isomorphism classes of objects. In other words, two algebras are Morita equivalent if
and only if they are isomorphic in any of these bicategories. Moreover, by (iii), we still have
&ndgovect, (1) = sVecty, so that s2Vecty, is a valid choice of a bicategory of super 2-vector spaces.
One of the fundamental insights of our paper [13| was that in the context of algebra bundles, it
is the smaller bicategory s2Vect; which succeeds as a model for 2-vector spaces in relation with
2-vector bundles; this is the topic of the next subsection.

Before we proceed, we note that the framing sAlg; — sAlgEi of Eq. (4) does not co-restrict
to the sub-bicategory s2Vecty, because the bimodule B, is not necessarily implementing for all
algebra homomorphisms ¢ : A — B. One way to restore this is to restrict to the groupoid
Grpd(sAlgy,) of super algebras and super algebra isomorphisms. Then, by (i), we obtain a new
framing

Grpd(sAlg,) — s2Vecty. (7)

Another option is to restrict to semisimple super algebras, i.e., to the full subcategory ss-sAlg; C
sAlg; and to the full sub-bicategory ss-s2Vect;, C s2Vect; over all semisimple super algebras.
Then, by (iii) we obtain a framing

ss-sAlg;, — ss-s2Vecty. (8)

Similarly, we note that the symmetric monoidal structure on sf[lgzi does not restrict to
s2Vecty, because the exterior tensor product of implementing bimodules need not be implement-
ing [13, Ex. 3.1.5 (4)]. However, the symmetric monoidal structure restricts (by (ii)) to the
sub-bigroupoid Grpd(s2Vect) and (by (iii)) to the sub-bicategory ss-s2Vecty, so that both of
these bicategories are framed symmetric monoidal bicategories.
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2.2 Algebra bundles and bimodule bundles We will now set up a bundle version of our
bicategory s2Vecty of super 2-vector spaces over smooth manifolds, which will be a preliminary,
yet incomplete, version of 2-vector bundles. The larger bicategory sAlg,Ei does not admit such a
bundle version as the relative tensor product of perfectly fine but non-implementing bimodule
bundles does in general not admit a locally trivial vector bundle structure.

Let X be a smooth manifold. The definition of super algebra bundles is standard, and the
definition of bimodule bundles is taken from [13, §4.1].

Definition 2.5 (Super algebra bundle). A super algebra bundle over X is a smooth vector
bundle 7 : A — X, with the structure of a super algebra on each fibre A,, x € X, such that
each point in X has an open neighborhood U C X for which there exists a super algebra A
and a diffeomorphism ¢ : A|y — U x A that preserves fibres and restricts to a super algebra
isomorphism ¢, : A, — A in each fibre over z € U. A morphism between two super algebra
bundles is a vector bundle morphism that is a grading-preserving algebra homomorphism in each
fibre. Super algebra bundles over X and homomorphisms form a category sAlgBdl,(X).

Remark 2.6.

(1) As defined, super algebra bundles do not necessarily have a single typical fibre, in the
sense that the super algebras A of all local trivializations could be chosen to be the same.
However, a straightforward argument shows that the restriction of a super algebra bundle
to a connected component of X does have a single typical fibre.

(2) A trivial super algebra bundle A over X is given by a family {A;};er of super algebras,
one for each connected component X; C X, via Alx, := A; := X; x A;, the trivial algebra
bundle with fibre A;. Note that trivial super algebra bundles canonically pull back to
trivial ones.

Definition 2.7 (Bimodule bundle). Let A and B be super algebra bundles over X. An A-B-
bimodule bundle is a super vector bundle M over X with the structure of an A,-B,-bimodule in
each fibre M, such that each point x € X has an open neighborhood U C X over which there
exist local trivializations ¢ : Al — U x A and ¥ : Bly — U x B (as super algebra bundles),
an A-B-bimodule M, and a local trivialization v : M|y — U x M (as a vector bundle) that
is fibrewise an intertwiner along ¢ and . If X can be covered by open sets supporting local
trivializations with the same A, B, and M, then we say that M has typical fibre the triple
(A, M, B). Morphisms between A-B-bimodule bundles are super vector bundle morphisms that
are even intertwiners in each fibre (they will again be called intertwiners). A-B-bimodule bundles
and their morphisms form a category sBimBdl 4 z(X).

Example 2.8.

(1) Let ¢ : A — B be an isomorphism of super algebra bundles over X. Then, there is a
B-A-bimodule bundle By, which over a point € X has fibres (B,)g,. Its typical fibre is
(B, By, A), where A and B are typical fibres of A and B, respectively, and ¢ : A — B is
an arbitrary super algebra isomorphism, see [13, Ex. 4.1.5]. We remark that this does not
generalize to non-invertible super algebra bundle homomorphisms ¢ : A — B, see [13, Ex.
4.3.3 & 4.3.4].

(2) If A and B are trivial super algebra bundles over X, defined by families {A;};c; and {B; }ier
as in Remark 2.6, then a trivial A-B-bimodule bundle is given by a family {M;, ¢;, 1; }icr
with A;-B;-bimodules M; and smooth maps ¢; : X; — Aut(A;) and ¢; : X; — Aut(B;),
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one for each connected component X; C X, via M|x, := y,M;4,. Every bimodule bundle
is locally isomorphic to a trivial one.

For a deeper discussion of bimodule bundles we refer to [13, §4.1]. It turns out that there is
no relative tensor product of bimodule bundles as defined above (see Section 2.2, [13, §4.2]). We
proved in [13, Thm. 4.2.6] that the following additional constraint fixes this problem.

Definition 2.9 (Implementing bimodule bundle). Let A and B be super algebra bundles over
X. An A-B-bimodule bundle M is called implementing if all fibres M, are implementing. Im-
plementing A-B-bimodule bundles and their morphisms form a full subcategory sBidelij?g(X )
of sBimBdl4 5(X).

Let A, B, and C be super algebra bundles, let M be an implementing A-B-bimodule bundle
and N an implementing B-C-bimodule bundle. In [13, Prop. 4.2.3] we have constructed the
relative tensor product M ®p N, which is an implementing A-C-bimodule bundle. Thus, we
have a functor

sBImBAIYR(X) x sBimBdl;E (X) — sBimBdl B (X). (9)

It is unproblematic to construct associators and unitors for this tensor product functor, turning
it into the composition of 1-morphisms in a bicategory whose objects are super algebra bundles.

Definition 2.10 (Bicategory of super algebra bundles). The bicategory of super algebra bundles
over X, denoted sAlgBdlzi(X ), has objects super algebra bundles over X, 1-morphisms imple-
menting bimodule bundles over X, and 2-morphisms even intertwiners. The composition is given
by the relative tensor product (9).

Super algebra bundles are a preliminary version of super 2-vector bundles: they (only) form
a pre-2-stack [13, Prop. 4.5.1], while the true super 2-vector bundles that we define in Section 2.3
form a 2-stack (Theorem 2.19).

We recall from Section 2.1 that the bicategory s2Vect; has two interesting sub-bicategories,
the sub-bicategory Grpd(s2Vecty) and the full sub-bicategory ss-s2Vect; over all semisimple
super algebras. They are symmetric monoidal and come with (symmetric monoidal) framings

Grpd(sAlgy,) — Grpd(s2Vecty) and  ss-sAlg, — ss-s2Vecty

discussed in Eqgs. (7) and (8). We recall that s2Vecty, itself is not symmetric monoidal, and also
not framed by sAlg;.

This picture passes without changes from super 2-vector spaces to the bicategory of super
algebra bundles. In the first case, we define the sub-bicategory

Grpd(sAlgBdIP (X)) C sAlgBdI(X)

containing only the invertible bimodule bundles (note that by [13, Lem. 4.2.8], “invertible” is
equivalent to “fibrewise invertible”) and the invertible intertwiners. Then, Example 2.8 furnishes
a functor

Grpd(sAlgBdl, (X)) — Grpd(sAlgBdIi(X)) (10)

which is indeed a framing and symmetric monoidal [13, Lem. 4.3.1]. For semisimple algebras, we
first define the full sub-category ss-sAlgBdl;(X) C sAlgBdl,(X) over all super algebra bundles
with semisimple fibres, and similarly, the full sub-bicategory ss-sAlgBdIP!(X) C sAlgBdIPI(X).
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If ¢ : A — Bis a homomorphism of semisimple super algebra bundles, then by [13, Prop. 4.3.5],
we obtain a well-defined A-B-bimodule bundle B, and hence, a functor

ss-sAlgBdly(X) — ss-sAlgBdIR (X). (11)

By [13, Cor. 4.3.6], this is again a framing and symmetric monoidal. The following result is [13,
Cor. 4.4.4].

Proposition 2.11. The following table describes the dualizable, fully dualizable, and invertible
objects in both symmetric monoidal categories of preliminary super 2-vector bundles:

‘ dualizable ‘ fully dualizable ‘ wnvertible

Grpd(sAlgBdIP (X))
ss-sAlgBdIY (X)

central simple | central simple

all

central simple

all

central simple

Remark 2.12. Both symmetric monoidal bicategories Grpd(sAlgBdIY (X)) and ss-sAlgBdIP (X))
have a second symmetric monoidal structure given by the direct sum of algebra bundles, and the
exterior direct sum of bimodule bundles. The two monoidal structures are compatible with each
other in the sense of distributive laws, and form a commutative rig bicategory.

We denote by
cs-sAlgBdIY (X) C ss-sAlgBdII(X)

the full sub-bicategory over all super algebra bundles with central simple fibres. It will turn out
to be a preliminary version of super 2-line bundles. Note that cs—sAlgBdl',zi(X ) is symmetric
monoidal with the induced tensor product. A result of Donovan-Karoubi |7, Theorems 6 and 11|
shows the following.

Theorem 2.13. There is a canonical bijection
ho(cs-sAlgBdIP(X)) = HO(X, BW},) x HY (X, Zy) x Tor(H?(X, k*)),

where H2 denotes Cech cohomology, k* is the sheaf of smooth k*-valued functions and the last
group s the torsion subgroup of flz(X, k™). Moreover, this bijection becomes an isomorphism of
groups upon defining the group structure on the right hand side by

(o, a1, a2) - (Bo, B, B2) := (o + Po, 1 + B, (a1 U Br) + az + fa2). (12)

Remark 2.14.

(1) The cup product is viewed here as a map
HY(X,Zy) x HY(X, Zy) — H*(X, Zs) — Tor(H?(X, k%))

with the second arrow induced by the inclusion Zg — k* : x — (—1)".
(2) We have Tor(H?(X,C*)) = Tor(H3(X,Z)) and Tor(H2(X,R*)) = H?(X, Zy).

Example 2.15. Let V be a Riemannian vector bundle over X with typical fibre a Euclidean
vector space V', let Cl(V) be the associated bundle of Clifford algebras, and let CI(V) :=
Cl(V) ®r C be its complexification. Both bundles, Cl(V) and CI(V), are invertible by Proposi-
tion 2.11, and their classes under the classification of Theorem 2.13 are ([CL(V)], w1 (V), w2(V))
and ([CL(V)],w1(V), W5(V)) respectively, where w; and wy are the Stiefel-Whitney classes and
W3 is the third integral Stiefel-Whitney class |7, Lemma 7].
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Remark 2.16. Ungraded algebra bundles are again treated as a special case of super algebra
bundles concentrated in even degrees. They form a bicategory AlgBdlEi(X ). The subcategories
ssAlgBdIP (X)) and Grpd(AlgBdIPi(X)) are symmetric monoidal and framed by ssAlgBdly(X)
and Grpd(AlgBdl (X)), respectively. The invertible objects form a full sub-bicategory

csAlgBdlzi(X ). The ungraded version of Theorem 2.13 was also proved by Donovan-Karoubi |7,

Theorems 3 and 8|, and gives a group isomorphism
ho(csAlgBdIR (X)) = HO(X, Bry) x Tor(H(X, k")),

with the direct product group structure on the right hand side. Here, Br; denotes the Brauer
group of the field k.

2.3 The 2-stack of 2-vector bundles One of the most important features any notion of
bundles should have, is that bundles can be glued together from locally defined pieces. In other
words, bundles satisfy descent, or form a stack. In a bicategorical setting, there is a corresponding
notion of a 2-stack. Super algebra bundles and bimodule bundles as in Definition 2.10 form a
pre-2-stack, but in general not a 2-stack. In this section, we will explain how to solve this issue.
For a general proper discussion of (pre-)2-stacks we refer to [21].

First of all, super algebra bundles and bimodule bundles can be pulled back along smooth

maps in a coherent fashion. This can be phrased by saying that the assignment
X — sAlgBdIP(X)

forms a presheaf of bicategories over the category of smooth manifolds. We will denote this
presheaf by S.Alg'Bdl};i. It has two important sub-presheaves:
1. The sub-presheaf ss—sfllg'BdlZi where only the semisimple super algebra bundles are admit-
ted. This is a presheaf of symmetric monoidal framed bicategories.
2. The further sub-presheaf cs—sAlg%dlbi, where only the central simple super algebra bundles
are admitted.

Further, we have corresponding versions of ungraded presheaves of bicategories.

Remark 2.17. To make the notion of bicategorical descent a bit more explicit, let us look for
the moment at the presheaf AlgBdlqb;i of ungraded, complex algebra bundles, bimodule bundles,
and intertwiners. Consider an open cover {U,}, of a smooth manifold X. Suppose a family
Ag of algebra bundles over U, is given, together with invertible .43-A,-bimodule bundles Mz
over U, NUp, and invertible intertwiners pagy : Mgy ® 4, Mag = May over Uy N Ug N U, that
satisfy the obvious associativity condition over 4-fold intersections. For the presheaf AlgBdlEi
to be a 2-stack, there must exist a globally defined algebra bundle A together with invertible
Al|u,-Aa-bimodule bundles NV, and invertible intertwiners

Pap :Ng ®Ag Mg — N,

that are compatible with the isomorphisms p,g, in an obvious way. However, this is not neces-
sarily the case (see Remark 4.17). Our current knowledge is the following:
e The presheaves CS—SAlgBdlﬁi and csfllg‘Bdlﬂl%i are 2-stacks; this will be proved in Corol-
lary 4.16.
e The presheaves AlgBdlg, sﬂlgBdlg, csAlgBdIY, and cs—sfllgBdﬂ%i are not 2-stacks; this
will be proved in Remark 4.17.
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e Currently, we do not know whether or not the presheaves AlgBdIE and sAlgBdI} are
2-stacks.
To impose order on this chaos, we choose to 2-stackify all these pre-2-stacks, even those that
are 2-stacks already. In those cases where we already have a 2-stack, 2-stackification gives an
equivalent 2-stack with more objects, and it turns out that these additional objects are often
useful.

For the 2-stackification of presheaves J of bicategories we use the plus construction F ++ F+
of Nikolaus-Schweigert [21].

Definition 2.18 (2-vector bundle). We define the following presheaves of bicategories of super
2-vector bundles:

e s2VBdl, = (sAlgBdlzi)+ is the presheaf of super 2-vector bundles over k.
o ss-s2VBdl := (SS—S.AlgBdIZi)+ is the presheaf of semisimple super 2-vector bundles over k.
o s2LBdly = (cs—sfllg‘Bdlziﬁ' is the presheaf of super 2-line bundles over k.

Additionally, we define the following presheaves of bicategories of (ungraded) 2-vector bundles:
e 2VBdl, := (AlgBdI) T is the presheaf of 2-vector bundles over k.

o 55-2VBdl, = (ssAlgBdIP) T is the presheaf of semisimple 2-vector bundles over k.
e 2LBdl, = (csAlgBdlZi)+ is the presheaf of 2-line bundles over k.

Below we spell out explicitly all details of the plus construction. Before that, we shall state
its main purpose.

