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Abstract

Bundle gerbes with connection and their modules play an important
role in the theory of two-dimensional sigma models with a background
Wess—Zumino flux: their holonomy determines the contribution of the
flux to the Feynman amplitudes of classical fields. We discuss addi-
tional structures on bundle gerbes and gerbe modules needed in similar
constructions for orientifold sigma models describing closed and open
strings.

1 Introduction

Bundle gerbes [18] are geometric structures related to sheaves of line bun-
dles; see [19,25] for recent historical essays. They appear naturally in the
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mathematical context of lifting principal G-bundles to G-bundles for central
extensions G of a Lie group G by a circle. In the physical context, they arise
in studies of quantum field theory anomalies [6] or, together with bundle
gerbe modules, in a construction of groups of string theory charges [2]. The
present paper has been mainly motivated by the role that bundle gerbes
equipped with Hermitian connections play in the theory of two-dimensional
(2D) sigma models with a Wess—Zumino (WZ) term [20, 28] in the action
functional. Classically, the fields of such a sigma model are maps ¢ from
a 2D surface ¥, called the worldsheet, to the target manifold M equipped
with a metric and a closed 3-form H. The WZ term describes the back-
ground H-flux. Locally, it is given by integrals of the pullbacks ¢*B of local
Kalb—Ramond 2-forms B on M such that dB = H. The ambiguities in defin-
ing such a functional Sywyz(¢) globally in topologically non-trivial situations
were originally studied with cohomology techniques in [1] and [9] for closed
worldsheets, and in [15] for worldsheets with boundary. They may be sorted
out systematically using bundle gerbes with connection over the manifold
M and, in the case with boundary, bundle gerbe modules; see [5,10,11]. In
particular, a choice of a bundle gerbe G with connection, whose curvature
3-form is H, determines unambiguously the Feynman amplitudes e®*wz(®) on
closed oriented worldsheets Y. In the beginning of Section 1 of this paper,
we recall the definition [18] of bundle gerbes with connection and review
their 1-morphisms and the 2-morphisms between 1-morphisms, all together
forming a 2-category [24, 26].

The WZ term in the action functional plays an essential role in Wess—
Zumino-Witten (WZW) sigma models |27], assuring their conformal sym-
metry on the quantum level and rendering them soluble. The target space
of a WZW sigma model is a compact Lie group G equipped with a bundle
gerbe whose curvature is a bi-invariant closed 3-form H. Bundle gerbes and
their modules are specially useful in treating the case |7] of WZW models
with non-simply connected target groups G’ that are quotients of their cov-
ering groups G by a finite subgroup I'y of the center Z(G) of G [12]. A gerbe
G over G' = G/Ty may be thought of as a gerbe G over G equipped with
a I'g-equivariant structure that picks up in a consistent way isomorphisms
between the pullback gerbes v*G and G for each element v € I'g. The notion
of equivariant structures on gerbes extends to the case of gerbes over gen-
eral manifolds M on which a finite group I'y acts preserving the curvature
3-form H, possibly with fixed points. A gerbe over M with such an equi-
variant structure may be thought of as a gerbe over the orbifold M /Ty and
it may be used to define the WZ action functional for sigma models with the
orbifold target. Gerbes with equivariant structures with respect to actions
of continuous groups will be discussed elsewhere; see also [16]. They find
application in gauged sigma models with WZ term.
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Motivated by the theory of unoriented strings [21,22], one would like to
define the WZ action functional for unoriented (in particular unorientable)
worldsheets Y. More exactly, one considers so-called orientifold sigma
models. Their classical fields (;AS map the oriented double 3, which is equipped
with an orientation-changing involution ¢ such that ¥ = )y /o, to the target
M equipped with an involution k£ so that qbo c=ko gb Assuming that
k*H = —H, one may define the WZ action functional for such fields using a
gerbe G over M with curvature H additionally equipped with a Jandl struc-
ture [23]. Such a structure on G may be considered as a twisted version of a
Zo-equivariant structure for the Zo action on M defined by k. It picks up in
a consistent way an isomorphism between k*G and the dual gerbe G*.

One may consider more general orientifold sigma models with the WZ
term, corresponding to an action on M of a finite group I" with elements
~ such that v*H = e(y)H for a homomorphism e from T' to {£1} = Zo.
The notions of I'g-equivariant and Jandl structures on a gerbe G may be
merged into the one of a (I', €)-equivariant structure, which we shall also
call a twisted-equivariant structure. Such a structure consistently picks up
isomorphisms between v*G and either G or G*, according to the sign of €(7).
The twisted-equivariant structures on gerbes are introduced in Section 1 and
are the main topic of the present paper. A special case of such structures
occurs when the normal subgroup I'g = kere of I' acts on M without fixed
points. If e =1 so that I'g = I', we are back to the correspondence between
gerbes over M with T'g-equivariant structure and gerbes over M’ = M /T.
If € is non-trivial, so that I'/Tg = Zg, then the action of I' on M induces a
Zsy-action on M’, with the non-trivial element of Zs acting as an involution
k" inverting the sign of the projected 3-form H'. In this situation, gerbes over
M with curvature H and (T, €)-equivariant structure correspond to gerbes
over M’ with curvature H' and a Jandl structure. This descent theory for
bundle gerbes is discussed in Section 2.

The present paper provides a geometric theory extending and complet-
ing the discussion of our previous paper [14] that was devoted to the study
of gerbes with twisted-equivariant structures over simple simply connected
compact Lie groups. Such gerbes are needed for applications to the orien-
tifolds of WZW models. In [14], we used a local description of gerbes and
cohomological tools. Section 3 of the present paper establishes the relation
between the geometric and cohomological languages.

For oriented worldsheets 3 with boundary, the classical fields ¢ : ¥ — M
are often constrained to take values in special submanifolds D of M on the
boundary components of 3. Such submanifolds are called (D-)branes in
string theory. The extension of the definition of the WZ action to this case
requires a choice of a bundle gerbe G with curvature H and of gerbe modules
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over the submanifolds D. Gerbe modules may be viewed as vector bundles
with connection twisted by the gerbe. In the context of the 2-category of
bundle gerbes, they can also be viewed as particular 1-morphisms [26]. In
Section 4, we adapt this notion to the case of gerbes with (T, €)-equivariant
structures needed for applications to orientifold sigma models on worldsheets
with boundary. We also discuss a presentation of such gerbe modules in
terms of local data and develop their descent theory.

The Feynman amplitudes ¢“Wz(®) of fields ¢ defined on closed world-
sheets are given by the holonomy of gerbes [11]. In the case of unoriented
worldsheets, the gerbes have to be equipped additionally with a Jandl struc-
ture [23]. For oriented worldsheets with boundary, the holonomy giving
the Feynman amplitudes receives also contributions from the gerbe mod-
ules over the brane worldvolumes that provide the boundary conditions of
the theory |[5,10,11]. In this paper, we introduce a generalization of both
notions for unoriented worldsheets with boundary using gerbe modules for
gerbes with a Jandl structure. This is discussed in both the geometric and
the local language in Section 5.

In Conclusions, we summarize the contents of the present paper and sketch
the directions for further work that includes extending the discussion [14] of
the orientifold WZW models on closed worldsheets to the ones on worldsheets
with boundary.

2 Twisted-equivariant bundle gerbes

We review bundle gerbes and their algebraic structure in Section 2.1
and define twisted-equivariant structures on them in Section 2.2. Twisted-
equivariant structures include two extremal versions: the untwisted one,
which is just an ordinary equivariant structure, and the twisted Zs-equivariant
one, which coincides, as we discuss in Section 2.3, with a Jandl structure.

2.1 The 2-category of bundle gerbes

In the whole paper, we work with the following conventions:

o Vector bundles are Hermitian vector bundles with unitary connection,
and isomorphisms of vector bundles respect the Hermitian structure
and the connections. These conventions in particular apply to line
bundles.

o If m:Y — M is a surjective submersion between smooth manifolds,

we denote by
YH =YV xpy - xn Y,
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the k-fold fibre product of Y with itself (composed of the elements in
the Cartesian product whose components have the same projection to
M). The fibre products are, again, smooth manifolds in such a way
that the canonical projections m;, ;. : Y —~ v are smooth maps.

In the following, we collect the basic definitions.

Definition 2.1 ([18]). A bundle gerbe G over a smooth manifold M is a
surjective submersion 7 : Y — M, a line bundle L over Y2, a 2-form C €
Q2(Y), and an isomorphism
p: oL @ wo L — izl
of line bundles over Y, such that two axioms are satisfied:
(G1) The curvature of L is fixed by
curv(L) = m,C — w1 C.

(G2) u is associative in the sense that the diagram

L@ mt L @k L — 2t “ [ @i, L
Mgl @ oz s @ T3y T3l @ T3y
1d@m334 1t T34k
* * *
oL ® 5, L - iy L
T124M

of isomorphisms of line bundles over Y4 is commutative.

Example 2.1. On any smooth manifold M, there is a family Z,, of trivial
bundle gerbes over M, labelled by 2-forms w € Q?(M). The surjective sub-
mersion of Z, is Y := M and the identity 7 :=idys, the line bundle over
Y[ >~ M is the trivial line bundle (equipped with the trivial flat connec-
tion), and the isomorphism p is the identity between trivial line bundles. Its
2-form is the given 2-form C' := w.

Associated to a bundle gerbe G over M is a 3-form H € Q3(M) called
the curvature of G. It is the unique 3-form which satisfies 7*H = dC. The
trivial bundle gerbe Z,, has the curvature dw.

We would like to compare two bundle gerbes using a notion of morphisms
between bundle gerbes. The morphisms between such gerbes which we con-
sider here have been introduced in [26]. For simplicity, we work with the



626 KRZYSZTOF GAWEDZKI ET AL.

convention that we do not label or write down pullbacks along canonical
projection maps, such as in (2.1) and (1M1) below.

Definition 2.2. Let G; and G be bundle gerbes over M. A 1-morphism
A: G — G

consists of a surjective submersion ( : Z — Y7 X1 Y5, a vector bundle A
over Z, and an isomorphism

a: L1 @GA— (AR Ly (2.1)
of vector bundles over Z x s Z, such that two axioms are satisfied:
(IM1) The curvature of A obeys

%tr(curv(A)) =Cy — (,

where n is the rank of A.
(IM2) The isomorphism « commutes with the isomorphisms pq and pg of
the gerbes G; and G5 in the sense that the diagram

(Tol1 ® (L1 @ (3A : (31 @ GA
idRCEs0
(iol1 ® GA® (53Lo (3
¢ra®id
GA @ CTQLQ b2y C§3L2 ) CTA ® CikgLQ
id®pa

of isomorphisms of vector bundles over Z xXp Z Xp Z is
commutative.

These 1-morphisms are generalizations of so-called stable isomorphisms
[17]. They are generalized in two aspects: we admit vector bundles of rank
possibly higher than 1 (this makes it possible to describe gerbe modules by
morphisms), and these vector bundles live over a more general space Z than
just the fibre product Y7 x s Yo (this makes the composition of morphisms
easier).
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A 1-morphism A :G — G’ requires that the curvatures of the bundle
gerbes G and G’ coincide. This follows from axiom (1M1) and the fact that
the trace of the curvature of a vector bundle is a closed form.

Example 2.2. Every bundle gerbe G has an associated 1-morphism
idg:G — @

defined by the identity surjective submersion idz of Z := Y2/, the line bundle
A := L of the bundle gerbe G itself, and the isomorphism

* —1
T134H % Tgat
T L

Tl @ w3y L TigL @ myy L

of line bundles over Z x5 Z = Y[4], where we have identified (; = 72 and

(o = m34. The axioms for this 1-morphism follow from the axioms of the
bundle gerbe G.