Theorem 2.19. All presheaves of bicategories defined in Definition 2.18 are 2-stacks.

Proof. This follows from [21, Thm. 3.3|, whose only condition is that the presheaves are pre-2-
stacks, which we proved in [13, Prop. 4.5.1]. O]

For the convenience of the reader (and the authors) we shall now spell out all definitions
in case of the bicategory s2VBdl;(X) of super 2-vector bundles over X, on the basis of the
description of the plus construction given in [21]. The other versions of 2-vector bundles can
then easily be obtained as sub-bicategories:

o s5-s2VBdl(X) C s2VBdl,(X) is the sub-bicategory where all super algebra bundles are

bundles of semisimple super algebras.

o s2LBdl(X) C s2VBdl,(X) is the sub-bicategory where all super algebra bundles are

bundles of central simple super algebras.

e The corresponding ungraded versions consist of only ungraded algebras and ungraded bi-

modules.

This way, our explanations below apply to all four cases by employing the corresponding restric-
tions.

I.) Objects. A super 2-vector bundle over X is a quadruple V = (7, A, M, 11) consisting of:
e a surjective submersion 7: Y — X,
e a super algebra bundle A over Y,
e an invertible bimodule bundle M over Y2 whose fibre My, y» Over a point (yi,y2) €
VP is an A,,-Ay,-bimodule, and
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e an invertible even intertwiner p of bimodule bundles over Y3, which restricts over
each point (y1,y2,93) € YIB! to an Ay,-A,, -intertwiner

Pyt ya s - Muysys @Ay, My, g —= My, ys.
This structure is subject to the condition that u is associative, i.e., the diagram

Hyo,y3,y4 Q1

Mys,y4 ® Ay, Myz,ys ® Ay, My1 Y2 Myz,y4 XAy, Myhyz

1®“y1vy27ysl J{#yl,yz,y:;

My3,y4 ®-Ay3 My17y3 My1 Y4

Hy1,y3,94

is commutative for all (y1,y2,y3,y4) € yl.
We remark the following additional facts, which are easy to deduce: first, if A : Y — Y2
denotes the diagonal map, then there exists a canonical invertible intertwiner A*M = A
of A-A-bimodule bundles over Y. Second, if s : Y2 — Y2 swaps the factors, then s*M
is inverse to M.

The simplicial structure of a super 2-vector bundle may be depicted as the following dia-
gram:

A M u coherence

pry
V=1Y y2l vyl y'14]
X

I1.) 1-morphisms. Let V; = (71, A1, M1, 1) and Vo = (w2, A2, Mo, p2) be super 2-vector
bundles over X. A I-morphism P : Vi — Vs is a triple P = ({, P, ¢) consisting of:

e a surjective submersion ¢ : Z — Y7 X x Y,

e an implementing bimodule bundle P over Z, whose fibre P, over a point z € Z with
C(2) =: (y1,y2) is an (A)y,-(A1)y,-bimodule, and

e an invertible even intertwiner ¢ of bimodule bundles over Z[, which restricts over
a point (z,2') € Z1% with ¢(z) =: (y1,92) and ¢(2') =: (¥}, ¥}) to an (A2)y,-(A1)y,-
intertwiner

2]

(z)z,z’ : P ®(A1) (Ml)yhy{ - (MQ)yMé ®(-A2) P-.

This structure is subject to the condition that the intertwiner ¢ is a “homomorphism” with

V) v2

respect to the intertwiners pu; and ue, i.e., the diagram

1d®(“1)y1,y’1,y’1’

P @), M)y yr @an,, (Mg

(]52172// ®idJ{

(M2)yy 0y o), P D), (M) gy bz, (13)
id ®¢Z7Z/J(

(M2)ys g Oa),y (M2)ys g, B (o), P

Pt @A)y, (Mi)y, gy

vy

(u2), ./ n®id (M2)y, 4y BD(As)y, P=
2°92

is commutative for all (z,2’,2") € ZBl, where (") =: (!, ).
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IT1.) Identity 1-morphisms. The identity I-morphism of a super 2-vector bundle V = (7, A, M, 1)
is the triple idy := (idy 2, M, ¢,,), where Z := Y2 and

-1
(qbu)yhymy’pyé =yl © Py,

IV.) Composition of 1-morphisms. Consider three super 2-vector bundles and two 1-morphisms

P P
\71 444}24% \72 444351} \73,

for whose structure we use the same letters as in above definitions. The composition
Pag 0 P1a = ((,P, ) is defined as follows. We set Z := Zja Xy, Za3, and consider a

point z := (z12,223) € Z with (12(z12) =: (y1,92) and (23(223) =: (y2,y3). The surjective
submersion ¢ : Z — Y] xx Y3 is then ((2) := (y1,y3). The bimodule bundle P is defined
so that its fibre over the point z € Z is the (A3)y,-(A1)y,-bimodule

Py = (P23)zns @(As)y, (P12)215-

Y2

Finally, the intertwiner ¢ is over a point ((212, 223), (2}9, 253)) € ZPPldefined by

P.

! !
127723

®(.Al)y1 My = (7323)zé3 ®(./42)y/2 (7312)z12 ®(Al)yl My
lld O(¢12)212,Z/12
®(./42)y/2 Mo Qg(/iz)yQ (7312)212

.L(¢23)223’2é30id

M3 @ (3),, (P23)223 D(Az),, (P12)212 = M3 ®(43),, Priz,zes-

(Pa3)

Y2
V.) 2-morphisms. Consider two 1-morphisms between the same super 2-vector bundles,

P
-

A% Vs.
~A
g)/
For abbreviation, we set Y15 := Y] x x Yo. Then, a 2-morphism P = P’ is represented by
pairs (p, ) consisting of the following structure:
e a surjective submersion p: W — Z xy,, Z', and
e an intertwiner ¢ of bimodule bundles over W that restricts over a point w € W with
p(w) =: (z,2') to an intertwiner

Ow Py — 73;/

of (A1)y,-(Az2)y,-bimodules, where ((z) = {'(') =: (y1,92).
This structure is subject to the condition that ¢ commutes with the intertwiners ¢ and ¢,
i.e., the diagram

(bz,i

Ps ®(A1)gl (Ml)ymh R (MQ)yg,zb ®(A2)y2 P

Pu ®idJ( J(id ®Puw

PL Sy, (Ml g —— (M2)yy g, G, Pl

vy /
Y 1
1 ¢z’,£’
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is commutative for all (w,w) € W xx W, where p(w) = (z,2'), p(w) = (%,%2'). Two
pairs (p,¢) and (p',¢’) have to be identified if the pullbacks of ¢ and ¢’ coincide over
W x Zxyyy 2! W'. Since in that sense the choice of p is unimportant, we usually denote the
2-morphism by just .

VI.) Vertical composition of 2-morphisms. Next, consider three 1-morphisms between the
same super 2-vector bundles, and two 2-morphisms:

TN

We suppose that the 1-morphisms P, P, and P” come with surjective submersions ¢ : Z —
Yio, ' : Z' — Y1o, and (" : Z"” — Yia, respectively, and that the 2-morphisms ¢ and ¢’
come with surjective submersions p : W — Z xy,;, Z" and p' : W — Z'xy,, Z", respectively.
We consider W x z» W' equipped with the surjective submersion (w,w’) — (z,2"), where
(2,2") := p(w) and (2, 2") := p/(w’). Then the vertical composition ¢’ ® v : P = P” is the
intertwiner over W x z» W' defined fibrewise over (w,w’) by

@,

Pw
PZ 4> P;/ 41‘”) ;/// .

VII.) Identity 2-morphisms. The identity 2-morphism idp of a 1-morphism P = ({, P, ¢) is
obtained by restricting the intertwiner ¢ to W := Z xy,, Z C Z xx Z. Over (z1, z2) with
((z1) = {(#2) = (y1,y2), this becomes an intertwiner,

P ®(A1)y1 (Ml)ymﬂ - (MZ)yMJQ ®(«42)y2 Pz,

Under the canonical invertible intertwiners (A1)y, = (M1)y, 4 and (A2)y, = (Mi1)ys e,
this yields an intertwiner ¢ with ¢, -, : P;; = Ps,, and the pair (idw, ¢) is the identity
2-morphism of P.

VIIIL.) Horizontal composition of 2-morphisms. Consider the following super 2-vector bun-
dles, 1-morphisms, and 2-morphisms,

?12 ?23
Pla Pa3

with all structure labelled as above. The horizontal composition of 15 and @93, denoted
23 © 12, is defined by the smooth manifold W := Wis Xy, Was equipped with the sur-
jective submersion (w2, wa3) — ((212, 223), (219, 253)), Where (z12,2]5) = pi2(w12) and
(223, 2h3) := p2g(wes3), and the intertwiner of bimodule bundles over W, given in the fibre
over (wy2,ws3) € W by

(©23)wss @ (P12)wis * (P23)225 ®(As)y, (P12)212 = (Pag) iz, ®(An),, (Pl2)z,-
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This completes the explicit description of super 2-vector bundles. We close this section with
four useful technical results about super 2-vector bundles, which follow directly from the plus
construction [21], and are well known, e.g., for bundle gerbes.

Lemma 2.20.
(a) A 1-morphism P = (¢, P, ¢) is invertible if and only if its bimodule bundle P is invertible.
(b) A 1I-morphism P = (¢, P, ¢) has a right (left) adjoint if and only if its bimodule bundle P
has a right (left) adjoint.
(c) A 2-morphism ¢ is invertible if and only if its intertwiner ¢ is invertible.

Remark 2.21. Bimodule bundles are invertible (have adjoints) if and only if they are fibrewise
invertible (have fibrewise adjoints) [13, Lem. 4.2.8]. Thus, the conditions in Lemma 2.20 can be
checked fibrewise.

Remark 2.22. Lemma 2.20 also has the following consequence. We may consider as in Sec-
tion 2.2 the sub-presheaf Grpd(sAlgBdlEi) where only invertible bimodule bundles and invertible
intertwiners are admitted. Applying the plus construction, we see by (c) that all resulting 2-
morphisms are invertible, and we see by (a) that all resulting 1-morphisms are invertible. Thus,

we have
Grpd(sAlgBdly,)" = Grpd(s2VBdly) and  Grpd(AlgBdl,)" = Grpd(2VBdly).
In other words, it does not matter if we truncate to 2-groupoids before or after 2-stackification.

Our second result shows that the surjective submersions of 1-morphisms and 2-morphisms
can be assumed to be identities.

Lemma 2.23.
(a) Every 1-morphism is 2-isomorphic to one with Z =Y1 Xx Yo and ( =idy.
(b) Every 2-morphism can be represented by a pair (p, @) with W = Z Xy,, Z' and p = idwy .

Lemma 2.23 makes use of the fact that sAlgBdIY! is a pre-2-stack. The reason that our
definitions above allow for general Z and W is that all kinds of compositions result in such more
general choices, and in practice it is often easier to keep those instead of performing descent.
Our third result allows to refine the surjective submersion of a super 2-vector bundles without
changing its isomorphism class.

Lemma 2.24. IfV = (7, A, M, 1) is a super 2-vector bundle with surjective submersionm:Y —
X, and p:Y' =Y is a smooth map such that ' := o p is again a surjective submersion, then
VP = (7', p* A, (o2 M, (pB))* 1) is another super 2-vector bundle, and there exists a canonical
isomorphism VP =2V,

The canonical isomorphism V¥ — V is best viewed in terms of the framing of the bicategory
of super 2-vector bundles that we introduce below in Section 3.5. A consequence is the follow-
ing result, referring to the triviality of super algebra bundles and bimodule bundles defined in
Remark 2.6 and Example 2.8.

Proposition 2.25. FEvery super 2-vector bundle is isomorphic to one with trivial super algebra
bundle and trivial bimodule bundle.
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Proof. We first show that the super algebra bundle can assumed to be trivial. Let V = (7, A, M, )
be a super 2-vector bundle. Let {U,} be an open cover of X that admits local sections
0q @ Uy — Y such that oA = U, x A,. Let Y’ be the disjoint union of the open sets U,,
let 7' : Y' — X be the canonical projection, and let o : Y/ — Y be given by o|y, := 0. Then,
we have 7 = m o o, and by Lemma 2.24, V is isomorphic to a super 2-vector bundle V’ with
trivial algebra bundle.

Now let V = (7w, A, M, i) be a super 2-vector bundle with trivial super algebra bundle A. Let
{U,} be an open cover of Y2 with connected sets U, over which the bimodule bundle M
trivializes, i.e., M|y, = o, My, where M, is an A;-Aj-bimodule, ¢, : Uy — Aut(A4;), and
Yo : Uy = Aut(A;), for i labelling the connecting component of Y containing pr; (U, ), and j la-
belling the one containing pry(U,). On paracompact spaces such as manifolds, such a hypercover
of height 1 can be refined by an ordinary cover; i.e., there exists an open cover {W;} of X with
smooth sections o; : W; — Y, such that for each non-trivial double intersection W; N W; there
exists an index o with o;(W;) x x 0;(W;) C U,. Proceeding as above, and using Lemma 2.24, V is

isomorphic to a super 2-vector bundle V7 with trivial super algebra bundle and trivial bimodule
bundle. O

Remark 2.26. The theory of 2-vector bundles extends naturally to a continuous setting, where
all manifolds are replaced by topological spaces, and smooth maps by continuous ones. Local
triviality of the involved bundles remains as defined w.r.t. open sets. The surjective submersion
in the definition of a 2-vector bundle is replaced by a locally-split map. More generally, one may
pick any Grothendieck topology T on the category of topological spaces, define local triviality
w.r.t. the T-coverings and define 2-vector bundles w.r.t. T-locally split maps.

3. Properties of 2-vector bundles

In this section we discuss a number of structures and features of 2-vector bundles. We will mostly
stick to the 2-stack s2VBdl; and only consider its sub-2-stacks ss-s2VBdl, and s2LBdl; when
necessary or interesting.

3.1 The Morita class of a 2-vector bundle

Definition 3.1 (Morita class). Let V = (7, A, M, 1) be a super 2-vector bundle over X, and
let A be a super algebra. We say that V is of Morita class A if around every point y € Y there
exists a local trivialization A|y =2 U x Ay with a super algebra Ay that is Morita equivalent to

A.

In [13, Def. 4.2.9] we have also introduced the notion of a Morita class for super algebra
bundles; in that sense, a super 2-vector bundle is of Morita class A if and only if its super
algebra bundle A is of Morita class A. The following result describes the behaviour of the
Morita class of a super 2-vector bundle. It exhibits the Morita class as a generalization of the
rank of an ordinary vector bundle.

Lemma 3.2. Let V be a super 2-vector bundle.
(a) If X is connected, then there exists a super algebra A such that 'V is of Morita class A. In
fact, V is of Morita class Ay, where Ay is the fibre of A over any point y € Y.
(b) Let A and B be super algebras, and suppose V is of Morita class A. Then, V is of Morita
class B if and only if A and B are Morita equivalent.
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(c) Let Vi, Va be two super 2-vector bundles with V1 = V. Then, for any super algebra A, V;
is of Morita class A if and only if Vs is of Morita class A.

Proof. (a) For each connected component Y; of Y, there exists by [13, Lem. 4.2.10 (a)] a super
algebra A; such that Aly, is of Morita class A;. If Y; and Y; are components such that 7(Y;) N
7(Y;) # 0, then there exists a point (yi,y;) € Y2 with y; € ¥; and y; € Y;. Then My, 4, 18
a Morita equivalence between A,, and A,,, showing that A; and A; are Morita equivalent. If
Y; and Y; are arbitrary connected components, then, since X is connected, there exists a finite
sequence Y; = Yy, ..., Yy, = Yj of connected components of Y such that 7(Y,,) and 7 (Y, )
intersect. This shows that A is of Morita class A;, for any connected component Y; of Y.