The 2-categorial aspects of the theory of bundle gerbes enter when one
wants to compare two 1-morphisms.

Definition 2.3. Let A:G; — G and A’ : G; — Gy be l-morphisms
between bundle gerbes over M. A 2-morphism

B:A = A

is a surjective submersion w:W — Z; Xp Zs, where P :=Y] X Y5,
together with a morphism Gy : A7 — As of vector bundles over W, such
that the diagram

L1 ® w§A1 a wal ® Lo
id®w’2“,8WL wi Bw ®id (2.2)
L1 ® CU;AQ o CUTAQ ® Loy

of morphisms of vector bundles over W x; W is commutative. We shall
often omit the subscript in By if it is clear from the context that the notation
refers to the bundle isomorphism.

Due to technical reasons, one has to define a certain equivalence relation
on the space of 2-morphisms [26], whose precise form is not important for this
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paper. A 2-morphism 3 : A = A’ is invertible if and only if the morphism
Bw of vector bundles is invertible. This, in turn, is the case if and only if
the ranks of the vector bundles of A and A’ coincide.

Bundle gerbes over M, 1-morphisms and 2-morphisms as defined above
form a strictly associative 2-category B&tb(M) [26]. We describe below
what that means. Most importantly for us, we can compose 1-morphisms:

Definition 2.4. The composition of two l-morphisms A: Gy — G and
A’ : G — G3 is the 1-morphism

AoA:G — G

defined by the following data: its surjective submersion is (: 7 — Y xuYs
with Z := Z xy, Z' and the canonical projections to Y; and Y3, its vector

bundle over Z is A := A® A’, and its isomorphism is given by

LRGA=L1@GARGA
a®id
GA® Ly ® G A

id®a’

GAR A ® Ly =(1Ad® Ly,

The axioms for this 1-morphism are easy to check. If we tacitly assume the
category of vector spaces to be strictly monoidal, it turns out that the compo-
sition of 1-morphisms defined in this manner is, indeed, strictly associative,

(A//O.A/)OA:A”O(A/OA).

The simplicity of Definition 2.4 (compared, e.g., to the one given in [24]) and
the strict associativity of the composition of 1-morphisms are consequences
of our generalized definition of 1-morphisms. One can now show

Proposition 2.1 ([26]). A I-morphism A: G — G’ is invertible, also called
1-isomorphism, if and only if its vector bundle is of rank one.
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In a 2-category, invertibility means that there exists a 1-isomorphism A~!
acting in the opposite direction, together with 2-isomorphisms

e Alod = idg and i, :idg = .AO.A_I, (2.3)

which satisfy certain coherence axioms [26]. The 2-category B&tb(M) of
bundle gerbes over M also provides the following structure:

(a) The wvertical composition of two 2-morphisms ; : A = A’ and s :
A" = A" to a new 2-morphism

Boef: A = A,

which is associative and has units id 4 for any 1-morphism A.
(b) The horizontal composition of two 2-morphisms 12 : 413 = A), and
Ba3 : Az = Abs to a new 2-morphism

/ /
B2 0 B2+ Agz 0 A1 = Ayg 0 A,

which is compatible with the vertical composition.
(¢) Natural 2-isomorphisms

pa:idg,o A = A and Ag:Aocidg, = A (2.4)
associated to any 1-morphism A : G; — Go, which satisfy the equality
idg o pg = Ay oidy. (2.5)

The 2-category of bundle gerbes has pullbacks: for every smooth map
f: M — N, there is a strict 2-functor

F*: BEb(N) — B&rb(M). (2.6)

Thus, for any bundle gerbe G, we have a pullback bundle gerbe f*G; for any 1-
morphism A : G — G, a pullback 1-morphism f*A: f*G; — [*Gs; and
for every 2-morphism [: A = A’, a pullback 2-morphism f*3: f*
A = f*A’. These pullbacks are essentially defined as pullbacks of the
surjective submersions and the structure thereon, details can be found in
[26]. If a bundle gerbe G has curvature H, its pullback f*G has curvature
Jf*H. The strictness of the 2-functor (2.6) means that f*idg = ids«g and
(Ao A) = f*A' o f*A whenever A and A" are composable 1-morphisms.
If g: X — M is another map, we find (f o g)* = g* o f*.

In order to concentrate on what we need in this paper, we define the
dual G* of a bundle gerbe G without emphasizing its role in the 2-categorial
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context. G* consists of the same surjective submersion 7:Y — M as G,
the 2-form —C € Q*(Y), the line bundle L* over Y2 and the inverse of the
dual of the isomorphism g, which is an isomorphism

P L @ mh Lt — migLt
of line bundles over YB3, If H is the curvature of G, the curvature of G* is
—H. If A: Gy — Go is a 1-morphism, we define an adjoint 1-morphism

At g — G

in the following way: it consists of the same surjective submersion ¢ : Z —
Y1 Xas Yo as A, it has the vector bundle A* over Z, and the isomorphism

o e (AT — GAT @ L

of vector bundles over Z x,; Z. The axioms for this 1-morphism follow
immediately from those for A. Finally, for a 2-isomorphism §: Ay, = Aa,
we define an adjoint 2-isomorphism

ghAl = Al

It has the same surjective submersion w: W — Z; xp Z5 as 3, and the
isomorphism B ' : A} — A} of vector bundles over W. Notice that all
these operations are strictly involutive:

G*=gG, A=A and ' =5. (2.7)

Remark 2.1. In the context of some more structures in the 2-category
B&rb(M), as described in [26], namely a duality 2-functor ()* and a functor
assigning inverses A~! to 1-isomorphisms A, and certain 2-morphisms 3% :
Ayl = A[! to 2-isomorphisms §:A; = Aj, we find AT = A*! and
gt =p#-1

2.2 Twisted-equivariant structures

An orientifold group (T',e) for a smooth manifold M is a finite group T’
acting smoothly on the left on M, together with a group homomorphism
€:I' — Zy={-1,1}. We label the diffeomorphisms implementing the
action by the group elements themselves, for instance v: M — M.
Note that v 0 y1 = y2v1.
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Next, we define an action of the orientifold group (I', €) on bundle gerbes
over M and their 1- and 2-morphisms. The value €(7y) indicates whether a

group element v € I' acts just by pullback along y~! or also by additionally
taking adjoints. Explicitly, for a bundle gerbe G, we set

—hyx if =1
o (s
Similarly, for a 1-morphism A : G — H, we have a 1-morphism
YA :vG — YH
defined by

(y)AT, i e(y) = —1.

Finally, for a 2-isomorphism 3 : A = A’, we have a 2-isomorphism

h e {(7‘1)*«4, if e(7) = 1,

VB iy A = A

defined by
_JOoTB, ife(y) =1,
76 . {(’7_1)*ﬁT7 if 6('}/) =—1.

Note that our conventions and (2.7) imply

(7172) = 7172,

so that v is a left action on gerbes and their 1- and 2-morphisms. We
use the same notation for differential forms, i.e., yw := e(y)(y7!)*w for any
differential form w on M. If H is the curvature of a bundle gerbe G, the
curvature of vG is vH.

Definition 2.5. Let (I',¢) be an orientifold group for M and let G be
a bundle gerbe over M. A (T, ¢)-equivariant structure on G consists of
1-isomorphisms

A, G — G

for each v € I', and of 2-isomorphisms

Pyiy2 ¢ 71“472 o A'Yl = A’YI’YQ
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for each pair v1,v2 € I', such that the diagram

1dowyy g

7172"473 © 71-’4% © AVl 7172-’4”/3 o A’YI'YZ

V162,73 Oid“ ““’7172»73 (2'8)

B! AWﬂa ° A%

E— 17273

of 2-isomorphisms is commutative.

We call a bundle gerbe G with (I, €)-equivariant structure a (I'¢)-
equivariant bundle gerbe or twisted-equivariant bundle gerbe. If € is constant,
a (I, €)-equivariant bundle gerbe G is just called a I'-equivariant bundle gerbe.
The curvature H of a twisted-equivariant bundle gerbe satisfies yH = H. A
twisted-equivariant structure on a bundle gerbe G is called normalized if
the following choices concerning the neutral group element 1 € I" have been
made:

(a) the l-isomorphism A; : G — G is the identity 1-isomorphism idg;

(b) the  2-isomorphism ¢, :.A,0idg = A, is the natural
2-isomorphism A 4, from the 2-category of bundle gerbes;

(c) accordingly, the 2-isomorphism ¢, : idyg 0 A, => A, is the natural
2-isomorphism p 4, from the 2-category of bundle gerbes.

Bundle gerbes with normalized twisted-equivariant structures will give rise
to elements in normalized group cohomology, as we shall see in Section 3. A
twisted-equivariant structure on a bundle gerbe G is called descended if all
surjective submersions, i.e., the surjective submersions (7 of the
l-isomorphisms A, and the surjective submersions w?7? of the
2-isomorphisms ¢, ,,, are identities. This will be important in Section 2.

Example 2.3. As an example, let us equip the trivial bundle gerbe Z,, from
Example 2.1 with a twisted-equivariant structure, for any orientifold group
(T,€) of M. This is possible for 2-forms w € Q?(M) with yw = w for all
v € I'. Since then vZ,, = Z,,, = Z,,, we may choose A, := idz, for all v € I.
Accordingly, we can also choose

Pyiye -= Pidg, = Aidzw tidg, oidz, = idg,.

Diagram (2.8) commutes due to condition (2.5). We denote this canonical
(T, €)-equivariant structure by J,,. It is normalized and descended.
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We recall that there exist canonical bundle gerbes over all compact simple
Lie groups [12,16]. All normalized twisted-equivariant structures on these
canonical bundle gerbes were classified (up to equivalence defined below)
in [14] using cohomological considerations (see also Section 3): they arise in
numbers ranging from 2 to 16. The corresponding geometrical constructions
will appear in [13].

Let us formulate the definition of a (I', €)-equivariant structure in terms of
line bundles and their isomorphisms. For convenience, we assume the (T, €)-
equivariant structure to be descended (see also Lemma 2.1 below). The
pullback bundle gerbe (y~!)*G has the surjective submersion Ty Y, — M
in the commutative pullback diagram

Y, Y
71",7 e
M———M

with Y., :=Y and m, := 7 o m, and the rest of the data is the same as for G.
The 1-isomorphism A, : G — ~G is now a line bundle A, over Z7 :=Y X
Y, and an isomorphism

y i izl @ T A, — A, @ mp L) (2.9)

of line bundles over Z7 x s Z7, satisfying the compatibility axiom (1M2),
namely

* * * WI35“®id * *
gL @ 135 L © w5 Ay 5L @ m56 Ay
1d®m3y560y
T L @ w5 A, ® The L) Thaser  (2.10)

. .
T34y ®id

mia Ay @ 3y L) @ mig L) Tia Ay @ mie L.

id®@ms,eue)

Here, and in the following, we have regarded the fibre products of Z7 with
itself as a subset of Y4 and YO respectively, and used the projections
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Tij - Y* — Y? carefully: in (2.9) we have well-defined projections 72, 734 :
2V Xy Z7 — ZV and mis, moa : Z7 xar Z7 — Y13 and similarly in (2.10).
Furthermore, L) stands for the dual line bundle L* and p¢() for the
isomorphism p* ! if e(y) = —1.