(b) is trivial. For (c), suppose that Vi and Vs are presented in terms of surjective submersions
Y7, respectively Ys. Let P = ((, P, ¢) be an isomorphism between V1 and Vy. Then for z € Z, P,
is a (A1)y,-(A2)y,-bimodule, where ((z) = (y1,y2). As P is an isomorphism, P, is an invertible
bimodule, by (a), i.e., a Morita equivalence. Hence if V; is of Morita class A meaning that (A1),
is Morita equivalent to A, then so is Vs. O

In case of super 2-line bundles over k = R, C, the classification of central simple super algebras
implies that the Morita class of a complez super 2-line bundle can be either Cly or Cly, and the
Morita class of a real super 2-line bundle can be one of Cly, ..., Cl;. The following lemma shows
that the converse is also true.

Lemma 3.3. Let V be a super 2-vector bundle of Morita class Cl,, (for n =0,1 and k =C) or
of Morita class Cl,, (forn=0,...,7 and k =R). Then, V is a super 2-line bundle.

Proof. We discuss the complex case, the real case is analogous. By definition of Morita class of
super 2-vector bundles, the super algebra bundle A of V is of Morita class Cl,,. Thus, each fibre
of A is a central simple super algebra, and thus, by |13, Prop. 4.4.3|, A is invertible. This proves
that V is an object in s2LBdl; (X). O

Remark 3.4. The Morita class of an ungraded 2-vector bundle is of course an ungraded algebra
(i.e., a super algebra concentrated in degree zero). Conversely, however, if the Morita class of
a super 2-vector bundle V happens to be an ungraded algebra, it is not necessarily true that V
lies in the sub-bicategory 2VBdl,(X) C s2VBdl,(X), as it may still have a non-trivially graded
bimodule bundle M over Y2, One example where this happens are super line bundle gerbes,
considered as super 2-line bundles, see Section 3.2.

Sometimes it will be convenient to consider only super 2-vector bundles of a fixed Morita
class.

Definition 3.5 (2-vector bundles with fixed Morita class). Let A be a super algebra over k.
Then, the presheaf A-s2VBdI of super 2-vector bundles of Morita class A is defined to be the full
sub-presheaf of s2VBdl; over all super 2-vector bundles of Morita class A.

Remark 3.6.
(1) The presheaf A-s2VBdl is again a 2-stack, since descent preserves the typical fibres of
algebra bundles. In fact, we may consider the presheaf of bicategories A-sAlgBd1P with

all super algebra bundles whose fibres are Morita equivalent to A; then, A-s2VBdl =
(A-sAlgBdIP)*,
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(2) If A is an ungraded algebra, then a 2-stack A-2VBdl is obtained in the same way. We
remark that, for A ungraded, there is a functor A-2VBdl — A-s2VBdl that is in general
not essentially surjective, as ungraded algebras may have invertible bimodules that are not
concentrated in even degrees. Graded bundle gerbes provide examples, as follows from the
classification result of Lemma 4.11.

(3) For a smooth manifold X, the bicategory C-2VBdl(X) is equivalent to the bicategory of
Morita bundle gerbes of Ershov [8]. Concerning the objects, Ershov only allows ungraded
matrix algebra bundles A over Y, which are precisely the algebra bundles of Morita class
C. One difference is that Ershov allows only surjective submersions coming from open
covers; this, however, is unproblematic in view of Lemma 2.24. In fact, Ershov considers
all Morita bundle gerbes, 1-morphisms, and 2-morphisms with respect to the same fixed
open cover, which gives an equivalent bicategory to ours when this cover is good.

3.2 Inclusion of bundle gerbes Let sVBdli(X) be the symmetric monoidal category of
super vector bundles over X. We denote by BsVBdl,(X) the corresponding bicategory with a
single object. Then, X — BsVBdl(X) is a pre-2-stack; this is just a reformulation of the fact
that vector bundles form a monoidal stack. Its stackification is, by definition [21], the 2-stack of

super line bundle gerbes,
sGrby, := (BsVBdl,) ™.

Super line bundle gerbes can be identified with the twistings of complex K-theory defined by
Freed-Hopkins-Teleman [9]. Mertsch [19] proved this when the base is an action groupoid; in the
special case of just a smooth manifold, this result reduces to the following statement.

Proposition 3.7. The homotopy 1-category hi(sGrbe (X)) of the bicategory of complex super line
bundle gerbes is canonically equivalent to the category of twistings of complex K-theory defined
by Freed-Hopkins-Teleman.

Put differently, the presheaf of categories over smooth manifolds defined by Freed-Hopkins-
Teleman extends to a presheaf of bicategories, and that presheaf is in fact a 2-stack.

Next, we describe the relation between super line bundle gerbes and super 2-vector bundles.
We consider the obvious inclusion

BsVBdl, — cs-sAlgBdIX (14)

of presheaves of bicategories, taking the single object over a manifold X to the trivially graded
super algebra bundle k£ over X, and considering super vector bundles as k-k-bimodule bundles
(they are implementing due to (iii)). This is fully faithful over each smooth manifold X. By
functoriality of the plus construction, we obtain the following result.

Proposition 3.8. Applying the plus construction to the presheaf morphism Eq. (14) results into
a fully faithful morphism
sSrbk — SQLBdlk

of 2-stacks. In other words, super line bundle gerbes form a full sub-bicategory of super 2-line

bundles.

Explicitly, the 2-stack morphism of Proposition 3.8 simply adds to the structure of a given
super line bundle gerbe the trivial algebra bundle k over the domain Y of its surjective submer-
sion.
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Example 3.9. The trivial bundle gerbe J (consisting of the trivial surjective submersion idx, the
trivial super line bundle M := k over X2 = X, and the line bundle isomorphism w:MIM —
M induced by multiplication in k) corresponds under the 2-functor sGrby (X ) — s2LBdlx(X) to
the trivial 2-vector bundle (consisting of the trivial surjective submersion idx, the trivial super
algebra bundle A := k, and the same M and p as before). Since there is no need to distinguish
between the trivial bundle gerbe and the trivial 2-vector bundle, we will henceforth denote both

by J.

Proposition 3.10. Let V be a super-2-vector bundle. Then, V is isomorphic to a super line
bundle gerbe if and only if V is of Morita class k.

Proof. The “only if”-part is clear. Suppose V is of Morita class k. Then by Proposition 2.25, V is
isomorphic to a super 2-vector bundle V' whose super algebra bundle is the trivial bundle & over
Y. Its bimodule bundle is then a bundle of invertible k-k-bimodules, i.e., a super line bundle.
This shows that V' is a super line bundle gerbe. O

Proposition 3.10 shows that the fully faithful morphism of Proposition 3.8 is not an isomor-
phism of 2-stacks, since the Morita class of a general super 2-line bundle may be any central
simple super algebra. The relation between super line bundle gerbes and super 2-line bundles is
further clarified in Section 4.4.

In the contexts of twisted K-theory and 2-dimensional sigma models, one considers 1-morphisms
€ : § — J between a super line bundle gerbe G and the trivial bundle gerbe J [2, 11]. These are
often called bundle gerbe modules or G-twisted (super) vector bundles, see [33]. An immediate
consequence of Proposition 3.8 is a reformulation in terms of morphisms between super 2-line
bundles.

Corollary 3.11. Let G be a super line bundle gerbes over X. Then, the category fHomsgrbk(X)(S,I)
of G-twisted super vector bundles is canonically isomorphic to the category fHomSQLBdlk(X)(S, )
of super 2-line bundle morphisms from G to J.

For later use, let us spell out explicitly what a G-twisted super vector bundle is, consulting
above definition of a 1-morphism (and using (a)). Suppose § = (m, M, ). Then, a G-twisted
super vector bundle € is a pair (£,¢) consisting of a super vector bundle £ over Y and a super
vector bundle isomorphism € : prj £ ® M — pr] £ over Y2 such that

€yq,y3 ®id

53/3 ® Myz,ys ® Myhyz gyz ® My1 Y2
id ®“y1,y2»y3J/ J’Eyl«yz (15)
gys ® Myl »Y3 gy1

€y1,y3

commutes. Likewise, a morphism of G-twisted super vector bundles (£1,£1) and (&2,€2) is a
super vector bundle morphism ¢ : £ — £’ over Y such that

€y1,92

592 ® Myl,yz 5y1

Py1 ®idl l‘ﬁm

/ /
—>
5y2 ® Myl,yz e gy1
Y1:Y2

commutes.
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Remark 3.12. If £ is a general super 2-line bundle, then a 1-morphism € : £ — J generalizes
in a natural way the notion of a twisted vector bundle, now admitting more general twistings.
In twisted K-theory, these more general twistings add to the ordinary twistings considered by
Freed-Hopkins-Teleman the grading twist. This is also explained in the lecture notes [10] and in
[19].

Remark 3.13. In the ungraded case, the analogous definition
Grby := (BVBdl,)*

results in the usual definition of line bundle gerbes precisely as originally defined by Murray (for
k = C) [20]. It induces a fully faithful morphism

Srb, — 2VBdl, (16)

of 2-stacks, so that every line bundle gerbe is an example of a 2-vector bundle. The analog of
Proposition 3.10 holds: an ungraded 2-vector bundle V is a bundle gerbe if and only if it is of
Morita class k.

3.3 Inclusion of algebra bundles Since the plus construction is 2-stackification, it comes
equipped with a fully faithful functor [21, Thm. 3.3| from the pre-2-stack to the 2-stack. In our
case, we obtain a fully faithful functor

sAlgBAIR(X) — s2VBdl,(X) (17)

including our “preliminary” super 2-vector bundles into the true super 2-vector bundles. We
recall that the objects of sﬂlgBdlEi(X ) are super algebra bundles over X. Hence, super algebra
bundles are examples of 2-vector bundles.

In detail, a super algebra bundle A over X is sent to the super 2-vector bundle (idx, .4, A, u),
where we identify the fibre products X over X with X, and p is the canonical invertible
intertwiner A x4 A = A induced by the multiplication in 4. We denote this 2-vector bundle
again by A. We also recall that the 1-morphisms A — B in sAlgBdlEi(X ) are implementing
B-A-bimodule bundles M over X. Such a bimodule bundle is sent to the l-morphism of 2-
vector bundles given by (idx, M, ¢), where Z := X xx X and Z* are again identified with X,
and ¢ is the canonical invertible intertwiner B ®p M = M ® 4 A. Finally, the 2-morphisms in
sAlgBdIP (X) directly yield 2-morphisms in s2VBdl,(X).

The statement that the functor (17) is fully faithful means that it induces an equivalence of
categories

sBidellg’li(X) = Homgoygpay, (x) (A, B).

In particular, two super algebra bundles are Morita equivalent if and only if they are isomorphic
as 2-vector bundles.

Example 3.14. The trivial super algebra bundle k£ over X coincides under the inclusion of
Eq. (17) with the trivial 2-vector bundle J of Example 3.9.

Remark 3.15. If a super algebra bundle A has a typical fibre A, then the corresponding super
2-vector bundle is of Morita class A. This shows that the Morita class cannot distinguish be-
tween general super 2-vector bundles and those coming from super algebra bundles. Using the
classification we develop in Section 4 we will obtain a result that allows one to determine for a
super 2-vector bundle whose Morita class is a central simple super algebra, whether or not it
comes from a super algebra bundle, see Corollary 4.18.
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Now that we are able to consider bundle gerbes and super algebra bundles as 2-vector bundles,
we may discuss their relation. A nice structure that relates bundle gerbes and algebra bundles
is the following extension of the notion of a twisted super vector bundle (see Section 3.2).

Definition 3.16 (Twisted module bundle). Let G be a super line bundle gerbe and let A be a
super algebra bundle over X. A G-twisted A-module bundle is a G-twisted super vector bundle
& = (&,¢) together with a left 7*.A-module bundle structure on &, such that ¢ is A-linear.
A morphism between G-twisted A-module bundles is an A-linear morphism of G-twisted super
vector bundles.

This structure appears in an infinite-dimensional setting in [16, Def. 2.3.9]. The following
result generalizes Corollary 3.11 and shows that the notion of a twisted module bundle can now
be absorbed in the bicategory of super 2-vector bundles. Let & = (£,¢) be a G-twisted A-
module bundle. In order to obtain from & a 1-morphism § — A we identify Y with the common
refinement Y xx X of the coverings of § and A, set Z := Y and ¢ = idz. Since &, is a left
Agz-module, where z = 7(y), it is a Ag-k-bimodule. Since € is linear and 7*A-linear, we may
consider it as an A,-k-intertwiner

€y1,y2 - Eyz Ok ‘CyI:QQ — Ay ® Ay gyr
Thus, Pe := (¢, €, ¢) is a 1-morphism § — A.

Lemma 3.17. The assignment & — P¢ establishes an isomorphism between the category of
G-twisted A-module bundles and the category Homgpygpq, (x)(9, A) of super 2-vector bundle mor-
phisms from G to A. Moreover, Pe : G — A is invertible if and only if the fibres £, are Morita

equivalences between k and Ay, for ally € Y.

Proof. 1t is straightforward to extend above construction to a functor, and to show that it is an
equivalence. The invertibility statement follows from Lemma 2.20 and [13, Lem. 4.2.8 (¢)]. O

Remark 3.18. G-twisted A-module bundles can be untwisted by a trivialization of G. Indeed, if
T is such trivialization, i.e., a 1-isomorphism T: G — J, and P¢ : § — A is the 1-morphism that
corresponds to a G-twisted A-module bundle € under the isomorphism of Lemma 3.17, then &7 :=
PeoT1:J— Aisa l-morphism between super 2-vector bundles in the image of the inclusion
of algebra bundles. Since this inclusion functor is fully faithful, &7 corresponds canonically to
a l-morphism k£ — A in S.Alg‘.Bdl],gi(X), i.e., to a right A-module bundle. Summarizing, this
procedure turns a G-twisted A-module bundle € into an A-module bundle €7 over X, using the
trivialization 7.

Remark 3.19. Given a G-twisted A-module bundle &, it is possible to forget the A-module
structure and just keep a G-twisted vector bundle. Under the identification of & with a 1-
morphism € : § — A, this corresponds to the composition with the canonical, but non-invertible
1-morphism A4 — J obtained as the image of the k-.A-bimodule bundle A under the inclusion of
Eq. (17).

Given a general super line bundle gerbe G, one may try to construct an algebra bundle A
with a 1-morphism § — A. One method, which applies to lifting gerbes and uses representation
theory, is described in Section 5. Another method is the following. Suppose a non-zero G-
twisted super vector bundle € = (€,¢) is given. Then, the endomorphism bundle End(€) =
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E ® & descends using ¢ to a super algebra bundle over X, which we denote by End(€). By
construction, €& becomes then a G-twisted End(€)-module bundle, and certainly, £ is fibrewise a
Morita equivalence. Hence, we have the following consequence of Lemma 3.17.

Corollary 3.20. Let G be a super line bundle gerbe over X, and suppose € is a non-zero §-twisted
super vector bundle. Then, € induces a 1-isomorphism § = End(€) in s2VBdl;(X).

A nice argument |2, Prop. 4.1] shows that a (super) bundle gerbe § admits a non-zero G-
twisted vector bundle if and only if its Dixmier-Douady class in H?(X,Z) is torsion. Thus,
any torsion bundle gerbe is isomorphic to an algebra bundle. The converse is also true. Both
statements will be proved in a different way later, see Corollary 4.19.

3.4 The fibres of a 2-vector bundle In the introduction we claimed that a (super) 2-vector
bundle is a structure whose fibres are (super) 2-vector spaces. Suppose V is a super 2-vector
bundle over X, and x € X. Then, the fibre of V at z is defined to be the pullback of V along the
map x : * — X. We shall thus analyze what a super 2-vector bundle over the point is.

A super 2-vector bundle over a point X = {x} is a tuple (Y, .4, M, u) consisting of a smooth
manifold Y, a super algebra bundle A over Y, an invertible prj.A-pr3.A-bimodule bundle M over
Y2 =Y x Y, and an invertible intertwiner u : pri; M @pry A Prig M — pris M over Y3 that
is associative over Y4. Similarly, we obtain notions of 1-morphisms and 2-morphisms of super
2-vector bundles over a point, and we may consider the bicategory s2VBdl(x).

We consider the functor Eq. (17) that includes super algebra bundles into super 2-vector
bundles over a point X = {}, obtaining a functor

sAlgBAIR (%) — s2VBdly (). (18)

We note that the bicategory of super algebra bundles over a point coincides on the nose with the
bicategory s2Vecty, of super 2-vector spaces. Moreover, we have the following result.

Lemma 3.21. The functor of Eq. (18) establishes an equivalence of categories,

s2Vecty, = s2VBdly(x).

Proof. We know already from Section 3.3 that the functor is fully faithful; hence it remains
to show that it is essentially surjective. Indeed, suppose V = (Y, A, M, pu) is an object in
s2VBdl(*). Choose a point yg € Y, and let A := A,,. We show that A is an essential preimage
for V. We consider Z :=Y = x X, Y, equipped with the surjective submersion ¢ := idy. Over
Z we consider the invertible bimodule bundle P := AJM, where A; : Y — Y! is defined by
Ai(y1sm) = (Yo, Y1, .., y1). Finally, we consider over Z12 = Y2 the intertwiner ¢ := Ajpu,
which we may view fibrewise as an intertwiner

¢y,y’ : Py’ XA A— My,y’ ®Ay Py.

It is straightforward to see that (¢, P, ¢) is a 1-morphism A — 'V, and it follows from (a) that it
is a 1-tsomorphism. O

In view of the equivalence of Lemma 3.21, the fibres of a super 2-vector bundle are super
2-vector spaces, as we claimed in the introduction. We remark that, by (a), all fibres of a super
2-vector bundle V (over a connected base manifold) are isomorphic as super 2-vector spaces, and
that they are all isomorphic to the Morita class of V. In this sense, the Morita class may also be
viewed as the typical fibre of V.
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3.5 Framing by refinements As discussed in Section 2.2 (see Egs. (10) and (11)), the bicat-
egory sAlgBdIP(X) of super algebra bundles is framed under the groupoid Grpd(sAlgBdly (X))
of super algebra bundles over X and bundle isomorphisms, while the bicategory ss—s.AlngdlEi(X )
of semisimple super algebra bundles is framed under the category ss-sAlgBdl,(X) of semisimple
super algebra bundles and all bundle homomorphisms. These framings are obviously compatible
with pullbacks, and hence morphisms of pre-2-stacks

Grpd(sAlgBdly) — sAlgBdlY  and  ss-sAlgBdl, — ss-sAlgBdIPL (19)

We will use the obvious terminology to say that a framing for a presheaf of bicategories F is
a presheaf of categories € together with a morphism & — JF of presheaves of bicategories such
that over every smooth manifold X, the functor £(X) — F(X) is framing. In this situation,
we will also call F a framed presheaf of bicategories. In this sense, we see that sAlgBdl}gi and
Ss—sAlgBdlkk’i are framed pre-2-stacks. Observe that the second pre-2-stack is smaller but has a
larger framing on the level of morphisms.

Framings are important because they provide a convenient and simple way to construct 1-
morphisms, in situations where the structure of a general 1-morphism is fairly complex, as in the
case of super 2-vector bundles. The plus construction automatically sends framed pre-2-stacks
to framed 2-stacks. More explicitly, if € — F is a framed pre-2-stack, then there exists a general
procedure to associate to & another presheaf of categories €7 together with a morphism &7 — F+
turning F+ into a framed 2-stack. To avoid confusion, we remark that this procedure, & — &7,
is not the plus construction or another method of stackification. In fact, in many cases, & is
already a stack — as in Eq. (19). Instead, the construction of &7 depends on the framing & — F;
after all, €% needs to have the same objects as I in order to be eligible for a framing. We will
describe the general definition of €7 elsewhere; below we will only spell it out in the present
cases of the framed pre-2-stacks of Eq. (19).

We start with the following basic construction. Given a smooth manifold X, we define a
category SQVBdlfff(X ) as follows. The objects are all super 2-vector bundles V over X. The
morphisms will be called refinements, defined as follows.

Definition 3.22 (Refinement). Let Vi = (71,41, M1, 1) and Vo = (72, A2, Ma, us) be super
2-vector bundles over X. A refinement R : Vi — Vj is a triple R = (p, ¢, u) consisting of a
smooth map p : Y1 — Y5 such that w9 0 p = 71, of a homomorphism ¢ : Ay — p*As of super
algebra bundles over Y7 and of an invertible bundle morphism u : My — p* My over Ylm that

2]

over a point (y,y’) € Y| restricts to an intertwiner

Uy + (Mi)yy = (M2) )0y

along the algebra homomorphisms ¢, : (A1), — (A2), and ¢y : (A1)y — (Az2),q), and
renders the diagram

ld Oul

(M1)y g D), (Mi)y,y
uy/’y”®uy’le/ Juyyy// (20)
(M2)p(y),0(47) ®(A2) 1) (M2)(y),p(y)

commutative for all (y,y',y") € YIB].
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Given two refinements leg = (plz, ¢12,U12) : Vl — Vz and fRQg = (,023, ¢23, U23) : VQ — Vg,
their composition is given by

2
Rag 0 Rz 1= (p23 0 p12, p1aP23 © P12, (P[12])*U23 o u12),

and the identity morphism of V is (idy,id4,idaq). This defines the category S2Vinlf€ef(X). It is
clear that everything is compatible with pullbacks, and so SQVBdlfff is a presheaf of categories.

For each manifold X, let s2VBdl™ (X)) be the subcategory of s2VBAL (X) with all super
2-vector bundles and only those refinements whose algebra bundle homomorphism ¢ is invertible.
Further, we let ss-s2VBdL® (X) be the full subcategory of s2VBdII (X)) over all semisimple super
2-vector bundles. They assemble to sub-presheaves s2VBAI™ ! and ss-s2VBAE of s2VBAIE
and these are the presheaves €7 in the above general notation, explicitly, we have

s2VBALE T = Grpd(sAlgBdly,) el

bi
ss—s2VBdlfff = ss-sAlgB dle-SngBdlk
The functors €7 — F*, explicitly,

s2VBAI Tt 5 s2VBdl,  and  ss-s2VBAE — ss-s2VBdly, (21)

are defined as follows. Working over a manifold X, they are, of course, the identity on the level
of objects.

On the level of morphisms, they associate to a refinement R = (p,¢,u) : Vi — Vs the
following 1-morphism (,P,¢’). We define Z := Y] xx Y5 and ¢ = idz. Consider the smooth
map p: Z — }’2[2] with p(y1,v2) = (p(y1),y2). We define P := (5*Ma)prg over Z. If ¢ is
invertible, this is an implementing bimodule bundle by Example 2.8, while if A; and Ay have
semisimple fibres, it is an implementing bimodule bundle by (iii). Over a point (y1,y2) € Z, its
fibre is Py, 4, = ((M2) p(y1),y2)éy, » Which is indeed an (Asg),,-(A1)y,-bimodule. Finally, we define
the intertwiner ¢’ fibrewise over a point ((y1,v2), (v}, v5)) € Z2 by

Pyﬂ#/é ®(A1)y/1 (Ml)ylzyll = ((M2)p(y’1),y§)¢yll ®(A1)y/1 (Ml)yh?/l

id ®uy1,yi

(Ma2) o) ©(2),ry (M2)o(n)p(w))) by,

/
p(y]

(”2)p(y1),p(y'1),y’2

((M2)p(y1):yé )¢y1

—1

(“2)p(y1),y2,y’2

(M2)y2,y’2 O (A2)y, ((MQ)p(yh)yz)%l = (MQ)ymy’z O (A2)y, Py s

It is tedious though absolutely straightforward to check that (¢, P, ¢’) defined like this is a 1-
morphism V; — V5. Even more, it turns out that this assignment indeed defines a functor, and
moreover, using (b), that every 1-morphism obtained from a refinement has a right adjoint. In
total, we obtain the following statement.

Proposition 3.23. The functors of Eq. (21) are framings.
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Remark 3.24. We recall from Section 3.2 that super bundle gerbes are obtained by applying
the plus construction to the pre-2-stack BsVBdl,. That pre-2-stack is trivially framed, i.e., the
trivial functor

« = BsVBdl(X)

from the category * with a single object and a single morphism is a framing. Nonetheless, the
construction & — &7 generates from it a non-trivial presheaf of categories

Sgrbrkef — 4 BsVBl
together with a functor
sgrbret — sGrby,.

This is the “usual” framing of the 2-stack of bundle gerbes, i.e., the one whose morphisms are
refinements of bundle gerbes, or “non-stable morphisms”. The (trivially) commutative diagram

«——  BVBd,
ss-sAlgBdl, — ss-sAlgBdIY!

expresses that the vertical arrows form a morphism of framed pre-2-stacks. Going from & — F
to &5 — FT is functorial; hence, the diagram

sglrbzef ———sGrby,

| |

ss—sQVBdlfff — 85-82VBdl,

is commutative, too. Again, we may say that the vertical arrows, the passage from super line
bundle gerbes to super 2-vector bundles, form a morphism of framed 2-stacks.

Remark 3.25. We recall from Section 3.3 that super algebra bundles (a.k.a. preliminary super 2-
vector bundles) are examples of super 2-vector bundles, and that we have a pre-2-stack morphism

sAlgBdlY — s2VBdly,.

The bicategories sAlgﬁdlEi and ss—s.Algi%dlZi of preliminary super 2-vector bundles are themselves
framed under the categories Grpd(sAlgBdly) and ss-sAlgBdly, respectively. These framings are
compatible with the ones given by refinements, in the sense of functors

Grpd(sAlgBdly,) — s2VBAIEY T and  ss-sAlgBdly, — ss-s2VBALEE.

On the level of objects, these functors regard a super algebra bundle A as a super 2-vector
bundle like in (17). On the level of morphisms, they send a super algebra bundle homomorphism
¢ : A — B to the refinement Ry := (idx, ¢, ¢). The diagrams

Crpd(sAlgBdly,) — sAlgBdIY ss-sAlgBdly, —— ss-sAlgBdID!
s2VBALIVTel . s2VBdI, s5-52VBALT —— s5-s2VBdly,

obviously commute; here, the vertical arrows go from super algebra bundles to super 2-vector
bundles, and the horizontal arrows are the framings. In other words, the passage from super
algebra bundles to super 2-vector bundles is a morphism between framed pre-2-stacks.
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3.6 Symmetric monoidal structures The plus construction automatically extends (sym-
metric) monoidal structures from pre-2-stacks to 2-stacks. Unfortunately, this has not been
discussed in [21]; we will describe this in full generality elsewhere. The rationale is to go to
common refinements of surjective submersions, and then to use the given symmetric monoidal
structure of the pre-2-stack.

While the pre-2-stack sAlgBdlZi is not symmetric monoidal (recall that the heart of the prob-
lem is that the exterior tensor product of implementable bimodules need not be implementable
again), we described in Section 2.2 the two sub-pre-2-stacks Grpd(sAlgBdIY') and ss-sAlgBdI1Y!
that are symmetric monoidal. Applying the plus construction equips the 2-stacks

Grpd(s2VBdly) and ss-s2VBdly,

with symmetric monoidal structures. We remark that, if V and W are two super 2-vector bundles,
their tensor product V ® W is always defined (in Grpd(s2VBdly)), and it coincides with their
tensor product in ss-s2VBdl, whenever V and W are semisimple. In other words, the problems
only arise from the tensor product of 1-morphisms.

To describe the tensor product of super 2-vector bundles explicitly, let V1 = (m1, A1, M1, 1)
and Vo = (72, A2, Mo, ug2) be super 2-vector bundles over X. Their tensor product V; ® Vo has
the surjective submersion Y19 := Y] x x Yo — X, the super algebra bundle A; ® A3 over Y5 (here,
according to our conventions, the pullbacks are suppressed), the bimodule bundle M; ® My over
Yl[g], and the intertwiner p; ® pe over Yl[g]. The trivial 2-vector bundle J is the tensor unit.

The following statement is trivial, but worthwhile to state explicitly.

Proposition 3.26. Let V.'W be super 2-vector bundle over X, let 'V be of Morita class A and
W be of Morita class B. Then V®@ W is of Morita class A ® B.

The next statement gives, in particular, another justification for the terminology ‘“2-line
bundles”.

Proposition 3.27. Let X be a smooth manifold.
(a) Every semisimple super 2-vector bundle is fully dualizable in ss-s2VBdlg(X).
(b) A semisimple super 2-vector bundle is invertible in ss-s2VBdl(X) if and only if it is a
super 2-line bundle.

(¢c) The following are equivalent for a super 2-vector bundle V:
1.V is dualizable in Grpd(s2VBdl,(X)).
2. V is fully dualizable in Grpd(s2VBdl,(X)).
3.V is invertible in Grpd(s2VBdl(X)).
4. Vis a super 2-line bundle.

Proof. One can construct from any super 2-vector bundle V a dual super 2-vector bundle V*
in a completely natural way: if A is the super algebra bundle of V, then the opposite algebra
bundle A°P is the algebra bundle of V*. For a detailed construction of V* we refer to [19, Rem.
2.1.14]. Similarly, it is unproblematic to construct evaluation and coevaluation 1-morphisms,
whose bimodule bundles have the underlying vector bundle A, considered as an (A ® A°P)-k-
bimodule bundle and a k-(A°P ® A)-bimodule bundle, respectively. Since A is semisimple, these
bimodule bundles have adjoints by Proposition 2.11, and hence by (b), the corresponding 1-
morphisms in ss-s2Vect(X) have adjoints, too. This shows (a). When A is central simple, then
by Proposition 2.11 and (a) we see that evaluation and coevaluation are invertible; this shows
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“if” of (b). The “only if” in (b) follows by restricting to connected components and looking at
the Morita class: if V is invertible, then by Proposition 3.26 and Lemma 3.2 its Morita class A
must be invertible, too; hence A is central simple and V is a line 2-bundle.

In (c), 1. — 3. are equivalent because Grpd(s2VBdl, (X)) is a 2-groupoid. The equivalence of 3.
and 4. is seen as in (b). O

Remark 3.28. The inclusion sGrby — ss-s2VBdl, of super line bundle gerbes, a well as the
inclusion ss—sAlgBdlEi — 88-82VBdl of semisimple super algebra bundles, are symmetric mo-
noidal.

The symmetric monoidal pre-2-stacks Grpd(sAlngdlzi) and ss—sfllgBdlkk’i have the direct sum
as a second symmetric monoidal structure (Remark 2.12), which induces analogously symmetric
monoidal structures on Grpd(s2VBdly) and ss-s2VBdl;. The monoidal unit is the zero super
2-vector bundle O, which is the image of the zero super algebra bundle under the inclusion of
algebra bundles. Thus, it has the trivial cover idx, the zero algebra bundle, the zero bimodule
bundle (note that this is invertible as a bimodule bundle between zero algebras), and the zero
map. Note that, unlike the tensor unit J, the zero 2-vector bundle O is not a bundle gerbe.

The following statement is again obvious.

Lemma 3.29. Let V.'W be super 2-vector bundle over X, let 'V be of Morita class A and W be
of Morita class B. Then, V& W is of Morita class A ® B.