The surjective submersion of the 1-isomorphism 1.4, is the identity on
Z37 =Y, X Y4, whose projection to the base space M makes the dia-
gram

Y2
Z"/l A

M - 1 M
"1
commutative. Further, v1.A,, consists of the line bundle AEY(Q'”) over Z7, and

of the isomorphism afy(;“), which stands for aflz_l if (1) = —1. Next, apply-

ing Definition 2.4 for the composition of two 1-morphisms to v1.4,, o A,
we have to form the fibre product

YLV2 . — 771 V2 o
VA =7 ><Y,Y1 Z’Yl =% X M Y’Yl X M Y’Yl’72

with the surjective submersion w13 : Z77? — Y Xjs Y, 4,. The line bundle

of the composition v1.4,, o Ay, is the line bundle 7j,A,, ® 7T§3Afy(271) over

Z772 and its isomorphism is

(id® 7r§356a'€y(271)) 0 (Tlo450y; ®@1d) 1 L @ Ti5 Ay, ® W%kﬁA;(Jl)

— TA, ® ﬂgsA;(;yl) ® mhe LE172)

Finally, we come to the 2-isomorphisms ¢, ,,, whose surjective submer-
sion w is by assumption the identity on Z772  so that they induce the
isomorphisms

L% *  1€(71) *
Pyiy2 * 7712A’y1 ® 7r23A~/(2 > 7r13A“11’Y2

of line bundles over Z772 satisfying the compatibility condition (2.2) for
2-morphisms, which, here, amounts to the commutativity of the diagram
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(turned by 90 degrees compared to (2.2) for presentational reasons)

M *
1d®7 56071 72

€ * *
L ® s A, ® wg‘ﬁAV(Jl) sl @ Tig Ay

2450y, ®id
TFTZAM X 7T§5LE(71) ® 7_‘_;614;(271) 154607172

: * e(71)
1d®73356 0y,

* * €(v172
5 A1y © mhe LO1T2)

TioAy ® 773314;(271) ® myeL2) 9307172 ®id (2.11)

of isomorphisms of line bundles over Z7172 X, Z772, The commutativity
of diagram (2.8) from Definition 2.5 is equivalent to that of the diagram

. x« €(711)
) A®735,05 5s

* * e(m) * e(v172 P e e U * e(m)
Tio Ay ® mogAq," @ T34 Ay, Tig Ay ® T3y Avyys
T123%1 o ®id 1249717273

% * e(y172)
7T13A7172 ® 773414’73

*
oo T4 Ay17273
13477172:73 (212)

of isomorphisms of line bundles over Z77273 2V X Y, Xy Yqq, XM

Y’Yl’YQ’Ys'

Summarizing, a descended (T', €)-equivariant structure on the bundle gerbe
g is

1. A line bundle A, over Z7 of curvature curv(A,) = e(y)m5C — w{C for
each y €T
2. For each v € I'; an isomorphism

ay 1 3L © WAy — wipA, @ w3, L)

of line bundles over Z7 x3; Z7 such that the diagram (2.10) is com-
mutative.
3. For each pair (y1,72) € I' x I, an isomorphism

Lk x pe(m *
Oyt 24, @ 7723147(2 ) — T3Aq 17
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of line bundles over Z772 such that the diagrams (2.11) and (2.12) are
commutative.

If the (I, €)-equivariant structure is normalized, we have A; := L and the
isomorphism oy := 7o "t 0 7i3,p. The normalization constraints ¢, 1 =
pA, and @14 = A, imply @11 = p.

Next, we would like to compare two (T, €)-equivariant bundle gerbes.

Definition 2.6. Let (T, €) be an orientifold group for M and let G* and (o
be bundle gerbes over M equipped with (I, €)-equivariant structures J¢ =
(A5, 5, -,) and J b= (Az, gpgl ~,)s Tespectively. An equivariant 1-morphism

(87777) : (ga’ja) e (gb’jb)

is a 1-morphism B : G* — G of the underlying bundle gerbes together with
a family of 2-isomorphisms

Ny :yBo Al = .AZOB,

one for each v € I', such that the diagram

id Bocpa
a a 71728°P71 .72 a
MY2BomAf, o AL M1y2Bo AY ,,
V1t old g
’)/1.’422 oy Bo "421 M1z (2.13)
id"/lA!’yQ 07771
b b b
v A2 0 A2 o3 A oB
2 A wgl,’yz OidB Y1772

of 2-isomorphisms is commutative.

Equivariant 1-morphisms can be composed in a natural way: if

(87777) (B/’n’l*/)

(ga’ja) (gb,jb) (gc’jc)
are two composable equivariant 1-morphisms, their composition consists of
the 1-morphism B’ o B : G* — G°¢ and the 2-morphisms

ido ! oid
V(B o B) o A% = 4B 0 yB o AT s 1B o AY o BT A o (B0 B) -
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This composition is associative. We also have an identity equivariant
I-morphism associated to a (I, €)-equivariant bundle gerbe (G, J) given by
(idg, /\;d ®pa,). An equivariant 1-morphism (B,7,) is called invertible or
equivariant 1-isomorphism if the 1-morphism B is invertible. In this case, an
inverse is given by (B7!, ny 1). Hence, equivariant 1-isomorphisms furnish an
equivalence relation on the set of (I, €)-equivariant bundle gerbes over M.

Definition 2.7. Two twisted-equivariant bundle gerbes over M are called
equivalent if there exists an equivariant 1-isomorphism between them.

The set of equivalence classes of twisted-equivariant bundle gerbes over
M will be further investigated in Sections 2 and 3. Let us anticipate here
the following fact.

Lemma 2.1. Fvery twisted-equivariant bundle gerbe is equivalent to one
with descended tuisted-equivariant structure.

Proof. We recall Theorem 1 of [26]: for every 1-morphism A : G — H, there
exists a “descended” 1-morphism Des(A) : G — H whose surjective sub-
mersion ¢ : Z — Y X,y Y’ is the identity, together with a 2-isomorphism
o4: A = Des(A). For every 2-morphism ¢ : A% => AP, there exists a
2-morphism

Des(¢p) : Des(A%) = Des(A%)
such that the diagram

Ao =22 Des(A?)

2 “Des(cp) (214)

b —— Des(A?)
Ab

is commutative. For a given (T', €)-equivariant structure J = (A, ¢+, ~,) 0D
a bundle gerbe G, we define A’ := Des(A,) and ¢, ., := Des(ps, 4,). Due
to the commutativity of (2.14), the new ¢! _ still satisfy condition (2.8) for
(I', €)-equivariant structures. Then, the choices B = idg and 7, = 04, define
an equivariant 1-isomorphism which establishes the claimed equivalence. [

We call an equivariant 1-morphism between bundle gerbes with normalized
(I', €)-equivariant structures normalized if 11 : Boidga = idgs o B is given
by the natural 2-morphisms of the 2-category, nm = pgl e \3. We call an
equivariant 1-morphism descended if the surjective submersion of B is the
identity.
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Let us, again, describe what an equivariant 1-morphism (B, 7,) is in terms
of line bundles and isomorphisms thereof. We assume it to be descended for
simplicity. The 1-isomorphism B : G — G® consists of a vector bundle B
over Z := Y% x; Y? and of an isomorphism (3 : mj3L% ® 75, B — 7T{,B ®
75, LY over Z () satisfying axiom (1M1). The composition 7 o A5 we have
to consider is the 1-morphism with the vector bundle 7j,AS ® 73 B0 over

Z] = (2" xya Zy 2 Y X Y Xy Y2,
and with the isomorphism

(id @ m33568°")) o (nhau504 @ id) : 74 L @ w5 A © mig BT

— AL @ T B @ mig (L)) (2.15)

of vector bundles over (Z])l. The other composition, Ag o B, is the 1-
morphism with the vector bundle 7], B ® 7T>2k3A2, over

Z3 =7 xyu (2P 2 Y xpy YO x 0 Y2,
and with the isomorphism
(id ® m33560] ) © (Wha458 @1d) : w14 L @ mis B @ wig AL
— 1B ® 135 AY @ mi(LY) ) (2.16)

of vector bundles over (Z3 )2 The 2-isomorphisms 14 correspond now to
isomorphisms

Nyt T Ay ® 3, B) — 7,B® 7T§4A,by (2.17)

of vector bundles over Z] xp ZJ =Y xp V! Xy Y x Y$, where P :=

Y% X va , and these isomorphisms satisfy the compatibility condition

5L @ mhAS @ mis B mip Ay ® 73, B0 @ mig (L))

id®7rg67877’Y WT234777®id (218)

mis L ® T3 B ® migAb Ti3B @ 15, AL ® g (L2)<0),

where the horizontal arrows are given by (2.15) and (2.16), respectively.
Finally, the commutativity of diagram (2.13) implies the commutativity of
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the diagram

123951 7, ®1d
* a * a € * € * a * €
T AL ® T5(AL,) ) @ i, Be2) 2 mis AL, © 3B (7172)

id®”§35677;<271>

T A%, ® T3 B @ g (AL, <) 3467172

N .
T o457y ®id

T BT AL ® ng(Ag2)€<w> 7, B ® mig AL

; b Yive®
1d®mi5695) 7o

(2.19)

For completeness, and as a preparation for Section 5, we would also like to
introduce equivariant 2-morphisms. Suppose that we have (I, €)-equivariant
bundle gerbes (G* J%) and (Qb, J b), and that we have two equivariant
1-morphisms (B, n,) and (B, 7]’7) between these. An equivariant 2-morphism

¢:(B,ny) = (B,1)

is a 2-morphism ¢ : B = B’, which is compatible with the 2-morphisms
1y and 7, in the sense that the diagram

B o ,A,‘:, % Ag’/ oB
wsoidAg“ “idAg °$ (2.20)
’VB,O.A,‘; :/>A2,0B/
My

of 2-morphisms is commutative.

In terms of morphisms between vector bundles, ¢ is just a morphism
¢ : B — B’ of vector bundles over Z = Y x 3; Y® which is compatible with
the isomorphisms 3 and ' in the sense that the diagram

i, L @ w5, B B ® w5, LP

idens, ¢ T ¢®id (2.21)

i L% @ w5, B’ 7, B’ @ 1, L

ﬁl
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is commutative, and diagram (2.20) imposes the commutativity of

My

TH AL ® 75, B0 Ti3B @ 3, AL

idgn, ¢ Tia$®id (2.22)

*  Aa * Dl * 1/ * Ab
mip A ® 13, B0 — — m{y B @ w5 AL
Y

Naturally, twisted-equivariant bundle gerbes, equivariant 1-morphisms and
equivariant 2-morphisms form, again, a 2-category, but we will not stress this
point.