A perhaps stunning application of the direct sum is that — within 2-vector bundles — one may
now take the direct sum of two bundle gerbes. Recall that bundle gerbes are 2-line bundles and
have Morita class k. The direct sum of two bundle gerbes is of Morita class k @ k and is hence
not a 2-line bundle anymore.

3.7 Endomorphisms and automorphisms If V is a super 2-vector bundle, then we write
&nd(V) := Hom(V,V) for the category of endomorphisms, which is monoidal under the compo-
sition. We first want to compute the endomorphisms of the trivial 2-vector bundle J.

We recall from Section 3.2 that we have fully faithful morphisms

BSV'Bd]k — sSrbk — S2LBdlk — S2V'Bd1k

of presheaves of bicategories, under which the trivial 2-vector bundle J is the image of the single
object * in BsVBdl. In particular, we have an equivalence of monoidal categories

sVBAl,(X) = &ndpsysar, (*) = éndsaysar, (7)-
We recall from Section 3.3 that we also have a fully faithful morphism

sAlgBdIP! — s2VBdly

of presheaves of bicategories, under which the trivial 2-vector bundle J over a manifold X is the
image of the trivial super algebra bundle k£ over X. In particular, we have again an equivalence
of monoidal categories

SVBdlk(X) & EndsAlgBdlzi (E) = 8nds2VBdlk (J)

It is straightforward to see from the various definitions that both equivalences coincide, and
both give the same functor H : sVBdl,(X) — &ndsaysar, (I): if V is a super vector bundle over
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X, then the corresponding 1-morphism Hy : J — J has the identity surjective submersion on
Z = X xx X 2 X, it has the bimodule bundle V, on which the super algebra bundle k of J acts
fibrewise from both sides by scalar multiplication. Moreover, a morphism ¢ : V — W of super
vector bundles induces in a straightforward way a 2-morphism Hy — Hyy. We summarize above
considerations in the following lemma.

Lemma 3.30. The functor H establishes an equivalence of monoidal categories
sVBdl,(X) = é&nd(7).

Now let V be any super 2-vector bundle over X, which we take to be semisimple at first.
Suppose £ is a super vector bundle over X. Using the functor H and the tensor product in
ss-s2VBdly, we define a 1-morphism Hy(E) : V — V by

idy ®H(5)

VEVR] VRI=EV.

Likewise, if ¢ : & — & is a morphism of super vector bundles, then we define 2-morphism
Hy(p) : Hy(&1) = Hy(&) in the obvious way using idiq, ® H (). This defines a monoidal
functor

Hvy : SVBdlk(X) — (CJIld(V),

which coincides in the case of V = J with the functor H.

Explicitly, if V = (7w, A, M, u) is the super 2-vector bundle, then the 1-morphism Hy(E) has the
covering space Z := Y2, the identity surjective submersion ¢ :=idgz, and the bimodule bundle
over Z is M ®y £, where £ is understood to be pulled back along the projection Z — X. The 2-
morphism Hvy(p) : Hy(&1) = Hy(&2) is given by the intertwiner idy @p : M &k &1 — M @y Eo.
From this explicit description, it is clear that such a functor Hy exists for any super vector
bundle V (not just semisimple ones), as the typical fibre M ®j E of M ®j, £ is implementing if
M is; see [13, Ex. 3.1.5 (2)].

Lemma 3.31. The functor Hy is faithful.

Proof. Suppose £ and & are super vector bundles, and ¢,¢" : & — & are super vector
bundle homomorphisms. An equality Hy(¢) = Hy(p') between 2-morphisms implies an equality
iday ®p1 = idyg @2 between linear maps M ®i & — M ®p &, and since these are finite-
dimensional vector spaces, this implies @1 = 9. This shows that Hy is faithful. O

Let us now specialize to automorphism 2-groups. We recall that a (weak) 2-group is a mo-
noidal groupoid in which every object is invertible with respect to the tensor product. One
example of a 2-group is Grpd(s£Bdlg(X)), the groupoidification of the monoidal category of
super line bundles over X. The 2-group Grpd(s£LBdl; (X)) is additionally symmetric monoidal,
i.e., a Picard groupoid.

If € is a bicategory, and c is an object in €, then its automorphism 2-group

Aut(c) := Grpd(&nd(c)™)

is obtained from the monoidal category &nd(c) by discarding all non-invertible objects (i.e., all
non-invertible 1-morphisms ¢ — c¢), and by discarding all non-invertible morphisms (i.e., all
2-morphisms in € that are not invertible under vertical composition). Note that Aut(c) is in
general not symmetric monoidal.



66 Kristel, Ludewig and Waldorf, Higher Structures 9(1):36-87, 2025.

By this construction, every super 2-vector bundle V over X has an automorphism 2-group Aut(V).
For a general super 2-vector bundle, Lemma 3.31 implies that the functor Hy induces a faithful
monoidal functor

Grpd(s£Bdlg (X)) — Aut(V).

By Lemma 3.30, this functor is an equivalence in case of the trivial 2-vector bundle,
Grpd(s£Bdl (X)) = Aut(J),

i.e., the automorphisms of J are precisely the super line bundles.

Furthermore, a result from the theory of bundle gerbes shows in fact that the automorphism
2-group of every line bundle gerbe G is £LBdl,(X)&P9, see [32, Thm. 2.5.4]. The proof given
there generalizes in a straightforward way to the super case. Since the functor sGrby — s2VBdly,
is fully faithful, this shows that we have another equivalence of 2-groups,

Grpd(sLBdlg (X)) = Aut(9),

for every super line bundle gerbe G.

3.8 Equivariant 2-vector bundles As explained in [21, Prop. 2.8|, presheaves (of bicate-
gories) on the category of smooth manifolds extend canonically to presheaves on the category of
Lie groupoids (with smooth functors). This holds, in particular, for super 2-vector bundles, so
that we automatically have a notion of super 2-vector bundles over Lie groupoids. In particu-
lar; this applies to action groupoids and hence leads automatically to the correct notion of an
equivartant super 2-vector bundle.

Let G be a Lie group and let p : G x X — X be a smooth action of G on a smooth manifold X.
The corresponding action groupoid X//G is a Lie groupoid with objects X, morphisms G x X,
source map pry : G x X — X, target map p, and composition (g2, g12) © (91, ) := (9291, ).

Definition 3.32 (Equivariant 2-vector bundle). A G-equivariant super 2-vector bundle over X
is a super 2-vector bundle over the Lie groupoid X//G.

Spelling out the details on the basis of |21, Def. 2.5|, a G-equivariant super 2-vector bundle
over X is a triple (V,P,¢) consisting of a super 2-vector bundle V over X, a l-isomorphism
Pipry V — p*V of super 2-vector bundles over G x X, and a 2-isomorphism

¢: (id xp)*P o pris p*P = (m x id)*P

of 2-vector bundles over G? x X, where m : G?> — G denotes the product of G, such that ¢
satisfies a coherence condition over G x X. This becomes more instructive when restricted to
single group elements: if g € G, then pulling back P along X — G x X : z — (g,z) yields a
1l-isomorphism P, : V — ¢g*V over X. Similarly, for two group elements g1, g2 € G we obtain from
¢ a 2-isomorphism ¢g, 4, : g7 Py, © Py, = Py 4, over X, and the coherence condition becomes

¢g179293 i (gfﬁbgz,g?, 0 id) = ¢g1gz,93 i (id O¢g1,gz)'

As explained in |21, Def. 2.6], a whole bicategory sQVBdl,?(X ) of G-equivariant super 2-vector
bundles can be constructed in a canonical way.
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Remark 3.33. The 1-isomorphism P in the structure of a G-equivariant super 2-vector bundle
may of course be (induced by) a refinement R, see Section 3.5. In this case, the 2-isomorphism ¢
may be an equality, as refinements form a 1-category. Let us briefly spell out what such a strict
G-equivariant structure is; for this purpose we denote the involved structure by V = (7, A, M, )
and R = (p, ¢, ¢). First, pinduces a lift of the G-action along 7 : Y — X, and hence, G-actions on
all fibre products Y*!. Second,  induces a G-equivariant structure on the super algebra bundle
A over Y. Third, ¢ induces a compatible G-equivariant structure on the bimodule bundle M
over Y2 in such a way that the intertwiner p is G-equivariant. Summarizing, a G-equivariant
structure on a super 2-vector bundle V may in simple cases consist of lifts of the G-action to all
of its structure.

Maybe the most useful statement about equivariant structure is that it descends to quotients
whenever well-behaved quotients exist. In the present case, we have the following statement.

Theorem 3.34. Suppose a Lie group G acts freely and properly on a smooth manifold X. Then,
pullback along the projection X — X/G induces an equivalence of bicategories between super
2-vector bundles on X/G and G-equivariant super 2-vector bundles on X,

$2VBdl,(G/X) = s2VBdI§ (X).

Proof. We derive this from the abstract theory developed in [21] and the fact that by our con-
struction, super 2-vector bundles form a 2-stack. Suppose F is a presheaf of bicategories on the
category of smooth manifolds; we will denote its canonical extension to Lie groupoids by the
same symbol. This is justified by the fact that, if X is a smooth manifold and Xy;; denotes the
discrete Lie groupoid with objects X and only identity morphisms, then F(Xg;5) = F(X). Any
smooth functor F': X — Y between Lie groupoids induces a functor F* : F(Y) — F(X) between
the corresponding bicategories. If F is a 2-stack, and F' is a weak equivalence, then F™* is an
equivalence F(X) = F(Y) 21, Thm. 2.16]. Now, in the present situation we consider the evident
smooth functor X//G — (X/G)a4;s, which is a weak equivalence as the projection X — X/G is
a surjective submersion. Combining and evaluating these facts for the 2-stack s2VBdl; of super

2-vector bundles yields the claim. O

4. Classification of 2-vector bundles

In this section, we classify super 2-vector bundles of a fixed Morita class A, see Definition 3.5.
Our classification is based on an idea of Pennig [24]| and uses the automorphism 2-group of a
super algebra A. In the first two subsections, we neglect the monoidal structure and classify 2-
vector bundles up to isomorphism as a set. The monoidal structure is then added in Section 4.3.
Section 4.4 treats 2-line bundles, for which the classification simplifies.

4.1 Non-abelian cohomology for algebras Let A be a Picard-surjective super algebra
(see Section 2.1). In [13, §2.3] we have shown that the automorphism 2-group of A as an object
in the bicategory s2Vect; can be represented by a crossed module of Lie groups, denoted by
Aut(A). This crossed module will be central for the classification of super 2-vector bundles.
We refer to Section A for a quick recollection of crossed modules. The crossed module Aut(A)
consists of the Lie group Aj of even invertible elements of A and of the Lie group Aut(A) of
even automorphisms of A, together with the Lie group homomorphism ¢ : A] — Aut(A) that
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associates to an element a € A the conjugation i(a) by a, and the action of Aut(A4) on AJ by
evaluation.
The Cech cohomology of X with values in the crossed module Aut(A) is (see Definition A.2),

(X, Aut(A)) := ho(BAut(A)* (X)), (22)

i.e., we consider the Lie 2-groupoid BAut(A) with a single object that is associated to the crossed
module Aut(A), the presheaf of bicategories BAut(A) represented by BAut(A), apply the plus-
construction, evaluate on X, and then take the set of isomorphism classes of objects. Spelling
this out, see Section A, an element is represented with respect to an open cover {U,}aca by a
pair (¢, a) where ¢ is a collection of smooth maps pag : Uy NUg — Aut(A) and a is a collection
of smooth maps angy : Uy NUg NU, — A[, such that the cocycle conditions

i(@apy) © 9oy © Pas = Yoy ad  dars - Pr5(dapy) = Gaps - Ay (23)

are satisfied. Two cocycles (p,a) and (¢',a’) are equivalent, if, after passing to a common
refinement of the open covers, there exist smooth maps €, : Uy — Aut(A) and eng : Uy N U —
A* satisfying

i(€ap) 0 €8 0 Pap = ‘P,a,ﬁ 0gq and a/aﬁ'y : 90/57(604,8) “€8y = €ay - Ey(aapy).
We note the following result about the Cech cohomology of Picard-surjective super algebras.

Proposition 4.1. Suppose A and B are Picard-surjective super algebras. Then, every invertible
A-B-bimodule induces a bijection H' (X, Aut(A)) = HY (X, Aut(B)). In particular, these sets
coincide whenever A and B are Morita equivalent Picard surjective super algebras.

Proof. By [13, Prop 2.3.3], any invertible A-B-bimodule M determines an invertible butterfly
between the crossed modules Aut(A) and Aut(B), see Section A. Weak equivalences induce
bijections in cohomology, see Proposition A.5. O

4.2 The classification Let A be a super algebra. We consider the presheaf of bicategories
A-sAlgBdlP! introduced in (1), consisting of super algebra bundles whose fibres are Morita equi-
valent to A, all implementing bimodule bundles and all even intertwiners. On the other hand,
we consider the presheaf of bicategories BAut(A) mentioned in Section 4.1. For a smooth ma-
nifold X, the bicategory BAut(A)(X) has a single object, the 1-morphisms are smooth maps
X — Aut(A), and the 2-morphisms are smooth maps X — A x Aut(A). Here, a pair (a,¢)
with a : X — AJ and ¢ : X — Aut(A), is a 2-morphism from = — ¢(z) to z — i(a(x)) o p(x).
The vertical composition of 2-morphisms is (ag, p2) o (a1, 1) := (a2a1, ¢1). The horizontal com-
position of 1-morphisms is given by the group structure on Aut(A), and the one of 2-morphisms
is given by the semi-direct product (as, p2) - (a1, 1) = (a2p2(a)), g2 o ¢1; see Section A for the
general description.
In the following, we describe a morphism

F: BAut(A) — A-sAlgBdI™ (24)

of presheaves of bicategories. Over a smooth manifold X, it sends the unique object of BAut(A)(X)
to the trivial algebra bundle Fx(x) := A. It sends a l-morphism, i.e., a smooth map ¢ : X —
Aut(A) to the (implementing) bimodule bundle Fx(p) := M, = A, (see Example 2.8). Fi-
nally, it sends a 2-morphism, i.e., a pair (a, ¢) of a smooth map a : X — A* and a smooth map
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¢ : X — Aut(A), to the intertwiner Fx (a, ¢) := ¢q,, : My — Mi(q)o, given in each fibre by the
canonical isomorphism

Il

Ap, 2A®A Ay, = Aja@a)) D4 Ap, = Aj(a(a))ops
explicitly, ¢q o (z,b) := (z,ba™?).
Lemma 4.2. Above definitions yield a 2-functor Fx : BAut(A)(X) — A-sAlgBdIP(X).

Proof. Fx preserves the composition of 1-morphisms under the compositor
Moy 0 My, = Mopsop

given fibrewise by the map Ay, ®4 Ay, = Agyop, 1 a @ b = apa(b). Moreover, F'x preserves
the vertical composition of 2-morphisms because of the equality @u, i(a1)op © Par,p = Pagas,e Of
intertwiners, which follows immediately from the definition of ¢g,.
It is less obvious that F'x preserves the horizontal composition of 2-morphisms. Consider two 2-
morphisms (a1, ¢1) : p1 = i(a1)op; and (ag, v2) : Y2 = i(ag)ops, whose horizontal composition
is, cf. Eq. (41):

(azp2(ar), 2 0 1) : g2 0 o1 = i(azpa(ai)) o p2 0 p1.

On the other side, we consider the images under Fx, i.e., the intertwiners ¢, o, : My, —
Miayop, ad Pay oy + My — Mi4,)0p, and their tensor product

d)az,cpz 029 ¢a1,<p1 : Mtpz XA Mgpz — M’i(ag)og&g XA Mi(al)ogol'

The condition that this corresponds, under the compositors, to ¢y, 0, (a:) is the commuta-

201
tivity of the diagram

Apy @4 Apy — Aj(az)ops @A Ai(ar)op: b (T cr————bay' ® cay!
A@gocpl E— Ai(agcpz(a1))0<,020<p1 b@2(c) = b‘PQ(C)@?(al)ila;l'
This is indeed commutative; this finishes the proof that Fx is a 2-functor. O

It is obvious that F'x is compatible with the pullback along smooth maps between contractible
manifolds; hence X +— Fx is indeed a morphism F' of presheaves of bicategories.

Let Grpd(A-sAlgBdlP!) denote the 2-groupoidification of the presheaf of super algebra bun-
dles of Morita class A, obtained by discarding all non-invertible 1-morphisms and all non-
invertible intertwiners. By [13, Lemmas 2.1.3 and 4.2.8|, the morphism F' factors through the
inclusion Grpd(A—sAlngdlbi) C A-sAlgBdI™". We denote by eMfd C Mfd the full subcategory of
all smooth manifolds with all connected components contractible, and infer the following result.

Lemma 4.3. Suppose A is a Picard-surjective super algebra. Then, the morphism F of Eq. (24)
induces an isomorphism

BAut(A)|avra =2 Grpd(A-sAlgBd1™)| oy

between the restrictions of both presheaves to the subcategory ¢Mfd C Mfd.
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Proof. 1t suffices to show that the 2-functor F'x is an equivalence of bicategories whenever X
is contractible. That Fx is essentially surjective comes from the fact that algebra bundles over
contractible manifolds are trivializable. This can be proved analogously to the corresponding
fact for vector bundles, see [12, Prop. 1.7 and Cor. 1.8|. Next we prove that the Hom-functor

Fx (%, %) : Aut(A)(X) — A-A-sBimBdl(X)*

is an equivalence of categories. Here, (..)* denotes the subcategory of invertible bimodule bundles
and invertible intertwiners, which appears here because of the 2-groupoidification. First of all,
by the same argument as before, every A-A-bimodule bundle is trivializable as a vector bundle
over the contractible manifold X, and hence, by Definition 2.7, of the form ¢M > Where M is an
(invertible) A-A-bimodule and ¢, : X — Aut(A) are smooth maps. As A is Picard-surjective,
we have M = A, for some g € Aut(A). We obtain an isomorphism of module bundles

oMy = A ppoy = Ay~

pootp — Topgorp?

where the last isomorphism is obtained by applying the isomorphism of bimodules ,A — A -1,

a +— ¢~ 1(a) fibrewise. This shows that Fx (*,*) is essentially surjective. Finally, on the level of
2-morphisms, that Fx is fully faithful follows from [13, Lemma 2.1.3 (d)]. O

If two presheaves of bicategories become isomorphic when restricted to the subcategory ¢cMfd
of manifolds with contractible connected components, then the plus construction will associate
to them isomorphic presheaves. The reason for this is the existence of good open covers on
manifolds, in combination with Lemma 2.24. More precisely, let us denote by F¢ a variant of
the plus construction in which the domains Y, Z, W of all surjective submersions that appear
in the description given in Section 2.3 are objects of ¢<Mfd. On one side, we obtain an evident
inclusion 3¢ — FT of presheaves, and we claim that this is an isomorphism. For instance,
essential surjectivity follows from Lemma 2.24 by choosing a good open cover of X with local
sections into the surjective submersion 7 : Y — X of a given super 2-vector bundle. Analogous
considerations show essential surjectivity on the level of 1-morphisms and surjectivity on the
level of 2-morphisms. On the other side, the presheaf ¢t evaluates the given presheaf F only
on objects of cMfd. This proves above claim, and thus, Lemma 4.3 implies the following result.

Proposition 4.4. Let A be a Picard-surjective super algebra. Then, the morphism F of Eq. (24)

induces an isomorphism of 2-stacks
BAut(A)" = Grpd(A-sAlgBdIPH)T.
Now we are in position to present our classification theorem.
Theorem 4.5. For any Picard-surjective super algebra A, there is a canonical bijection
ho(A-s2VBdI(X)) = HY(X, Aut(A)).

In other words, super 2-vector bundles over X of Morita class A are classified by the Cech

cohomology of X with values in the crossed module Aut(A).
Proof. We note that
ho(A-s2VBdl(X)) = ho((A-sAlgBdIP) (X))
= ho(Grpd((A-sAlgBdIPH (X))
= ho(Grpd(A-sAlgBdIP) (X)),
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where the first equality holds by definition of super 2-vector bundles, and the second holds be-
cause 2-groupoidification preserves the set of isomorphism classes of objects, and the third holds
because 2-groupoidification commutes with the plus construction (this follows from Lemma 2.20).
The claim follows then from Proposition 4.4 and Eq. (22). O

Remark 4.6. The condition of being Picard-surjective can be achieved at any time by passing
to a Morita equivalent super algebra: this is possible because every super algebra is Morita
equivalent to a Picard-surjective one (|13, Prop. A.2]) and h(A-s2VBdI(X)) is Morita invariant
by Lemma 3.2.

A result of Baez and Stevenson [6] shows that the geometric realization |I'| of (the Lie 2-group
associated to) a crossed module T is a topological group, whose classifying space B|T'| represents
the cohomology with values in I,

H'(X,T) = [X,B|T].
Combining this with Theorem 4.5, we obtain the following.

Corollary 4.7. For any Picard-surjective super algebra A, BlAut(A)| is a classifying space for
super 2-vector bundles of Morita class A.

For the convenience of the reader, we shall spell out explicitly procedures that realize the
bijection of Theorem 4.5, obtained by passing through all intermediate steps described above.
Given a cocycle (p,a) in H' (X, Aut(A)), we construct the following super 2-vector bundle over
X. Its surjective submersion Y is the disjoint union of the open sets U, of the cover on which
(p,a) is defined. The algebra bundle is the trivial algebra bundle A over Y. Over Y2, which is
the disjoint union of double intersections U, NUg, we have the map ¢ : Y2 — Aut(A), to which
we associate the bimodule bundle A, the fibre of which is A, . Over VBl we have the three
automorphisms @12, @23 and @13 defined by ¢;; := prjj ¢, and we have i(a) o pa3 0 Y19 = V13
due to the cocycle condition, where a : Y13 — A% At each point, a defines an invertible even
intertwiner of A-A-bimodules

ASO23 ®A Aﬁmz = A90230<p12 =A ®A A<p2304.012 = Ai(a) XA A<,02309012 = £Li(a)opaszopra — As&w'
These fo]rm the required associative intertwiner g : Ams A Ag)m — A@ls of bimodule bundles
over Y13,

Conversely, given a super 2-vector bundle V = (7, A, M, i) in A-s2VBdl(X), we may first pass
via Proposition 2.25 to an isomorphic one where A and M are trivial in the sense of Remark 2.6
and Example 2.8. On each connected component X;, the trivial super algebra bundle has a
typical fibre A; which is Morita equivalent to A. Choosing invertible A-A;-bimodules M;, one
can construct a 1l-isomorphism that takes us to a super 2-vector bundle whose super algebra
bundle is the trivial bundle A over Y and whose bimodule bundle is still trivial. Because of
Picard-surjectivity of A, we may then identify the bimodule bundle with A, where ¢ is a map
@ : Y - Aut(A) (see the argument in the proof of Lemma 4.3). We write again ¢;; := pr;; ¢
Over Y Bl we obtain an invertible even intertwiner

piAg,, ®aA,, = A,

P12

of A-A-bimodule bundles. Under the isomorphism Ay, ®a A=A this becomes an

=p12 “=p230p12?

even intertwiner Ao, = A, which by [13, Lemma 2.1.3 (d)] corresponds to a unique smooth
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map a : Y — A% such that i(a) o p23 0 @12 = p13. Finally, using Lemma 2.24 one can now
achieve that Y is the disjoint union of open sets; then, (p,a) is a cocycle representing the class
of V in H'(X, Aut(A)).

Remark 4.8. Ungraded algebras are rarely Picard surjective when regarded as super algebras
concentrated in even degrees. For that reason, one cannot simply apply the results of this section
to ungraded algebras. However, one can proceed in close analogy. An ungraded algebra is called
ungraded Picard-surjective in the sense that every ungraded invertible A-A-bimodule is induced
from an automorphism of A. The presheaf morphism F' becomes a morphism

F : BAut(A) — A-AlgBdI™

to ungraded algebra bundles. The ungraded analogue of Lemma 4.3 holds, and hence Proposi-

tion 4.4 has as an ungraded analogue an isomorphism
BAut(A)" = Grpd(A-AlgBdIPH T
We obtain a classification result analogous to Theorem 4.5,
ho(A-2VBdI(X)) = H' (X, Aut(A)).
Likewise, BlAut(A)| is a classifying space for ungraded 2-vector bundles.

To close this section, we discuss the canonical inclusion BZ(A); — Aut(A), its induced
map in cohomology, and its geometric interpretation by super 2-vector bundles. Here, BZ(A)g
denotes the crossed module Z(A); — *, with the trivial action. The inclusion BZ(A); —
Aut(A) is the strict homomorphism of crossed modules given by the inclusion Z(A); C Af.
Note that the cohomology with values in the crossed module BZ(A); is the ordinary degree two
Cech cohomology with values in the sheaf of smooth Z(A)X-valued functions (see Remark A.3).

Thus, the map induced by BZ(A)j — Aut(A) is a map
H2(X, Z(A)Y) — A (X, Aut(A)),

and it sends a Cech cocycle aapy : UaNUgNU, — Z(A)j to the Aut(A)-cocycle (1,a).

For any abelian Lie group K, the cohomology group H?2 (X, K) classifies K-principal bundle
gerbes over X. These are principal bundle versions of the bundle gerbes discussed in Section 3.2,
and defined as

Srby == B(K-Bdl)*,

where K-Bdl is the monoidal stack of principal K-bundles. In our case, K = Z(A)§ comes with
a monoidal functor

Z(A)F-BdI(X) — A-A-sBimBdl(X),

obtained by associating to a principal Z(A)J-bundle Z the vector bundle Z x 2(A)% A, which
becomes a bundle of A-A-bimodules in the obvious way. In turn, we obtain a morphism of
presheaves B(Z(A)y-Bdl) — A-sAlgBdIP, which under the plus construction yields a morphism

grbZ(A)OX — A-s2VBd], (25)

for any super algebra A. In particular, if A is central (i.e., Z(A)f = k*) this 2-functor coin-
cides with the 2-functor Eq. (16). The following result follows directly from either the cocycle
description or the abstract stackification procedure.
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Proposition 4.9. Let A be a Picard-surjective super algebra. The map in cohomology induced by
the inclusion BZ(A)[ — Aut(A) corresponds to the 2-functor (25) that sends principal Z(A)[ -
bundle gerbes to super 2-vector bundles. In other words, the diagram

o (Grb 4y (X)) — ho(A-s2VBdlg(X))
H2(X, Z(A)}) —— HI(X, Aut(4))

1s commutative.

4.3 Monoidal structure Let A and B be super algebras. There is a strict homomorphism
m : Aut(A) x Aut(B) — Aut(A @ B) (26)
of crossed modules, given by the maps
Al x By = (A® B)§; (a,b) = a®b
Aut(A) x Aut(B) — Aut(A ® B); (1, 2) = 01 ® p2
It induces a map in cohomology,
H'(X, Aut(A)) x HY(X, Aut(B)) — H' (X, Aut(A ® B)). (27)

We want to show that this map corresponds to the tensor product of super 2-vector bundles.
We claim that the presheaf morphism

F: BAut(A) — A-sAlgBdI™
of (24) is compatible with the tensor product of super algebras, in the sense that the diagram

BAut(A) x BAut(B) —2— BAut(A ® B)

FxFl JF (28)

A-sAlgBdI” x B-sAlgBdIP ——(4® B)-sAlgBdI™

of presheaves of bicategories is (strictly!) commutative. On the level of objects, this is clear. On
the level of 1-morphisms, the diagram commutes since A, ® B,,, = (A®k B)y, 04, (the identity
on A® B is an intertwiner). On the level of 2-morphisms, the diagram commutes because the
intertwiner ¢, in the definition of F' on 2-morphisms satisfies (by inspection) the identity

Papa @ Poop = Pawbpa®es;
this is precisely the coincidence between clockwise and counter-clockwise directions.
Proposition 4.10. For any pair of super algebras A and B, the diagram
H' (X, Aut(A)) x HY (X, Aut(B)) —— H' (X, Aut(A ® B))
FxFl JF
ho(A-s2VBdl(X)) x ho(B-s2VBdl(X)) — ho((A ® B)-s2VBdI(X))
18 commutative.

Proof. In view of Definition A.2, the commutativity of the diagram then follows from applying
the (functorial) plus-construction to the diagram (28) and passing to isomorphism classes. [
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4.4 Classification of super 2-line bundles A central simple super algebra has by definition
Z(A); = k*, and Pic(A) = Z,, with representatives given by A and IIA, see [13, Remark 2.2.5
(1)]. We consider the trivial crossed module k* — Zs, which is given by the zero map and the
trivial action of Zg on k*. It can be written as a direct product crossed module Bk* X (Zz2)4is-

Lemma 4.11. If A is a Picard-surjective central simple super algebra over k, then there is a
bijection

HY(X, Aut(A)) = HY (X, Zs) x H(X, k™). (29)

Proof. By [13, Prop. 2.3.4| there is a canonical weak equivalence Aut(A4) = Bk™ X (Z2)4is, whose
definition we recall briefly. It is established by a butterfly (see Section A)

k> AE;
0 K c

% k
Ly

Aut(A).

(30)

Here, K consists of triples (e,u,¢) € Zo x GL(A) x Aut(A) where u : €A — Ay is an even
invertible intertwiner of A-A-bimodules, with

A =0
€A = ‘ (31)
ITA e=1.

The group homomorphisms i; and iz are defined by i1 () := (0, A, id) and i2(a) := (0, 74-1,i(a)),
where r, : A — A is right multiplication by a. The group homomorphisms p; and py are the
projections to € and ¢, respectively. Given this butterfly, Proposition A.5 shows the claim. [

Remark 4.12. On the level of cocycles, the bijection
HY (X, Aut(A)) = HY(X, Z) x H*(X,kX) (32)

is obtained as follows, see Section A. Recall that with respect to an open cover {U,}aer, an
element in H' (X, Aut(A)) is represented by a pair (p, a) where ¢ is a collection of smooth maps
¢ap : Ua NUg — Aut(A) and a is a collection of smooth maps aesy : Uo NUz NU, — Af,
such that the cocycle conditions (23) are satisfied. By passing to a smaller open cover, we may
assume that there are smooth maps €,5 : Uy NUg — Zy and uapg : Uy N Ug — GL(A), such that
Uap () @ €ap(T)A = Ay () (in the notation of Eq. (31)) intertwines the A-A-bimodule action
at each v € U,NUg. Then €, is a 2-cocycle and gives the class in H'(X,Zs), and the linear map
Ugry © u;ﬁl o ugﬂi OTags, + A — Alis scalar multiplication by an element Ao, : Us NUgNU, — k>,
which is a 3-cocycle and gives the class in H2(X, k™).

Next, we investigate how the bijection of Lemma 4.11 is compatible with the tensor product
of super algebras. We recall that the tensor product of central simple algebras is again central
simple, and note that the tensor product of Picard-surjective central simple super algebras is
again Picard-surjective (|13, Lemma A.1]).
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Lemma 4.13. Let A and B Picard-surjective central simple super algebras. Then, the diagram

HY(X, Aut(A)) x HY(X, Aut(B)) H'(X,Aut(A ® B))

J J

(HY(X,Zs) x H2(X, kX)) x (HY(X, Z2) x H2(X, kX)) —— HY{(X, Zy) x H?(X,kX)

1s commutative, where the vertical arrows are the bijections of Lemma 4.11, the arrow on the
top is the multiplication map of Eq. (27), and the map on the bottom is defined, similarly as in
Theorem 2.13, by

((a1,02), (B1, B2)) — (a1 + B, (—1)*1Pragfy). (33)

Proof. We prove this on the level of cocycles. Suppose (p,a) and (¢',a’) represent elements in
H'(X, Aut(A)) and H' (X, Aut(B)), respectively, with respect to the same open cover. We first
perform the counter-clockwise calculation.