2.3 Jandl gerbes

In this section, we consider the particular orientifold group (Zg,id). The
non-trivial group element of Zs is denoted by k, and its action k : M — M
is an involution. According to Definition 2.5, a (normalized) Zil-equivariant
structure is a single 1-isomorphism

A, : G — E*G*
and single 2-isomorphism
Pk.k - k*AZ o Ak - idg

such that
A, @ (idorr) =pa, ® (k‘*go};’k oid). (2.23)

It is easy to see that this is exactly the same as a Jandl structure [23]: the
1-isomorphism A := k* Ay : k*G — G* and the 2-isomorphism ¢ defined by

—1 .
Plx X iy 0 idx id g oy, . A q*
k*Aéldgok*A%A*oATok*A%A*Oldg:A>.A*

yield a Jandl structure as described in [26]. Hence, we will call a (Zq,id)-
equivariant structure just a Jandl structure and a (Zg, id)-equivariant bundle
gerbe Jandl gerbe.
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Now, we elaborate the details of a Jandl structure, which we may assume

to be descended according to Lemma 2.1. The 1-isomorphism A consists of
a line bundle A, over ZF :=Y x,; Y3 of curvature

curv(4g) = —(m5C + 71 C) (2.24)

in the notation of Section 2.2, together with an isomorphism
ag 3L @ T A — T AL @ o L* (2.25)

of line bundles over Z* x; Z¥ satisfying axiom (1M2). The composition
k:*.AL o Ay is the 1-isomorphism with the surjective submersion id on

ZEF = ZF 5y ZF 2 Y X Vi xu Y,

the line bundle 7}, Ay ® 73545 over Z¥* and the isomorphism

of line bundles over Z** x 3, Z%*  The 2-isomorphism @k k corresponds to
a bundle isomorphism

Ok : Mo AR ® a3 A, — 7i3L, (2.26)

compatible with ay by virtue of the commutativity of the diagram

* * * *
T, L @ s Ap @ Trg A

Mo A @ mi3 Ap @ mig L

id®7 560k, k T3Pk, k®id

4L @ my L

3L @ w36 L.
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Finally, (2.23) gives the commutativity of

. x—1
d®@mn33,0% 1

7Tik2Ak & 7T§3Az & 7T§4Ak FTQAIC & 7r§4L*

To3Pk,k®id T ouP (227)

* * *
T34 A

It is worthwhile to discuss a trivialized Jandl gerbe. This is a Jandl gerbe
(G,J) equipped with a trivialization, i.e., a l-isomorphism 7 : G — Z,,.
Here, the 2-categorial formalism can be used fruitfully. In [26], a functor

Bun : Hom(Z,,,Z,,) — Bun(M) (2.28)

is defined: for every l-morphism A:Z7, — Z,, between trivial bundle
gerbes over M, it provides a vector bundle Bun(A) over M; and for every
2-morphism 3: A = A’, it provides a morphism

Bun(B) : Bun(A) — Bun(A’)

of vector bundles over M. If the 1-morphism A:Z, — Z,, has a vec-
tor bundle A over (:Z — M Xy M = M, the vector bundle Bun(A) is
uniquely characterized by the property that (*Bun(A) = A. Accordingly,
the rank n of Bun(A) is equal to the rank of A, and its curvature satisfies,
by axiom (1M1),

%tr(curv(Bun(A))) = p2 — p1.

The functor Bun has the following compatibility properties:

e Bun(Azo Al) Bun(A;) @ Bun(Az);
° Bun(ldz )

o Bun(f*A) = f*Bun( )i

o Bun(A") = Bun(A)*;

in which 1 denotes the trivial line bundle with the trivial flat connection.

Let us return to the Jandl gerbe (G, J) and the trivialization 7 : § — Z,,.
First, we form a 1-isomorphism R : Z, — Z_j+, by composing

-1 A vt
Ip T g k k*g* kT ka*pa (229)
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and a 2-isomorphism ¢ : k*Rf o R = idz , by composing
FRVoR =T ok*Al o k*TT 1o k*TT 0 A 0T}
idoi;oid
T o k* Al oidpeg- 0 Ag o T
idop .4, oid
T ok*Al o Ay o T (2.30)
idO(pkkaid
ToidgoT !

A7oid

ToT 1 — ide.

In this definition, we have used the 2-isomorphisms ¢; and i, from (2.3)
associated to the inverse l-isomorphism k*77~! and the 2-isomorphisms p
and A from (2.4). Equation (2.5) assures that it is not important whether
one uses A or p.

Now we apply the functor Bun to the Il-isomorphism R and the
2-isomorphism 1. The first yields a line bundle R := Bun(R) over M of
curvature —(k*p + p), and the second (using the above rules) an isomor-
phism

¢:=Bun(y) : RQEK*R* — 1

of line bundles over M. Finally, condition (2.23) implies that
¢ ®idg = idg ® k"¢

as isomorphisms from R ® k*R* ® R to R. In other words, the pair (R, ¢)
is a k-equivariant line bundle over M. Summarizing, every trivialized Jandl
gerbe gives rise to an equivariant line bundle.

Remark 2.2. One could also use the functor Bun to express a trivialized
twisted-equivariant structure in terms of bundles over M in the case of a
general orientifold group (I',€). The result is not (as probably expected) a
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I'-equivariant line bundle over M but a family R, of line bundles over M of
curvature yp — p, together with isomorphisms

Pyt By @ MRy, — Ry

of line bundles, which satisfy a coherence condition on triples 71, v2,v3 € T

It will be useful to investigate the relation between the equivariant line
bundles associated to two equivariantly isomorphic Jandl gerbes. Suppose
that (G%, J“) and (gb, Jb) are Jandl gerbes over M with respect to the same
involution k: M — M, and suppose further that (B,ny): (G%, J?*) —
(Qb,j b) is an equivariant 1-isomorphism. Let 7°:Gb — 7, be a trivial-
ization of G and let 7% := 7% o B be the induced trivialization of G*. We
obtain the k-equivariant line bundles (R?, ¢®) and (R, #*) over M in the
manner described above.

Lemma 2.2. The 2-isomorphism ny, induces an isomorphism k : R* — R?
of line bundles over M that respects the equivariant structures in the sense
that the diagram

(z)u.

Ra ® k*(Ra)* ]l
I‘i®k}*l‘i*_1
R’ ® k*(RY)* " 1

of isomorphisms of line bundles over M is commutative.

Proof. The  2-isomorphism  n;, : k*Bf o Al = .Az oB induces an
isomorphism

A b
b i b

neoid idoiy !

E*Bf o Af o B1 Az oBoB!

The composition of the above 1-morphisms with (7°)~! from the right and
with &*(7?)" from the left yields a 2-isomorphism m,: R* = R? according
to (2.29). Then, we have k := Bun(n;,). It is straightforward to check that
the 2-isomorphism 7, and the two 2-isomorphisms ¢* and Y® from (2.30) fit
into a commutative diagram, such that applying the functor Bun yields the
assertion we had to show. O
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3 Descent theory for Jandl gerbes

In this section, we consider an orientifold group (T, €) whose normal subgroup
[y :=ker(e) of T acts on M without fixed points, so that the quotient M’ :=
M /T is equipped with a canonical smooth-manifold structure such that
the projection p: M —= M’ is a smooth map. We remark that there is a
remaining smooth group action of IV :=T /Ty on M’'. We also still have a
group homomorphism € : TV — Zs, so that (I",€) is an orientifold group
for M.

Theorem 3.1. Let (I',€) be an orientifold group for M with Ty acting with-
out fized points, and let (I, €') be the quotient orientifold group for the quo-
tient M' := M /Ty. Then, there is a canonical bijection

Equivalence classes ~ Equivalence classes
of (T, €)-equivariant ( — \ of (I, €')-equivariant
bundle gerbes over M bundle gerbes over M’

Note that Theorem 3.1 unites two interesting cases:

1. The original group homomorphism € : I' — Zj is constant €(y) = 1.
In this case, I'g = I" and (I",€) is the trivial (orientifold) group. Here,
Theorem 3.1 reduces to the well-known bijection

of I'-equivariant —

Equivalence classes ~ {
bundle gerbes over M

Isomorphism classes of}
bundle gerbes over M’

This bijection was used in [12] to construct bundle gerbes on non-simply
connected Lie groups G /Ty from bundle gerbes over the universal cov-
ering group G.

2. The original group homomorphism € : I' — Zs is non-trivial. In this
case, IV = Zy and ¢ = id. Here Theorem 3.1 reduces to a bijection

of (T, €)-equivariant  —

Equivalence classes ~ {
bundle gerbes over M

Equivalence classes of} )
Jandl gerbes over M’

We will use this bijection in [13]| to construct Jandl gerbes over non-
simply connected Lie groups.
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In the sequel of this section, we shall prove Theorem 3.1 assuming, for
simplicity, that all equivariant structures are normalized. First, we start with
a given (I, €)-equivariant bundle gerbe over M and construct an associated
quotient bundle gerbe G’ over M’ along the lines of [11].

By Lemma 2.1, we may assume that the (I, €)-equivariant structure is
descended. If m:Y — M is the surjective submersion of G, the fibre
products of the surjective submersion w : Y — M’ with itself, defined by
w = pom, are disjoint unions

Yxup V= | |27 and YVxpypVxypye || 277
v€lo (r172)€lg

We recall that the (I, €)-equivariant structure on G in particular has a line
bundle A, over Z7 of curvature

curv(A,) = e(y)m5C — 7} (3.1)
for each v € T, and for each pair (y1,72) € I'? an isomorphism
Pyiye - WTQAM ® 7T>2k3AEy(271) e TrT3A’Yl'72

of line bundles over Z772 such that diagram (2.12) is commutative.

Definition 3.1. The quotient bundle gerbe G’ over M’ is defined as follows:

(i) its surjective submersion w : Y — M’ is the composition of the surjec-

tive submersion 7w:Y — M of G with the quotient map
p: M — M’

(ii) its 2-form is the 2-form C € Q?(Y) of G;

(iii) its line bundle A over Y xp Y is given by the line bundle 4|z := A,
over each component Z7 of Y x v Y

(iv) its isomorphism is given by the isomorphism ¢., ,, over each compo-
nent 272 of Y xpp Y X0 Y.

The axioms (G1) and (G2) for the quotient bundle gerbe follow from (3.1)
and (2.12), respectively.

In the case of non-trivial €, we enhance the quotient bundle gerbe G’ to a
Jandl gerbe. Let us, for simplicity, denote by I'_ C I" the subset of elements
v € T with e(y) = —1. To define a Jandl structure J on the quotient bundle
gerbe G’, we use the line bundles A, over Z7 for v € I'_ (which have not been
used in Definition 3.1), and the isomorphisms ¢, 5, for elements v;,v2 € I’
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with either y1 € I'_ or 79 € I'_ (which have not been used yet either). The
1-isomorphism

AL G — k*G" (3.2)

is defined as follows: the fibre product P :=Y X,/ Y% of the surjective sub-
mersions of the two bundle gerbes can be written as

r= || 7,
yel'—

and the line bundle A}, over P is defined as A} |z+ := A,. It has the correct
curvature curv(A) = —m5C — 7] C in the sense of axiom (1M1). The two-fold
fibre product has the components

P XM’ P o~ |_| Z’Yl?727’y3.
Y1,72,v3€l—

Now, we have to define an isomorphism « of line bundles over P X P,
which is an isomorphism

*

Lk * * *
|zt T3 Ay @ T3y Ay, —= TpAy @M AL L,

on the component Z71:72:73  where we have a dual line bundle because the
target of the isomorphism A is the dual bundle gerbe. We define this iso-
morphism as the composition of

* Lok * *
T134Pv172,73 7T13A7172 ® 7r34A’Y3 ’ 7714147172%?

with no dual line bundle on the left since €(v172) = 1, with the inverse of

* Lk Ak *
24P yays * T2y ® T AS 0 —= T4 Ay 07

The isomorphism « defined in this manner satisfies axiom (1M2) for
1-morphisms due to the commutativity condition (2.12) for the isomorphisms
©1 72~ This completes the definition of the 1-isomorphism Aj.

We are left with the definition of the 2-isomorphism gpj,c,k :
k:*A;c'r o Al = idgs for which we use the remaining structure, namely the
l-isomorphisms ¢., », with 71,72 € I'_. The 1-morphism /’4:*./42r oA has a
surjective submersion w: W — Y XY for W =Y X0 Yy X0 Y. Upon
the identification

W o |_| Zn2,
Yy1,72€l -
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w is induced by the natural maps 2772 — Z772. Over the component
Z772 the line bundle of k*AQ o A} is equal to mjyA,, ® m33A%, and we
define the bundle isomorphism g0§€7k\ Zv72 as

L% * A% *
Oy et T12Ay @ oz AL, —= TigAy 4,

Indeed, the 1-isomorphism idg has the line bundle of the bundle gerbe G’
which is A, ,, over Z772. The axiom for ¢} , can be deduced from the
commutativity condition for the 2-isomorphisms ., -, .