We work in the notation of the proof of Lemma 4.11 and Remark 4.12. We consider €., e; R U.N
Ug — Zp as well as uqg : UoNUg — GL(A) and w5 : UaNUg — GL(B) such that (€44, Uag, Pas)
lifts o5 to K4 and (¢ €ap aﬁ’ ©ap) lifts o ap to Kp. Here, K4 and Kp are the Lie groups in the
middle of the butterflies (30) belonging to A and B, respectively. We recall from Remark 4.12
that the homomorphism w4~ © u;g o u/gi ©Tq,4, + A — A is scalar multiplication by a unique
smooth map element A,g : Uy NUg N U, — k*, and that (e, \) is the image of (¢, a) under the
identification (29). The same holds for the primed quantities. The product of (e, ) with (¢, \)
s (e+ €, (=1)U“AX), this is the result of the counter-clockwise calculation. We recall from the
definition of the cup product in Cech cohomology that ((—1)“AN)as, = (—1)Ces AaBr Aoy
Clockwise, we consider the product (¢ ® ¢',a ® a’) under the strict homomorphism m in (26).
We have a map

KAXKB%KA@)B

defined by

((ea,ua,p4), (eB,uB, ¥B)) = (€A +€B,uA ® (N ©UB), A ® ¥B),

where 1., : B — B is defined by b — (—l)af"b‘b. The image of our previously chosen lifts
(PapsEaps Uag) and (Pag; €aps Uaps) under this map has ¢,g ® cpilﬁ in the first component, which
shows that it provides a correct lift. In the second component, it has .5 + 8;5, which shows
that our diagram is commutative in its H'(X, Zy)-factor. In the third component, it has the
homomorphism vag := ues @ (1, 50 ul, ﬂ). We need to compute the homomorphism

-1, -1 )
Uay © Uap © Vgy © Tags, @al,, tA®B - AR B.

In the first tensor factor, this is just w0 u;é o u;ﬁl 0 Tq,,., and hence scalar multiplication with
Aagy- In the second factor we compute

(e, © Wy © g 0 1z 0 s 0 11 ) (D)

1) (e, 0wty 0 ulg ozt ) (st (b))
bl+eas(|b

1)l eas Py, (u), 0 ulys o uly!) (D)

)
1)5 ~|bl+eas( |b|+€57)+€a7(|b|+€6,\/+8a5+6a7)( —1 I— 1)([))
)

(e] [e]
Uqy O Uypg © Ugy

(=
(=
= (=
(=

1 Eaﬁsﬁw( Up,, © ulaﬁl o u/’bwl)(b)
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where the last step uses the cocycle conditions for € and €’. This shows that we get (—1)5“‘*%7 AL By
in the second factor. This completes the proof that the diagram is commutative. O

The above results can be used to classify all super 2-line bundles, and the result is the
following.

Theorem 4.14. For any manifold X, the set ho(s2LBdl, (X)) of isomorphism classes of super
2-line bundles over X forms an abelian group, and there is a canonical isomorphism of groups

ho(s2LBdl, (X)) = HO(X,BW},) x HY(X, Zy) x H3(X, kX) (34)

with respect to the group structure (12). Moreover, this group isomorphism extends the Donovan-
Karoubi classification of central simple super algebra bundles. In other words, the diagram

ho (cs-sAlgBdIP (X)) Fa. (1)

ho(s2LBdlg (X))
Donovan-Karoubi, Theorem 2.13J J{(34)
HO(X,BW,) x HY(X, Zy) x Tor(H?*(X, k*))——— H(X,BW;) x HY(X, Zy) x H2(X,EX).
of groups and group homomorphisms is commutative.

Theorem 4.14 is also a result of Mertsch’s PhD thesis [19, Thm. 2.2.6], obtained there by
explicitly extracting cocycles from 2-line bundles (called “algebra bundle gerbes” there) and a
reconstruction procedure. Here we have presented it as a consequence of our more general
classification result Theorem 4.5 and our computations of Cech cohomology groups.

Proof. If A is a Picard-surjective central simple super algebra, combining the classification result
of Theorem 4.5 with Lemma 4.11, we obtain a bijection

ho(A-s2VBdI(X)) = H' (X, Zy) x H3(X, kX).

Since every super 2-line bundle over a connected manifold has a unique Morita class (Lemma 3.2)
and each Morita equivalence class has a Picard-surjective representative ([13, Prop. A.2]), we
have for a connected smooth manifold X

ho(s28Bdli(X)) =[] ho(A-s2VBdl(X)).
[A]eBW},

Combining these two results, we obtain a bijection
ho(s2LBdlx (X)) = BW), x HY (X, Zs) x H*(X, k).
Over a general, not necessarily connected, manifold X this gives a bijection
ho(s2LBdl, (X)) =2 HY(X, BWy,) x HY(X, Zy) x H*(X, EX).

Lemma 4.13 and Proposition 4.10 imply then that this bijection becomes a homomorphism of
monoids, upon declaring the monoid structure on the right hand side to be given by the formula
(12), extending (33). Indeed, one can check by an explicit calculation that the inclusion of super
algebra bundles into super 2-line bundles via the functor (17) of Section 3.3 corresponds precisely
to this inclusion of groups. d
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In the remainder of this subsection we derive some consequences of Theorem 4.14. First of
all, we remark the following fact about elements of a group.

Corollary 4.15. Every super 2-line bundle is invertible with respect to the tensor product.

Next we look at the relation with super algebra bundles. In case of £ = R, we see that all
elements of H?(X, k™) = H2(X, Zy) are torsion, so that the map at the bottom of the diagram in
Theorem 4.14 is the identity. This means that the plus construction, by which we passed from
central simple algebra bundles to super 2-line bundles, has, up to isomorphism, not added any
new objects. Hence we have the following.

Corollary 4.16. The pre-2-stack cs—sAlgBdlﬁi of real central simple super algebra bundles is a
2-stack, and the canonical inclusion

cs-sAlgBdIR — s2LBdly

s an isomorphism of 2-stacks.

In spite of Corollary 4.16, it still makes sense to use the bigger bicategory s2LBdlg compared
to cs—sfllg%dl]ﬂ%i. For example, R-bundle gerbes are elements in s2LBdlg but do not determine
canonical algebra bundles.

Remark 4.17. In case of kK = C, we see that the classification of complex super 2-line bundles
does not coincide with the classification of the bicategory of algebra bundles: super 2-line bun-
dles may represent non-torsion elements in H?(X,C*) = H3(X,Z). This shows that the plus
construction has added new objects, and it shows again that cs—sfllngdl(E’:i is not a 2-stack.

The next consequences of Theorem 4.14 concern the relation between line 2-bundles, bundle
gerbes, and algebra bundles, which are all objects in the bicategory of super 2-line bundles. First
of all, we have the following obvious statement.

Corollary 4.18. Let £ be a super 2-line bundle. Then, £ is an ordinary super algebra bundle
(i.e., L = A for a central simple super algebra bundle A) if and only if the class of £ in H*(X, k™)
18 torsion.

Since super bundle gerbes are in particular super line 2-bundles, we have as a special case of
Corollary 4.18 the following result.

Corollary 4.19. Let G be a super bundle gerbe. Then, G is isomorphic to a super algebra bundle
(as super 2-vector bundles) if and only if the Dizmier-Douady class of G is torsion.

Finally, using the group structure in Theorem 4.14, the following becomes true.
Corollary 4.20. Let £ be a super 2-line bundle. Then, L =2 A® G for a central simple super

algebra bundle A and a super line bundle gerbe G.

5. Algebra bundles and lifting gerbes

In this section, we give several examples for 2-vector bundles and corresponding morphisms which
fit in the following abstract setup. Let G be a Lie group, let Z be an abelian Lie group, and let
Z — G 5 G be a central extension. Let 7: P — X be a principal G-bundle over a manifold
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X. A natural question is then whether the structure group of P can be lifted to G; in other
words, we ask for a G-principal bundle P — X together with a fibre-preserving map pp : PP
that intertwines the group actions (along p : G — G). To answer this question, one considers
the associated lifting gerbe Gp, which is the principal Z-bundle gerbe schematically depicted as
follows.

Sp=| ptpll 9, (35)

Here, ¢ : P2l — G is the map determined by requiring

p2 - 0(p1,p2) = P1.-

Explicitly, the fibres (5*@)1;17},2 consist of all § € G with p(g) = 6(p1,p2). The bundle gerbe
product

e (5*é)p2,p3 ® (5*é)p1,pz - (5*(;);0171)3
over PB! which is not depicted in (35), is just given by group multiplication in G, observing
that if g12 € (6*G)pypp and o3 € (0*G)pypss then oz - g1z € (6*G)py ps- The lifting theory of
Murray, see |20, Section 4], tells us that a lift of the structure group exists if and only if Gp is
trivializable, and the category of lifts is equivalent to the category of trivializations of Gp, see
[34, Thm. 2.1|. In other words, there is an equivalence of categories,

{ Lifts of P to a } ~ { Z-bundle gerbe }

principal G-bundle (36)

trivializations of Gp

In the following we suppose that Z C k* for k = R or C. Then, the principal bundle gerbe Gp
induces a line bundle gerbe £ p, with the same surjective submersion, 7 : P — X, the associated
line bundle L4 := 6*G x 7z k over P2 and the induced bundle morphism it = p X z idg. Under
Proposition 3.8 we may regard £p as a (ungraded) 2-vector bundle, and it is clear that it is even
a 2-line bundle.

Definition 5.1. The 2-line bundle £ p defined above is called the lifting 2-line bundle associated
to the central extension Z — G 5 G, the principal G-bundle P, and the inclusion Z C k*.

Repeating the associated line bundle construction, any trivialization of the lifting gerbe Gp
induces a trivialization of the lifting 2-line bundle £ p, i.e., an isomorphism £p — J. This defines

a functor
{ Z-bundle gerbe

trivializations of Gp } = Js02vman, () (£, 9)- (37)

This functor is usually not an equivalence of categories. For example, unless Z = k*, it is not
full. However, the following statement holds.

Lemma 5.2. If the inclusion Z C k* induces a isomorphisms in Cech cohomology in degrees
one and two, i.e. H'(X,Z) = HY(X,kX) and H*(X, Z) = H%(X,kX), then the above functor
mduces a bijection

b { Lifts of P to a

principal G-bundle } = ho (Jsozvmay,(x) (£p, 7).
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Proof. The condition H?(X, Z) = H2(X,k*) shows that Lp is trivializable if and only if Gp is
trivializable. Suppose now that both Gp and Lp are trivializable (otherwise, there is nothing to
show). Taking isomorphism classes in (37), we obtain a map

{ Z-bundle gerbe

ho(J Lp,J 38
trivializations of Gp }_> 0(Jsogvmay, (x) (£p 7)), (38)

and by (36), it suffices to establish that this map is a bijection.

It is well-known that the categories in Eq. (37) are module categories over the monoidal
categories Z-Bdl(X) of principal Z-bundles and £Bdl;(X) of line bundles, respectively. Also,
the functor Eq. (37) is equivariant along the associated line bundle construction Z-Bdl(X) —
LBdl(X). On the level of isomorphism classes, this implies that the map (38) is equivariant
along the group homomorphism ho(Z-Bdl(X)) — hoLBdl;(X). Moreover, it is also well-known
that the actions are free and transitive on the level of isomorphism classes. Now, since

HY(X,Z) =2 ho(Z-BdI(X)), and  HY(X,EX) = ho(LBdl(X)),

our first assumption H!(X, Z) = H' (X, k*) shows that Eq. (38) is an equivariant map between
(non-empty) torsors over the same group. But an equivariant map between torsors is a bijection.
O

Remark 5.3. The assumptions of Lemma 5.2 are satisfied for Zo C R* and U(1) C C*.

Under the assumptions of Lemma 5.2 we may view the 2-line bundle £p as the obstruction
against lifts of P. It is then natural to ask if £p is isomorphic to a super algebra bundle, i.e., if
the lifting obstruction can also be described by a super algebra bundle over X. By Corollary 4.18
we know that this is the case if and only if the class of £p in H2(X, k*), and hence, the Dixmier-
Douady class of Gp, are torsion. A recent paper of Roberts [26] indeed shows that most lifting
gerbes are torsion, for instance, whenever X is connected and 7 (X) is finite.

In this section, we consider the problem of constructing a super algebra bundle A that is
isomorphic to the lifting 2-line bundle £p in the bicategory of 2-line bundles, together with an
isomorphism £Lp = A. An important ingredient to our solution of this problem is the follow-
ing notion, which already turned out to be useful in an infinite-dimensional setting, see [16,
Def. 2.2.12, §2.5].

Definition 5.4 (Equivariant module). Suppose A is an algebra on which a Lie group G acts by
algebra automorphisms. Suppose Z — G — G is a central extension with Z C k*. An A-module
F' is called @—equivam’ant if it is equipped with an even linear action of G such that Z C G acts
by scalar multiplication, and such that the condition

g-(avv)=g(a)>(g-v) (39)
is satisfied for all v € F, a € A and g € G.

Example 5.5. Let A be a central algebra (for example M, (k)). Let Inn(A) be the group of
inner automorphisms of A, which admits a central extension

E* — A* — Inn(A).

Then, any A-module F' is automatically A*-equivariant in the sense of Definition 5.4.
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More examples for Definition 5.4 will be given in the applications below. We shall first explain
how Definition 5.4 is used to construct an algebra bundle A and an isomorphism Lp = A.

Given a G’—equivariant A-module F as in Definition 5.4, we first construct a G p-twisted vector
bundle denoted F = (F, ¢), in the sense explained in Section 3.2. Its vector bundle over P is the
trivial bundle F := F. The bundle morphism over P2,

¢:pry F @ Ly — pri F,
is defined over a point (p1,p2) € PE by

Gp1,pa t Fpe ® (ﬁé)m,pz — Fpis (p2,v) ®[g, A] = (p1, Agv).

It is straightforward to show that this is a well-defined, smooth bundle morphism and fits into the
required commutative diagram Eq. (15). Note, in particular, that well-definedness of ¢ requires
the condition that Z C k* acts by scalar multiplication.

Next, we define an algebra bundle over X, namely, the associated bundle

.A::PXGA.

We upgrade F = (F, ¢) to an Lp-twisted .A-module bundle (Definition 3.16), using condition
Eq. (39) on our representations. For this purpose, we define on F the left 7*A-module bundle
structure defined fibrewise at p € P over z € X by A, ® F, = Fp, : ([p,al, (p,v)) — (p,a>v).
Again, it is straightforward to show that this gives a well-defined smooth bundle morphism, and
that ¢ is A-linear; this completes the construction of a £ p-twisted A-module bundle F. By
Lemma 3.17 the category of £ p-twisted .A-module bundles and the category of 1-morphisms
Lp — A are canonically isomorphic; this allows us to see F as a 1-morphism F: Lp — A. Let
us summarize this and state some properties.

Theorem 5.6. Let Z — G — G be a central extension of a Lie group G, with Z C k™. Let P
be a principal G-bundle over X, let A be an algebra on which G acts by algebra automorphisms,
and let F' be a G-equivariant A-module. Let Lp be the lifting 2-line bundle and A := P xg A be
the associated algebra bundle. Then, the 1-morphism

?:Lp—hA

of 2-vector bundles over X is an isomorphism, Lp = A, if and only if F is a Morita equiva-
lence between A and k. In this case, F induces a canonical equivalence between the category of
trivializations of Lp and the category of invertible A-k-bimodule bundles.