Finally, we have to assure that the 2-isomorphism )} , satisfies (2.23) for
Jandl structures. To see this, we have to express the natural 2-isomorphisms
pa and Ay by the given 2-isomorphisms ¢, ,,. According to their def-
inition, we find pA|zne = @y, 4, and Ag|znme = Oryoyy for y1 €' and
72 € I'g. Then, equation (2.23) reduces to the commutativity condition for
the 2-isomorphisms ., »,. This completes the definition of the Jandl struc-
ture J’ on the quotient bundle gerbe G'.

The second step in the proof of Theorem 3.1 is to demonstrate that the
procedure described above is well-defined on equivalence classes. For this
purpose, we show that an equivariant 1-morphism

(B.my): (G%,T%) — (¢°.T")

between (T, €)-equivariant bundle gerbes over M induces a 1-morphism B’
between the quotient bundle gerbes G’ and G*/. We may assume again that
the 1-morphism B is descended. Then, it consists of a line bundle B over
Z:=Y®x; Y? and of an isomorphism 3 of line bundles over Z x; Z. The
additional 2-isomorphisms correspond to bundle isomorphisms

My T AS ® 5, B0 — 11,B® 7r§4Ai’/.

of line bundles over Y Xy Y Xy Y x s va; see (2.17).
The quotient 1-morphism B’ is defined as follows. Its surjective submersion

is the disjoint union Z of 27 :=Z xys (Z2°)7 2 Y x; Y x 3y Y2 over all
v € T'g, together with the projection

7T13:Z'Y — Y XMY,f

whose codomain is the y-component of the fibre product of the surjective
submersions of the two quotient bundle gerbes. Its line bundle B’ is defined
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as B'|;, = B :=7},B ® w33 AL, which has the correct curvature:

/

.) = mgcurv(B) + 7T§3curv(Af’y)

= 13CY — 7} C + 1C° — T CP = 7 CP — wiC.

curv(B

In order to define the isomorphism of B’, we have to consider the fibre product

a b b a b b
ZXM/Z§ |_| Y XMY XMY7 XMY’Y’Y'XMY’W'XMY’W"Y”

v 7" €l

and set

* Aa * * * * Ab
TS @ Thse By = w4 A%, @ mis B @ m3g A,
Ti2457y ®id
B miAb , @ mi. Ab

12 254 ! 56«1y

b

: *
ld®ﬂ256¢77/ !

* * Ab
ﬂ-IQB ® 7T26A'y’y/'y”

b—1

id®ns
286%y /41

* * Ab * Ab * / * Ab

This isomorphism satisfies axiom (1M2) due to the commutativity of the
diagram for the isomorphisms 7, from Definition 2.6 and the one for the

9021,72 from Definition 2.5.

In the case of € non-trivial, we enhance the quotient 1-morphism B’ to an
equivariant 1-morphism

(B',ni,) : (G, T) — (6", T"")
between Jandl gerbes over M’. To this end, we have to define the 2-isomorphism
Ne: k*BTo Af = AboB (3.3)

for k the non-trivial group element of I"=Zy, and A} and Ag’ the
l-isomorphisms (3.2) of the quotient Jandl structures on G and G, respec-
tively. Collecting all definitions, we establish that the 1-morphism k*B'f o
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& on the left has the submersion Z L.— pa Xy Z, which, for Z =
|—|’Y€F0 Y% YO % Y$, becomes a disjoint union over the fibre products
Y X Y5 xu va, X M Yé’,, for 7/,4"”" € T_. Over this space, it has a line
bundle A! defined componentwise as T AS @ T3 BY @ 7754(142,,17,,)*. The
1-morphism Aﬁ’ o B’ on the right has the submersion Z" := Z Xy PP, which
is the disjoint union of the fibre products Y x 7 Y x s va X ow,,, with
v €Ty and v/ € I'_, and over that, a line bundle A" defined component-
wise as Ty B ® 7'(';3/12, ® 7T§4AI;,1W,,. The 2-morphism (3.3) is now defined on
the surjective submersion

We= || Y xu Y xar YO s Y3 X Y X Y
v€loy " el~

with the projections 7246 to Z' and 7356 to Z7. We then declare the
following isomorphism between the pullbacks of A! and A" to W:

Tige Al == T A%, @ 3, B* ® WZG(A:PWH)*
Y9347, ®id

misB @ mi Al @ mig(AL . )"
id®7‘r§46<p:,ﬁ,_lw,,

* * b
T3 B ® 7r36A7,,

: * b -1
1d®ﬂ-356(50%,yflwu)

* * b * b * T
7TI3B ® 7T35A7 X 7T56A,y—17// 7T1356A :

It involves the isomorphism 7, belonging to the equivariant 1-morphism;
see (2.17). Since 4/ € T'_ here, we have, by now, used all the structure of
(B,ny). It is straightforward to check that these isomorphisms satisfy the
compatibility axiom and make the diagram (2.13) commutative.

We have, so far, obtained a well-defined map
Equivalence classes Equivalence classes

q : of (T, €)-equivariant ¢ — \ of (I",€)-equivariant
bundle gerbes over M bundle gerbes over M’
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In order to finish the proof of Theorem 3.1, we now show that ¢ is surjective
and injective. Let us start with the observation that the pullback G := p*G’
of any bundle gerbe G’ over M’ along the projection p: M —= M’ has a
canonical ['g-equivariant structure. This comes from the fact that G =G
for all v € I, so that A, := idg and

90’71772 = )\idg = Pidg : idg ) idg — idg
define a 'g-equivariant structure.

Let us have a closer look at this I'g-equivariant structure. To this end,
notice that G has the surjective submersion Y := M x /Y’ — M whose
fibre products have, each, an obvious projection Y — y'IK The line
bundle L and the isomorphism p of G are pullbacks of L’ and p/ along this
projection. The l-isomorphisms A, have the surjective submersion Z7 =
Y2 and the line bundles A, := L, see Example 2.2. The 2-isomorphisms
O, 4o have the surjective submersions 27172 = Y and the isomorphisms

Pyiye = M-

We can, next, pass to the quotient bundle gerbe G”. Its surjective sub-
mersion is Y” :=Y whose fibre products Y"¥ = Flg_l x Y come, each,
with an obvious projection to Y*. In fact, the line bundle L” and the
multiplication p” for G” are pullbacks of L and pu, respectively, along these
projections. Summarizing, the quotient bundle gerbe G” has the structure
of ¢’ pulled back along the composed projections Yl — y'I¥ which are
fibre-preserving. It is well-known that such bundle gerbes are isomorphic.

Let, now, J be a Jandl structure on G’ consisting of a line bundle Aj
over Z' :=Y" xp Y}, and of an isomorphism « of line bundles over Z'1l. To
the above canonical I'p-equivariant structure, we add 1-isomorphisms A, :
G — 7§ for y € I'_. The relevant fibre product Z7 =Y x,; Y, projects
to Z', so that the line bundle A, is defined as the pullback of Aj along
this projection. Similarly, the isomorphism o' pulls back to the isomorphism
of A,. The Jandl structure J’ also contains a 2-isomorphism gpﬁc’k, which
naturally pulls back to the 2-isomorphisms ¢, 5, that we need to complete
the definition of a canonical (T, €)-equivariant structure J on the pullback
bundle gerbe G. We conclude, along the lines of the above discussion, that
(G, J) descends to a Jandl gerbe over M’ which is equivariantly isomorphic

to (G, J").

It remains to prove that the map ¢ is injective. Thus, we assume that two
(T, €)-equivariant bundle gerbes (G%, 7%) and (G®, J°) descend to a pair of
equivariantly isomorphic Jandl gerbes (G%, 7%) and (G”, J%) over M’. Let
(B',n;,) be an equivariant 1-isomorphism between the latter Jandl gerbes. If
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we assume it to be descended, B’ is based on the fibre product

Z' =Y xpp Y2 | | VO xy Y
~v€lo

and the line bundle B’ over Z’ has components B.. Its isomorphism is

/ .k AQ * 1/ * ! * Ab
By P 345, @ Mgy By — By, @ My Ay, . (3.4)

The additional 2-isomorphism 7). is, in the notation of Section 2.2, an iso-
morphism of line bundles over

1k 1k ~ a a b b
2y XprZy = |_| Yo xm Y’Yl M Y’Yl"/Z XM Y“/Wﬂs’
Y1,72,73€0 -

with components

/ Lk a * /% * / * b
(77145)71,72,73 : 7712A'yl X 7r24B’Yz’73 7T13B'yl'yz ® 7734A’y3 ) (3.5)

according to (2.17). Let us, now, construct an equivariant 1-isomorphism
(B,my) : (G, T%) — (6°,T°)

out of this structure. Its existence will prove that the map ¢ is injective.

The 1-isomorphism B : G% — G® has the surjective submersion Y X s
Y? and we take the line bundle B} over that space as its line bundle B
(all the other line bundles B! with v # 1 are to be ignored). Similarly,
the isomorphism (3] ;; serves as the isomorphism $ of B. It remains to
construct the 2-isomorphisms 7. For v € I'_, these we define them as the
isomorphisms

/ ’ / b
M)yt T12AY @ oy BY" —= mi3B] ® w3, A7
from (3.5), while for v € Ty, as the isomorphisms
Bl Ti3A @ w3y By — mip By @ w3, AL

from (3.4) (pulled back along the map that exchanges the second and the
third factor). Finally, all the relations that these isomorphisms should obey
are readily seen to be satisfied.
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4 Twisted-equivariant Deligne cohomology

In this section, we relate the geometric theory developed in Sections 1 and 2
to its cohomological counterpart introduced in [14].

4.1 Local data

Let (T, €) be an orientifold group for M, and let G be a bundle gerbe over
M with (I, €)-equivariant structure J, consisting of 1-isomorphisms A, and
of 2-isomorphisms ¢, ,,. We assume that there is a covering O = {O;}icr
and a left action of I' on the index set I such that v(0;) = O,;, and such
that there exist sections s; : O; — Y. We define

Mgy = |_|Oi

el
and construct the smooth map
s: My — Y :(x,i) — si(z).

There are induced maps s : Mgﬂ — Y on all fibre products, where Mgﬂ

is just the disjoint union of all non-empty k-fold intersections O;, ;, =
Oi;, N...NO;, of open sets in O. They may be used to pull back the line
bundle L, the 2-form C and the isomorphism p of G. Choose, now, sec-
tions oyj : Oj; — s*L (of unit length) and define smooth functions g, :
Oijr — U(1) by

5" u(oij ® ojk) = Gijk - Tik,
extract local connection 1-forms 4;; € Q1(0;;) such that

* 1
S VUZ‘]‘ = TAU 0ij

where V stands for the covariant derivative, and define 2-forms B; := s;C €
02(0;). Axiom (G1) gives the equation

dAZ‘j = Bj — Bi on Ozg (4.1)
Since p preserves connections, one obtains

Az‘j — A + Ajk = igi}l};dgijk on Oijku (4.2)
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and axiom (G2) infers the cocycle condition
Gijl * 9jkl = Gikl - Gijk  on Ogjx. (4.3)

One can always choose the sections o;; such that A;; and g;;, have the
antisymmetry property A;; = —Aj; and g1, = g;,lﬂ = g;k; = gl;]lz

We continue by extracting local data of the 1-isomorphisms
Ay G — G

consisting, each, of a line bundle A, over Z7 =Y x; Y, and of an isomor-
phism
ay i izl @ WAy — A, @ w3 L)

of line bundles over Z7 x s Z7, see the discussion in Section 2.2. Note that
Sy-14 oy 1:0; — Y, is a section into Y, ie., myo (84-1 oy~ =idg,,
and so we get the map s, : My — Y, : (z,i) — s,-1;,(y ' (z)) compatible
with the projections to M. Note that also oy-1;,-1;0 vl O;j — siLis
a section. Furthermore, we have a mixed map

B Mo — 275 (w,0) — (si(@)y sy @) (44)
into the space Z7. Note that 71 0 2y = s and 73 0 z, = s, so that the pull-
back of a, along z, is an isomorphism

zyay S LR Ay — T2 A, ® sfyLﬁ('Y)

of line bundles over My X 5y Mg (the two maps 71, w9 above are the canonical
projections from Mgy X y; Mo to My). Choose new unit-length sections o) :

O; — 21 A, and obtain local connection 1-forms II} € QL0;), as well as
smooth functions xj; : Oj; — U(1) by the relation

z,’;av(aij & Uj) = XZ]- : (UZ ® (U,ey(jl)mqj o 7_1»'

In order to simplify the notation in the following discussion, we write
vhi= () )@ and AL = e(y) () Ty (45)

for U(1)-valued functions f; and 1-forms II;, respectively, and likewise for
components of generic p-form-valued Cech cochains encountered below. In



BUNDLE GERBES FOR ORIENTIFOLD SIGMA MODELS 655
this notation, axiom (1M1) gives
vB; — B; = dlII. (4.6)
Since o, preserves connections, one obtains
vAij — Ay = H;’ —1II) — ixjjfldxjj, (4.7)
and axiom (1M2) gives
VGisk - Gk = Xa5  Xok g (4.8)
One can, again, choose the sections such that X;yj = (X}i)*l.

Finally, we extract local data from the 2-isomorphisms ¢., -,. Consider
the space Z"72 =Y x Y, xXp Yy,4, and the isomorphism

I * (71 *
Pyiye ¢ 7r12A’71 ® 7T23A'y(2 ) 7T13A’71’Y2
of line bundles over Z772, We use the map

. o 72
2y - Mo VA )

(2,4) = (sila)os 1,001 (@), 5,001,035 (7 (@)

to pull back the isomorphism ¢., ,, to Mgy. Note that m13 0 2, ,, = 24,, T23 0
Zyrye = Zy5 ©1 and w30 Zy1 o = Zyive- Hence, we may use the sections
o] : O; — 23 A, to extract smooth functions f;"7*:0; — U(1) by the
relation

-1 s
2:1,729071,72 (O’Zl ® (U’Jf—li 0] )6(71)) — fZ’Yl 2, O-;Yl’YQ'
From the requirement that ., ,, respect connections, it follows that
PP — T2 T = (777 L g, (4.9)
The compatibility condition (2.11) for the 2-morphism ¢., ,, becomes
W g = T (4.10)

and the condition imposed on the morphisms ¢., ,, in Definition 2.5, equiv-
alent to the commutativity of diagram (2.12), reads

71]:?27’)/3 X (fi’ﬂ’Yz,’Y:s)—l . f?h%’m X (fi’hﬂz)—l - 1. (4'11)
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Summarizing, the bundle gerbe has local data ¢ := (B, Aij, gijr), and
the (I, €)-equivariant structure has local data by := (II], x7;) and a, 4, :=
(f7*7%). If the (T,€)-equivariant structure is normalized, the mixed map
21: Mp — Z' = Y1 defined in (4.4) is 21 = A o s, so we may choose o} :=
A*o;; and obtain H} = A;; = 0. With this choice, we find, for a; = (1®
Tioqpt 1) o (mi3p ® 1), the local datum lej = gi_ij1 - gijj = 1. For ¢1 -, we get
£ = (x})""gii = 1, and, analogously, f;"' = xJigiii = 1. Finally, f"' =

gisi = 1.

Let us now extract local data of an equivariant 1-morphism
(Bﬂh) : (g7j) - (glaj/)

between two (I, €)-equivariant bundle gerbes over M. We may choose an
open covering O of M with an action of I on its index set as above, such that
it admits sections s; : O; — Y and s} : O; — Y for both bundle gerbes.
The 1-morphism B provides a vector bundle B over Z :=Y x; Y’ of some
rank n. Generalizing the mixed map (4.4), we have a map

z: Mo — Z:(x,i) — (si(z),s;(z)). (4.12)
Just as above, we choose an orthonormal frame of sections o : O; — 2*B,
a =1,...,n, and obtain local connection 1-forms A; € Q(O;,u(n)) with val-
ues in the set of Hermitian (n x m)-matrices, alongside smooth functions

Gij : Oj; — U(n) defined by the relation
(2 V)oi = £ (hi)y" o}
2*Bloi ® ) = (Gig)y” (o7 © 0}y),

where (3 is the isomorphism of B over Z x s Z and o;; and o} ; are the sections

chosen to extract local data of the two bundle gerbes G and G’. Analogously
0 (4.6), (4.7) and (4.8), we have

B,Z — Bl = %tl‘(d/\i),

Al — Aij =N — Gl A - Giy — G Gy, (4.13)

/ -1 _ o~ =1 A1
Yijk * 9ijk = Gik Gjlc Gij .

Again, the sections o' can be chosen such that G;; = G;il. The 2-isomor-
phisms 7, : YBo A, = .Ai, o B are, following the discussion in Section 2.2,
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isomorphisms
Ny TiaAy @ 15 BV — ri By, Al

of vector bundles over Z] xp Z) =Y xp Yy, xp Y Xy Yv’; see (2.17). We
compose a map

2yt Mo — Z] xp Z3 : (x,1)

> (5i(2), 5,107 (@), si(2), 8,-1,(v 7 (@),
into that space and define smooth functions H; : O; — U(n) by

(07 @ (091,077 1)) = (H]),* (o} @ 07).

i
Since 7, preserves the connections, we obtain
YA = (H)™' - A H) +i(H))'dH] + 11 — 11]. (4.14)
The commutativity of diagram (2.18) implies that
VG = xg - () (H) TGy - H (4.15)

Here, we have extended the notation of (4.5) to U(n)-valued functions and
u(n)-valued 1-forms in the following way:

—(YT) Ay, ife(y) = 1,
~Gi = {(7_1)*G'y—lia if E(’V

VA = {(7_1)*%—% if e(v) =1,

(4.16)

) =1,
(v Gy ife(y) = -1,

with the overbar denoting the complex conjugation. These definitions coin-
cide with (4.5) for n = 1. The commutativity of diagram (2.19) leads to

H;ywz .fi’}'lﬁz — fi/71,72 .H;ﬂ "YlHiw- (4.17)

Thus, an equivariant 1-morphism has local data 3 := (A;, Gi;) and 7, =
(H]') satisfying (4.14), (4.15) and (4.17).

Finally, for completeness, assume that ¢ : (B,n,) = (B',7/) is an equi-
variant 2-morphism, i.e., ¢ : B —= B’ is a morphism of vector bundles over
Z subject to the two conditions of Section 2.2. We use the map z : My — Z
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from (4.12) to pull back ¢ and to extract smooth functions (U;),} defined on
O; by

Zo(0f) = (U)f of

Here,a=1,...,nand @’ =1,...,n, where n and n’ are ranks of the vector
bundles B and B’, respectively. The condition that ¢ preserves Hermitian
metrics and the connections yields

Ul -Ui=1 and A =U - A, U; +iU]dU;. (4.18)

The two remaining conditions, namely the commutativity of diagrams (2.21)
and (2.22) impose the relations

Gy =Ul-Gj;-U; and H] =U]-H AU (4.19)

4.2 Deligne cohomology-valued group cohomology

It is convenient to put the local data extracted above into the context of
Deligne hypercohomology. We denote by U the sheaf of smooth U(1)-valued
functions on M, and by A? the sheaf of ¢-forms on M. The Deligne complex
in degree 2, denoted by D(2), is the complex

%dlog d

0 y AL (4.20)

A2

of sheaves over M. Together with the Cech complex of the open cover O, it
gives a double complex whose total complex K (D(2))

0 AO Do Al D1 A2 D> A3 (4.21)

has the cochain groups

A° =),

Al =AY e W),

A2 =A%) o CH(AY) ® CP(U),
A2 =Y (N e CP(AY) @ CP(U),
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and the differentials

Do(fi) = (=if7'dfi, f71- f),
Dl(Hi7Xij) = (dHZ s —iXi_jldXij + Hj —1II; Xj_kl " Xik * Xi_jl)’
Ds(Bi, Aij, giji) = (dAij — Bj + B, —igi};idgijk + Aj, — A
+ Aijy G - Gikt - G331 Gigh)-
The cohomology of this complex is the hypercohomology of the double com-
plex induced from (4.20). Its groups are denoted by H¥ (M, D(2)). The local
data ¢ = (B, Aij, giji) extracted above from the bundle gerbe G are an ele-

ment of A%, and the properties (4.1), (4.2) and (4.3) show that Da(c) = 0.
This is the Deligne cocycle of a bundle gerbe [9].

In [14], we turned the complex A™ into a complex of left I'-modules, where
the action of T' is given by (4.5) and its extension to higher order forms.
Thus, yc are the local data of vG for the same choice of sections. The local
data b, = (IT], X;’j) extracted above from 1-isomorphisms 4, give an element

b, € Al and the properties (4.6), (4.7) and (4.8) amount to the relations
ve — ¢ = D1b,. (4.22)

Furthermore, the local data a,, ,, = (f;"7*) extracted from 2-isomorphisms
P15 give an element a,, -, € A%, and its properties (4.9) and (4.10) are
equivalent to the identities

71672 - bvwz + bw = _Doawvz' (4-23)

The additional constraint (4.11) reads:

Vs ys = Oyiyo,ys T Gy yzys — Gyipe = 0 (4.24)

(where the right-hand side represents the trivial Cech cochain (1) in the
additive notation). As recognized in [14], the equations above show that
group cohomology is relevant in the present context. For each I-module A",
we form the group of I'-cochains C*(A™) = Map(T'*, A™), together with the
I'-coboundary operator

5 Ck(An) . Ck+1(An)
defined as

(5n)71,~~~,’7k+1 = MMy, vkp1 — My, v
k k+1
o (1) ey (1) AR
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When expressed in terms of this coboundary operator, (4.22), (4.23) and
(4.24) become

(50)7 = Dby, (51))71,72 = —Doay, 5, and (56‘)”/1772,% =0. (4.25)

These are (2.13)-(2.14) of [14]. In group cohomology, a cochain n., .
is called normalized if n, . ~, = 0 whenever some 7; = 1. Notice that the
cochains 7, and a, 4, are normalized if the (I', €)-equivariant structure on
G is normalized.

The coboundary operator § commutes with the differential D,,, and so
the groups C¥(A™) form again a double complex. Its hypercohomology is
denoted by H"(T", K(D(2))), where the subscript ¢ on K(D(2)) indicates
that the action of I" on the latter module is the one inherited from (4.5).
The collection (c,by,ay, ~,), representing the bundle gerbe G with (I, €)-
equivariant structure, defines an element in the degree 2 cochain group of
this total complex. Equations (4.25) together with Doc = 0 show that it is
even a cocycle, defining a class in H?(T', K (D(2)).).