Proof. Lemma 3.17 shows that & is invertible if and only if the fibres of F are Morita equivalences;
here, these fibres are all F'. Finally, composition with the isomorphism F : Gp — A yields an
equivalence of categories of 1-isomorphisms

JIsogymay, (x) (A, J) = Isogyza, (x)(Lp,J). (40)

By the fully faithful inclusion of super algebra bundles (Section 3.3), the left hand side is equi-
valent to the category of invertible left A-module bundles. O

Corollary 5.7. If the assumptions of Lemma 5.2 hold, then we obtain a bijection

L { Lifts of P to a } ~ 1 { invertible }
1 principal G-bundle | ~ ° | A-k-bimodule bundles |
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Proof. Lemma 5.2 states that the isomorphism classes of lifts of P are in bijection with the
category of trivializations of Lp. But by Theorem 5.6, isomorphism classes of these are in
bijection with the set of isomorphism classes of invertible A-k-bimodule bundles. O

We now discuss several applications of this theorem. The first examples come from classical
spin geometry. First, let G = Oy act on the real Clifford algebra A = Cl;®Cl_4 = Cly ® Cl;p
via its standard action on the first factor only. We may consider F' = Cly as an A-module in the
obvious way (i.e., Clg and Cl_g4 act by left- and right multiplication respectively), and note that
it is a Morita equivalence to the ground field £ = R. The group G = Pin; C Cl; is a central
extension

Lo — Pln; — Oy

and Pin; acts on I by left multiplication. It is straightforward to check that this turns I into
a Pinj -equivariant A-module. We obtain from Theorem 5.6 the following result.
Corollary 5.8. Let X be a Riemannian manifold and let ngd (X) be the lifting 2-line bundle
Jor lifting the structure group of the frame bundle from Oq4 to Ping . Then, we have a canonical
1-isomorphism of 2-vector bundles
Lol (X) = CUTX) @ Clg.
d

Since the inclusion Zs C R satisfies the assumptions of Lemma 5.2, the second part of
Theorem 5.6 gives in the present situation a new proof of the well-known fact that isomorphism
classes of Pin} -structures on X are in bijection with isomorphism classes of invertible (CI(T'X) ®
Cl_4)-module bundles. The advantage of our new proof is that this abstract bijection is exhibited
as an equivalence between Hom-categories in a single bicategory, established by composition with
a fixed 1-isomorphism. Passing through our constructions, it turns out that this sends a Pin -
structure on X to the real spinor bundle of Lawson and Michelsohn [17]. In case that X is
oriented, in which case the structure group of the frame bundle is already reduced to SOy, there
is a variation of this statement where G = SOq and G = Spin,. In this case, we have an analogous
statement for the obstruction gerbe for the lift from SO4 to Spin,, which reads

LPM(X) = CUTX) @ Cl_g.

There is also a variation for complex scalars. Here G = Oy and G = Ping. If d is even,
we set A = Clg and F' is one of the spin representations Aélt, which is a Morita equivalence to
k = C. Again, the action of G on A is the standard one and PinijC acts on F' through the inclusion
PiniiC C Cly. If d is odd, then we take A = Clyq; = Cly ®Cl; (on which G acts on the first factor

only), together with F' = A;ltﬂ. We obtain the following.

:.C
Ping

Corollary 5.9. Let X be a d-dimensional Riemannian manifold and let Lo, (X)) be the lifting
2-line bundle for lifting the structure group of the frame bundle from Oy to Ping. Then, each of
the two possible choices of spin representation provides a canonical isomorphism

. C
med (X) ~

CHTX) if d is even;
CHTX)®Cly if dis odd.

Since the inclusion U(1) C C satisfies the assumptions of Lemma 5.2, the second part of
Theorem 5.6 gives in the present situation (say, d even) a new proof of the well-known fact
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that the isomorphism classes of Ping—structures on X are in bijection with isomorphism classes
of of invertible C1(7X)-module bundles. For F = A, this bijection takes a Pin§-structure
on X to the graded spinor bundle, and for F' = A}, to the grading reversal. If d is odd,
then isomorphism classes of Piniic—structures on X are in bijection with isomorphism classes of
invertible (C1(T'X) ® Cl;j)-module bundles. For F' = A:{H, this bijection takes a PinG-structure
P on X to the graded (C1(T'X) ® Cl;)-module bundle 7 = P X Ping A;—H‘ To obtain the usual
ungraded spinor bundle in odd dimensions this way, one takes the even subbundle Fy of F, which
has an action of CI(T'X) given by modifying the previous action by the extra vector e € Cly
(Explicitly, it is given by v bpeq ¢ :=ebv > for v € TX and ¢ € Fy.)

As before, there is a variation on this statement in the case that X is oriented and G = SOy,
G= Sping.

We finish this section with some infinite-dimensional examples. These do not, strictly speak-
ing, fit our setup. Instead, one would need to define super 2-vector bundles modeled on suitable
bicategories of C*-algebras or von Neumann algebras instead of the category of finite-dimensional
algebras used here (see [24] or [5]). However, due to issues with smoothness in this operator al-
gebraic setup, this will often only yield continuous 2-vector bundles, see Remark 2.26.

Let H be a separable complex Hilbert space and let G = PU(H) = U(H)/U(1) be the corre-
sponding projective unitary group. PU(H) acts by conjugation on the algebra A = K(H) of
compact operators on H. Now, F' = H is a module for K(H), but PU(H) does not act on H.
Instead, the central extension

U(l) - U(H) — PU(H)

together with the standard action of U(H) on H turns H into (a topological version of) a U(H)-
equivariant K(H)-module; in particular, condition (39) is satisfied. Suppose now that P is a
principal PU(H)-bundle over X. We consider the lifting 2-line bundle £p and the associated
bundle A := P Xpy) K(H) of compact operators. It is well known that the (bundle-gerbe-
theoretic) Dixmier-Douady class of £p coincides with the (operator algebraic) Dixmier-Douady
class of A. In a setting of continuous 2-vector bundles, this coincidence obtains a nice new
explanation, via (a continuous version of) Theorem 5.6.

Indeed, Theorem 5.6 provides a £ p-twisted A-module bundle 3, which gives a 1-morphism

j‘C:LP—>.A.

In fact, if the bicategory of infinite-dimensional algebras used to define notion of topological
2-vector bundles is such that H provides a Morita equivalence from K(H) to C, then K is in fact
an isomorphism. For example, this is the case in the category of C*-algebras and Hilbert modules
discussed in the work of Pennig [24]. Then, the 1-morphism H : Lp — A is a 1-isomorphism,
and it is clear that the 2-vector bundles £p and A must have the same Dixmier-Douady class.

Another example is the treatment of spinor bundles on the loop space LM of a string manifold
M, which is carried out rigorously in a Fréchet setting in [16]. There, P is the frame bundle of
LM, which is a Fréchet principal bundle for the loop group G = L Spin(d), where d = dim(M).
Let V be a Hilbert space of “spinors on the circle”, which is equipped with a real structure,
and with a Lagrangian subspace L C V. The unitary group of V' has a famous subgroup, the
restricted orthogonal group O (V) of unitary operators that commute with the real structure
and fix the equivalence class of L. The restricted orthogonal group is a Banach Lie group, and
there are Lie group homomorphisms

LSpin(d) — LSO(d) — O (V).
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We consider the Clifford C*-algebra A = C1(V') of Plymen-Robinson [25], on which O (V) acts
by Bogoliubov automorphisms. Thus, the group G = L Spin(d) acts on A. Next, we consider
the Fock space F' = FJ, associated to the Lagrangian subspace L, which is a C1(V)-module. The
universal central extension

U(1) — L Spin(d) — L Spin(d)

acts F' by unitary operators, turning F' into a L Spin(d)-equivariant Cl(V')-module. It satisfies
condition Eq. (39), which is in this case traditionally written as

4(a) = UaU™,

where g € L Spin(d), 6, denotes its Bogoliubov automorphism, a € Cl(V), and U € L/é\f)ﬂl(d)
projecting to g. The precise infinite-dimensional analogue of the general setting is explained in
[16, §2.4], and the fact that the constructions outlined above match this setting is proved in [16,
Thm. 3.2.9].

The bundle gerbe 8 := Gp in this situation is the spin lifting gerbe on loop space. Let Lp the
associated 2-line bundle over LM. The algebra bundle CI(P) := A = P X, gpina) CL(V) is the
Clifford algebra bundle on loop space. The £ p-twisted A-module bundle F is the twisted spinor
bundle on loop space. While all these structures have a well-defined meaning in the setting rigged
C*-algebras and rigged Hilbert space bundles, we currently do not have a complete setting of
infinite-dimensional smooth 2-vector bundles. In such a suitable setting, we would be able to
interpret the twisted spinor bundle F as a 1-morphism

F:Lp — CI(P)

of 2-vector bundles over LM, in analogy to the finite-dimensional cases discussed in Corollar-
ies 5.8 and 5.9.

Appendix A: Cohomology with values in crossed modules

A crossed module T' of Lie groups of a Lie group homomorphism ¢ : H — G between two Lie
groups and of a left action h +— 9h of G on H by group homomorphisms, such that ¢t(Yh) =
gt(h)g~ and *®'h = zha=! hold for all g € G and h,z € H [18].

Example A.1. An abelian Lie group A induces a crossed module, denoted BA, with groups
H := A and G := {e}. Any Lie group G induces another crossed module, denoted Gy, with
groups G and H := G, t = idg and the conjugation action of G on itself.

We need in Section 4.1 and below the passage from a crossed module I" to the corresponding
Lie 2-groupoid, denoted BI'. The rationale here is that smooth crossed modules correspond to
strict Lie 2-groups, which in turn correspond to Lie 2-groupoid with a single object. Suppose that
a crossed module I is given by Lie groups G and H and a Lie group homomorphism ¢ : H — G.
The associated Lie 2-groupoid BI' has a single object, its manifold of 1-morphisms is G, and
its manifold of 2-morphisms is H x G, where (h,g) is considered as a 2-morphism from g to
t(h)g. The composition of 1-morphisms of the multiplication of G, the vertical composition of
2-morphisms is (1, g’) o (h, g) = (h'h, g), and the horizontal composition of 2-morphisms is given
by the semi-direct product formula

(h2,g2) ® (h1,91) = (h2 P h1, g201). (41)
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Definition A.2 (Cohomology with values in a crossed module). Let T be a crossed module of
Lie groups, and let X be a smooth manifold. The Cech cohomology of X with coefficients in a
crossed module T" is

HY(X,T) := ho(BL(X)).

That is, we consider the 2-groupoid BI' with a single object, the presheaf of bicategories BI'
of level-wise smooth functions to BI', 2-stackify using the plus-construction, evaluate at X, and
then take its set of isomorphism classes of objects. See [22, §A.3] for this elegant definition.

In [22, §A.3] it is explained how to spell out Definition A.2 in terms of concrete cocycles. For
this purpose, one performs the plus construction with respect to a surjective submersion obtained
as the disjoint union of the members of an open cover {Ay}aca of X. Then, a class in H' (X, T)
is represented by a pair (g,a) where g is a collection of smooth maps gos : Uo NUg — G and a
is a collection of smooth maps angy : Uy NUg N U, — H, such that the cocycle conditions

t(aaﬁv) * 9By " YaB = Gary and Qanys - gvéaaﬂv = Aqaps " Apys (42)

are satisfied. Two cocycles (g,a) and (¢',a’) are equivalent, if — after passing to a common
refinement of the open covers — there exist smooth maps hy : Uy — G and eng : Uo NUg — H
satisfying

t(eas) - P - gap = g;ﬁ -he and a'aﬁ,y IBreqs - epy = eqy - h”’aam. (43)

Remark A.3. It is straightforward to see, either from the definition above or from the cocycle
description, that for a Lie group G we obtain H'(X, Gy;) = H' (X, G), i.e., the ordinary Cech
cohomology with values in the sheaf of smooth G-valued functions, and for an abelian Lie group
A we obtain HY(X, BA) = H?(X, A).

Remark A.4. The Cech cohomology H'(X,T) of X with values in T is often called the “non-
abelian (éech)” cohomology. Indeed, in contrast to ordinary cohomology, H'(X,TI') is not a
group, but only a pointed set.

The easiest and most natural kind of morphism one can consider between crossed modules,
called strict homomorphism, is a pair of group homomorphisms G — G’ and H — H’ that
strictly respect all structure of the crossed modules. A strict homomorphism of crossed modules
induces in an obvious way a map between the corresponding cohomologies, by just composing
cocycles with the group homomorphisms. However, this does not give the correct notion of
isomorphism between the associated 2-stacks BIL'". It is proved by Aldrovandi-Noohi [1] that
wnwvertible butterflies between crossed modules 'y and I’y give the correct notion. An invertible
butterfly between crossed modules ¢t; : Hi — G and t9 : Ho — G9 consists of a Lie group K
together with Lie group homomorphisms that make up a commutative diagram

Hy Hy
t1 K to (44)
Gl GQ}

such that both diagonal sequences are short exact sequences of Lie groups, and the equations

(P @h) = ziy(h)z™ and (P2 @ hy) = wig(he)z ! (45)
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hold for all hy € Hy, hy € Hy and z € K. Since an invertible butterfly establishes an equivalence
of 2-stacks BTy = BTy™, see |1], we obtain due to Definition A.2 immediately the following
result.

Proposition A.5. Any invertible butterfly between crossed modules I'y and I's induces a bijection
H'(X,T1) = H'(X, Ty).

More difficult is to see how the isomorphism of Proposition A.5 is described explicitly on a
cocycle level; since we have not found a reference about this in the literature, we shall describe
this now. Let (g,a) be a cocycle representing a class in H'(X,T;) with respect to an open cover
{Ua}aca. By passing to a smaller open cover, we may assume that gog lift along p1 : K — G4
to smooth maps g, : Uy N Ug — K. Then, we consider f,g := p2 0 gog : Uo NUg — G2. The
first cocycle condition for (g, a) shows that

P1(Gor G5 11 (aasy) ™) = 1,

and hence, by exactness of the butterfly’s NE-SW sequence, there exist unique smooth maps
bagy : Uo N Ug NUy — Hp such that

i2(baﬁv) = §M,§;ﬁ1§@}i1 (aaﬁ'y)il-

It is straightforward to show that (f,b) is a cocycle with values in I's. Suppose another lift g{w is
chosen, and let (f’,b") be the corresponding cocycle with values in I's. Again by exactness of the
NE-SW sequence there exist smooth maps eqg : Uy N Ug — Hpz such that g:x/o’ = i2(€aB)Jap- It i
then straightforward to show that the cocycles (f,b) and (f/,b') are equivalent via a coboundary
(1,eqp). Thus, we have a well defined assignment of of cohomology classes in H'(X,T9) to
cocycles with values in I';. Next, we suppose that (g,a) and (¢’,a’) are equivalent cocycles with
values in I'1, i.e., there are smooth maps h, : Uy — G1 and eqp : Uy N Ug — Hj satisfying
Eq. (43). Suppose that we have chosen the lifts o3 of go5. Let he : Uy — K be lifts of hy along
p1. Then, g5 := i1(eap)hpdashy " is a valid lift for o5 Let (f',0) be the corresponding cocycle
with values in T's. It is then straightforward to check that (f,b) and (f’,b") are equivalent via
the coboundary (h',1), where h' consists of the maps h!, := ps o he. Thus, that we obtain a
well-defined map
HY(X,T) —» HY(X,Ty).

Since the invertible butterfly is symmetric, we obtain in the same way a map in the opposite
direction. It is easy to see that these maps are inverses of each other.
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