In the same way as above, local data 3 = (A;, G;;) and 1, = (H;') of an
equivariant 1-isomorphism fit into this framework. The restriction to 1-
isomorphisms means that the functions A; and H; take values in U(1), and
that the 1-forms A; are real-valued. Note that the conventions (4.16) coincide
with the definitions (4.5) in the abelian case. Then, 3 € A! and n, € A°.
Equations (4.13), (4.14) and (4.15), and (4.17) mean

d =c+ Dy, b/v =by + (68)y + Don, and
a,'%w = Gy o — (01)1 70 - (4.26)
These are (2.15) to (2.17) of [14]. Thus, (T, €)-equivariant bundle gerbes,

which are related by an equivariant 1-isomorphism define the same class in

H*(T, K(D(2))e)-
Proposition 4.1. The map

Equivalence classes )
of (T, €)-equivariant ( — H(T, K(D(2))e)
bundle gerbes over M

defined by extracting local data as described above is a bijection.

Proof. This follows from the usual reconstruction of bundle gerbes,
l-morphisms and 2-morphisms from given local data, see, e.g., [24]. The
reconstructed objects have the property that they admit local data from
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which they were reconstructed. Thus, in order to see the surjectivity, one
reconstructs a bundle gerbe G, the 1-morphisms .4, and the 2-morphisms
P~y 4o from given local data. The cocycle condition assures that all neces-
sary diagrams are commutative, so that one obtains a twisted-equivariant
bundle gerbe whose local data are the given one. To see the injectivity,
assume that the class of the cocycle ¢ of a given twisted-equivariant bundle
gerbe (G, J) is trivial, ¢ = D;(d). Then, one can reconstruct an equivariant
1-isomorphism (G, J) — (Zo, Jo) from the cochain d. O

The geometric descent theory from Section 2 implies, via Proposition 4.1,
results for the cohomology theories, namely a bijection

H(I, K(D(2))e) = HX(I', K(D(2))e),

whenever the normal subgroup I'g := ker(€) acts without fixed points so that
(T, €') is an orientifold group for the quotient manifold M’. In the next
section, we will use Proposition 4.1 in the opposite direction.

4.3 Classification results

In this section, we present a short summary of the classification results from
[14]. In general, there are obstructions to the existence of a (I, €)-equivariant
structure on a bundle gerbe G, and if these vanish, there may be inequivalent
choices thereof. We use Proposition 4.1 to study these issues in a purely
cohomological way. To this end, we are looking for the image and the kernel
of the homomorphism

pr: H3(T, K(D(2)).) — H?*(M,D(2)), (4.27)

which sends a twisted-equivariant Deligne class to the underlying ordinary
Deligne class.

As shown in [14], the image can be characterized by hierarchical obstruc-
tions to the existence of twisted-equivariant structures on a given bundle
gerbe G. If we assume that the curvature H of G is (I, €)-equivariant in the
sense that vH = H for all v € I, these obstructions are classes

o1 € H*(M,U(1)), oy € H¥I',H*(M,U(1)).) and
03 € H3(T, H'(M,U(1)).). (4.28)
The latter two are I'-cohomology groups, with the action of I' on the coeffi-

cients induced from (4.5). The class oy is well-defined if 0, vanishes, and o3
is well-defined if 07 and oy vanish.



662 KRZYSZTOF GAWEDZKI ET AL.

Let us now discuss the kernel of the homomorphism (4.27), i.e., the ques-
tion what the set of equivalence classes of twisted-equivariant bundle gerbes
with isomorphic underlying bundle gerbe looks like. We infer that pr is
induced from the projection

" P Cr(AT) — A" (4.29)

pt+g=n

of chain complexes, whose cohomologies are H"(T", K(D(2))) and H" (M,
D(2)), respectively. The kernel of p™ forms, again, a complex whose coho-
mology will be denoted by H™. Explicitly, a class in H? is represented by a
pair (by, ay, ,) with by € Al and a., ,, € AY such that

Diby =0, (0b)y, 7o = —Doay, o and  (6a)y; 4oy = 0.

Equivalent representatives satisfy 0., = by +Don, and al, ., = a4 4, —
(6n)~1,4, for a collection 7, € A°. Comparing this with (20) in [14], we
conclude that the group Hr, which we considered there is obtained from H?
by additionally identifying cocycles (b, a,, ~,) and (b, a’, .,) if there exists
a 3 € A! such that D18 = 0 and b, = by + (68)5-

Lemma 4.1. The group H? fits into the exact sequences
0 ——H2/ H'(M,U(1)) — H¥(T', K (D(2));) —— HA(M,D(2))
and

0 ——=H*(T, H*(M,U(1))e) — N2 — C'(H'(M,U(1))).

Proof. The first sequence is just a piece of the long exact sequence obtained
from the short exact sequence, which is (4.29) extended by its kernel to the
left, together with the well-known identification H* (M, D(2)) = H*(M,U(1))
for k= 0,1 [4]. The second sequence can be obtained by the same trick:
we project out another factor ¢" :ker(p") — C'(A"7!) from the exact
sequence of complexes, yielding a short exact sequence

0 — ker(q)® — ker(p)® —— CHA* ) —0
of chain complexes. The interesting part of its long exact sequence is

CHHO(M,U(1))) — > H(ker(q)) — H2 — CL(H'(M,U(1))),
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for which an easy computation shows that H?(ker(q)) coincides with
ker (8] c2(mo(ar,u(1))))- O

We have now derived results on the image and the kernel of the projec-
tion (4.27). When the underlying manifold is 2-connected, H2(M,U(1)) =
HY(M,U(1)) =0 and H°(M,U(1)). = U(1). as T-modules, so that the
obstructions (4.28) and Lemma 4.1 boil down to

Proposition 4.2. Let M be a 2-connected smooth manifold and let G be a
bundle gerbe over M with (I, €)-equivariant curvature.

(a) G admits (T, €)-equivariant structures if and only if the third obstruction
class o3 € H3(I', U (1)) vanishes.

(b) In the latter case, equivalence classes of (I, €)-equivariant bundle gerbes
whose underlying bundle gerbe is isomorphic to G are parameterized by
the group H?(T',U(1).).

This was the starting point for the calculations in finite-group cohomology
of [14]. Namely, on a compact connected simple and simply connected Lie
group, there is a canonical family G, of bundle gerbes with (T, €)-equivariant
curvature for I' a semidirect product of Zy (generated by the (-twisted inver-
sion g — (- g~ !, with ¢ from the centre of G) and a subgroup of the centre
of G. Since these Lie groups are 2-connected, the obstruction classes and the
classifying groups for (T, €)-equivariant structures on G may be computed
by calculations in finite-group cohomology.

5 Equivariant gerbe modules

Gerbe modules can be described conveniently as 1-morphisms [26]:

Definition 5.1. Let G be a bundle gerbe over M. A G-module is a 1-
morphism

E:G— 1,

The rank of the vector bundle of £ is called the rank of the bundle-gerbe
module, and the 2-form w is called its central curvature.

Let us extract the details of this definition. We assume that the 1-
morphism & is descended in the sense that it consists of a vector bundle
FE over Y 2Y xp M. Similarly as in Lemma 2.1, this can be assumed up
to natural 2-isomorphisms; see Theorem 1 in [26]. By axiom (1M1), the
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curvature of the vector bundle E satisfies
%tr(curV(E)) =rm'w — C.
The G-module consists also of an isomorphism
p:L®mE — mE
of vector bundles over Y2 which satisfies, by axiom (1M2), the condition
migp o (n @ id) = 7yp o (id @ ma3p). (5.1)

The latter resembles the axiom for an action p of a monoid L on a module
FE, hence the terminology. The above definition of a bundle-gerbe module
coincides with the usual one; see, e.g., [2,10].

Definition 5.2. Let (I',¢) be an orientifold group for M and let (G, J) be
a (T, e)-equivariant bundle gerbe over M. A (G, J)-module is a 2-form w
on M that satisfies the condition yw = w for all v € I', together with an
equivariant 1-morphism

(€04):(9,T) — (Lo, o),

where J,, is the canonical (I, €)-equivariant structure on the trivial bundle
gerbe Z,, from Example 2.3.

Thus, a (G, J)-module is a G-module € : G — 7, together with a 2-morphism
py:YEO A, = &
for every v € I, such that the diagram

iy 4589Py172

1172€ 0 11A,, 0 Ay Y172E © Ay,

Y1Pvg Oid.A-yl H “p"ﬂ’vz (52)

715 © A% &

Py1

is commutative for all 1,72 € I'. We say that a (G, J)-module is normalized
if the equivariant 1-morphism (&, p) is normalized.

We already discussed equivariant 1-morphisms in terms of vector bundles
and isomorphisms of vector bundles in Section 2.2, so that we only have to
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apply these results to the particular case at hand. We recall that the (T, €)-

equivariant structure on G consists of a line bundle A, over Z7 of curvature
curv(A,) = e(y)m5C — i C for each v € I', and of isomorphisms

y i izl @ T A, — Ay @m0

of line bundles over Z7 x s Z7 subject to various conditions. The G-module
£ :G — 1, consists of a vector bundle F over Y and of an isomorphism
p:L®nsE — wiE over Y2 satisfying (5.1). The 2-morphisms p~ are
isomorphisms

Py WAy @ MEECY) — mfE (5.3)

of vector bundles over Z] xp ZJ, see (2.17), which is just Z7 here. The
compatibility condition (2.18) now reads

miL ® Ty Ay © TEEC)

T Ay @ T B

1d®73,py

TPy (5,4)

sl @ T3 B mE,

"
T13P

and the commutative diagram (5.2), which is a specialization of (2.19),
becomes

X .
Ti2%y1.7v2 ®id

Ty Ay ® T AST @ myBn2) Mgy, ® 5 EE2)

T13P7172 (5-5)

id®7r§3p§<2“> ‘

Ty Ay, ® my B T E.

*
T12Pv1

Definition 5.3. A (G, J%)-module (£, p5) and a (G°, J°)-module (é’b,pf’y)
are called equivalent if there exists an equivariant l-isomorphism (B,7,) :
(G*,J*) — (Qb, J b) and an equivariant 2-isomorphism

V:(‘Sbapg)o(g»%) = (5“”0%),

In particular, the bundle gerbes G* and G° are isomorphic, the 2-forms
w?® and w’ of the two gerbe modules coincide, and the two modules have
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the same rank. If the 1-isomorphism B has a line bundle B over Z and an
isomorphism [, this equivariant 2-morphism is just an isomorphism

v:BmE" — 7iE° (5.6)
of line bundles over Z that satisfies the usual axiom for 2-isomorphisms

and the additional equivariance condition (2.22), which now becomes the
commutative diagram

* b :
340501y ®id
1AL ® (15,B ® i EP)<) 7B ® T5E®
id®71'§41/6('7) 7r’f3l/®id
1AL ® w5 (E*)<0) " i E®.
Y

Concerning the local data of a (G, J)-module, we only have to specialize
the local data of an equivariant 1-morphism to the case in which the second
bundle gerbe is a trivial one equipped with its canonical (I', €)-equivariant
structure, see Section 4.1. Thus, let ¢ = (B;, Aij, gijx) be local data of
the bundle gerbe G with respect to some invariant open cover £, and let
by = (I}, x;;) and ay, ~, = (f]*7%) be local data of the (T',¢)-equivariant
structure. Evidently, the trivial bundle gerbe Z,, has local data ¢ = (w,0, 1),
and its canonical equivariant structure J, has local data b/v =(0,1) and
afth = (1). A (G, J)-module of rank n, i.e., an equivariant 1-morphism

(5’:07) 1(G,T) — (1u,Jw),

has local data 3 = (A;,Gyj) and 1y = (H]) satisfying (4.13), (4.14), (4.15)
and (4.17). Explicitly, we have 1-forms A; € Q1(O;,u(n)), and smooth func-
tions G5 : O;; — U(n) and H] : O; — U(n). The equations are

w= B+ tr(dA;), A =G'AiGij — Ay +1G;'dGy;  and

Gij - Gjk = gijk - Gik-

These are just the relations for an ordinary G-module, see (2.3) in [10].
Equivariance is expressed by the relations

vA; = (H))'AH] +1(H)) " 'dH]) - 117,
VGij = (H))™" - Gij- H] - (x];) 7", (5.7)
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H;ﬂw — H?l "YIH?Q . (fi’h/Yz)—l’

where we have used the conventions (4.5) and (4.16).

If a (G, J)-module (&,p,) and a (G', J')-module (', o)) are equivalent
in the sense of Definition 5.3, and (¢, by, a,, 4,) and (¢, b, a’, ) are local
data of the two gerbes, there exist local data (R;, u;;) and (h]) of the equi-
variant 1-isomorphism (B, 1) satisfying (4.26). There are also functions U :
O; — U(n) coming from the equivariant 2-morphism v. If 8 = (A;, Gij)
and p, = (H') are local data of (€, p,), and, similarly, 3" and p, are those
of (&', p), (4.18) and (4.19) take the form

A; _ UZ_IAZU'L + IUZ_ldUZ _ Ria G;j — Ui_l . GZ] . Ur‘7 . ui_jl and
H) =U;"' H) -4U; - (h])~".

A particular situation that we shall discuss explicitly is the orientifold
group (Ze,id), and a bundle gerbe G with (normalized) Jandl structure
J = (A, i k). In this situation, we call a (G, J)-module a Jandl mod-
ule. Given such a (normalized) Jandl module (€,px), £€:G — Z, is a
bundle-gerbe module whose curvature satisfies k*w = —w, and there is a
single 2-isomorphism

pp kK E oA = £

such that the diagram

_|_ idoapk’k .
Eok*Al o Ay =———=C0ldg

k*pLoid“ Ae (5.8)

k& o Ay o &

of 2-isomorphisms is commutative. Still more specifically, we assume that
there is a trivialization 7 : § — Z,. As discussed in Section 2.3, the triv-
ialization and the Jandl structure induce a k-equivariant line bundle (R, ¢)
over M of curvature —(k*p + p). This was obtained by applying the functor
Bun of (2.28) to the 1-isomorphism

R=kToAoT T, — T}
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In the same way, we form the 1-morphism £ o 7! : 1, — 1,, and get a
vector bundle E := Bun(€ o T1). We have, further, a 2-isomorphism

E(EoT NWoR=——Fk€E ok Tt o k*TT o Ay o T7!
idoijoid

k*ET o idk*g* o Ao 71

idopAkoid
ot 1 proid 1
kK*ETo Ao T EoT
that induces, via Bun, an isomorphism
Y:RQEK'E* — E (5.9)

of vector bundles over M. Finally, diagram (5.8) implies that this morphism
is compatible with the equivariant structure ¢ on R in the sense that the
diagram

E

o@id 9

of morphisms of vector bundles over M is commutative. Summarizing, every
Jandl module for a trivialized Jandl gerbe gives rise to a vector bundle
together with an isomorphism (5.9).

In Section 2, we described the descent theory of twisted-equivariant bundle
gerbes as a way to obtain (all) Jandl gerbes over a smooth manifold M’. In
the same way, we have

Proposition 5.1. Let (I',€) be an orientifold group for M with 'y acting
without fized points, and let (I, €") be the quotient orientifold group for the
quotient M’ := M /Ty. Then, there is a canonical bijection

Equivalence classes of
equivariant modules for
(T, €)-equivariant
bundle gerbes over M

o Equivalence classes of equi-
— § variant modules for (I, €")-equi-
variant bundle gerbes over M’
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Note that the latter proposition unites (as did Theorem 3.1 before) the two
cases of I'g =T and I'/Ty = Zo.

Since a (G, J)-module is nothing but an equivariant 1-morphism between
(G,J) and (Z,, J.,), we can apply the descent theory developed in Section 2
and pass to an associated quotient 1-morphism. The only thing to note is
that the quotients are (Z,,)' = Z,, for the descended 2-form o’ € Q?(M’), and
(J.) = J.r. But this is clear since all involved line bundles are the trivial
ones, and all involved isomorphisms are identities. This way, it becomes
obvious how the map in Proposition 5.1 is defined and that it is surjective.
It remains to check that it is well-defined on equivalence classes and injective.
For this purpose, we have to amend the discussion of Section 2 by providing
a descent construction for equivariant 2-morphisms. Suppose that we have
a (G* J“)-module (%, p2) and an equivalent (G?, 7°)-module (£°,ph), i.c.,
there is an equivariant 1-isomorphism (B,7,) : (G¢, J%) — (G® J°) and an
equivariant 2-isomorphism

v: (Eb,pf’y) o(B,ny) = (€% p5). (5.10)
We have to construct an equivariant 2-isomorphism
Z (Eblv PZ’) © (Bl7n;c) = (5a/,ﬂzl)a (5'11)

which guarantees that the quotient Jandl modules are equivalent. Notice
that the 1-morphism on the right side has the vector bundle E* over Y,
and the one on the left side has a vector bundle over the disjoint union of
Y% Y % Y$ over all v € I'p, which is defined componentwise as 7], B ®
71’2*3Ag ®7r§Eb. This follows from the definition of quotient 1-morphisms
and from Definition 2.4. Thus, the 2-morphism we have to construct has
components v, : 11y B ® 7T>2k3Ag, ® m3E® — 77 E%, and we define them as

id®ph, y

TiaB ® 7r§3AE’Y ® T E° iy B ® T3 E° T Ee,
where v comes from the given 2-morphism as in (5.6). It is straightforward
to check that this, indeed, defines an equivariant 2-isomorphism.

Conversely, if an equivariant 1-isomorphism
(Blvn;g) . (ga/?ja/) . (gb/)jb/)

is given, every equivariant 2-isomorphism (5.11) immediately induces an
equivariant 2-isomorphism (5.10) for (B,7,) the equivariant 1-isomorphism
constructed on page 652. This shows that the map from Proposition 5.1 is
injective.
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6 Holonomy for unoriented surfaces

We show that a Jandl gerbe over a smooth manifold M together with Jandl-
gerbe modules over submanifolds of M provides a well-defined notion of
holonomy for unoriented surfaces with boundary, for example for the M&bius
strip. This notion merges the holonomy for unoriented closed surfaces from
[23] with that of the holonomy for oriented surfaces with boundary from
[5,11]. In the first subsection, we discuss its definition in terms of geometric
structures, and then we develop expressions in terms of local data.

6.1 Geometrical definition

In short, holonomy arises by pulling back a bundle gerbe G along a smooth
map ¢ : % — M to a surface 3, where it becomes trivializable for dimen-
sional reasons. For any choice of a trivialization 7 : $*G — I, there is a
number

Holg (¢, %)) := exp (i/Ep) c U(1). (6.1)

The integral requires ¥ to be oriented, and its independence of the choice of
7T requires X to be closed.

If ¥ has a boundary, the expression (6.1) is no longer well-defined since
a boundary term emerges under a change of the trivialization. We shall
assume for simplicity that the boundary has only one connected component.
Compensating the boundary term then requires choices of a G-brane [5, 10,
11], a submanifold @ C M together with a G|g-module € : G|g — Z,,. The
maps ¢ : X2 — M which we take into account are now supposed to satisfy
#(0%) C Q. If E is the vector bundle Bun(¢*E o T~1) over 9% constructed

in Section 5, the formula

Holg £(¢,X) = exp <i/2p> -tr (Holg(0%)) € C, (6.2)

written in terms of the vector bundle E of £ is invariant under changes
of the trivialization 7. If the boundary is empty, it reduces to (6.1). A
generalization to several G-branes in the case of more than one boundary
component is straightforward.

If 3} is unoriented, e.g., if it is unorientable, it is important to notice that
there is a unique two-fold covering pr : I Y., called the oriented double,
where 3 is oriented and equipped with an orientation-reversing involution
0:% — 3 that permutes the sheets of 3 so that ¥ = Z/a To obtain



BUNDLE GERBES FOR ORIENTIFOLD SIGMA MODELS 671

holonomy for unoriented surfaces, two changes in the above setup have to
be made [23]. First, the bundle gerbe G has to be equipped with a Jandl
structure, i.e., a twisted-equivariant structure with respect to an involution
k:M — M Second, the holonomy is taken for smooth maps qb Y — M,
which are equivariant in the sense that the diagram

§— M

0"/ ‘k

n——M
)

is commutative. This is just the stack-theoretic way to talk about a smooth
map ¥ — M /k without requiring that the quotient M /k be a smooth man-
ifold.

The pullback of the Jandl gerbe (G, J) along gZ; is a Jandl gerbe over the
surface 3, and hence trivializable. As discussed in Section 2.3, any choice
of a trivialization 7 : é*g — 1, defines a o-equivariant line bundle (R, &)
over 3 of curvature —(0*p+ p), which, in turn, descends to a line bundle R
over . To define the holonomy, we further need to choose a fundamental
domain F of ¥ in 3. This is a submanifold F' C ¥ with (possibly piecewise
smooth) boundary such that

FNo(F)COF and FUo(F)=%, (6.3)

see figure 1 for an example. In the case of a closed surface 3, it is a key obser-
vation that the involution o restricts to an orientation-preserving involution
on the boundary OF, so that the quotient F':= 0F /o is a closed oriented

(a) (b) ()

Figure 1: Panel (a) shows the Mdbius strip. Panel (b) is a Mobius strip (in
the middle layer) together with its oriented double. The latter is an ordinary
strip with a bright and a dark side. Panel (c) shows a fundamental domain.
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1D submanifold of ¥ [23]|. Then, the holonomy is defined by

Holg 7(¢, %) := exp (i/Fp> - Holp(F). (6.4)

This expression is invariant under changes of the trivialization 7 and of the
fundamental domain F' [23]. In the case when the surface ¥ is orientable, the
oriented double ¥ has two global sections s: ¥ — S intertwined by com-
position with the involution o. The choice F := s(X) with OF = () satisfies
Hong(q;, ) = Holg(¢ o s,%), where on the right side X is taken with the

orientation pulled back by s from .

Below, we introduce a simultaneous generalization of the formulee (6.4)
and (6.2) appropriate for unoriented surfaces with boundary. In addition to
the choice of a Jandl structure on the bundle gerbe G, the following new
structure will be required.

Definition 6.1. Let G be a bundle gerbe over M and let 7 be a Jandl struc-
ture on G with involution k: M — M. A (G,J)-brane is a submanifold
Q) C M such that k(Q) = Q, together with a (G, J)|g-module (&, pi).

We consider maps qg 3 —> M that satisfy the boundary condition
#(8%) C Q. As auxiliary data, we choose a trivialization 7 : ¢*G — 7,
and obtain the associated o-equivariant line bundle (]:2, o) over 3. The pull-
back of the Jandl module (&, py) along é to O3 yields a Jandl module for the
trivialized Jandl gerbe: as discussed in Section 5, it induces a vector bundle
E over 9%. A further auxiliary datum is, again, a fundamental domain F
of ¥ in 3. In order to account for the boundary, we need to choose a lift
(a closed 1D submanifold) [ C 8% of O%. It is easy to see that these lifts
always exist.

Remark 6.1. If the boundary 9 consists of several components, one can
choose a separate (G, J)-brane for each component £. It is easy to generalize
the subsequent discussion to this case.

We now define a 1D oriented closed submanifold F' that generalizes the
one used in the closed case. As a set, it is defined to be

F :=pr(dF \ 1), (6.5)

see figure 2. This space is equipped with the structure of an oriented 1D
piecewise smooth manifold as followsA. Let U C F' be a small open neighbour-
hood. If U N 9% = (), we have U = U /o with U := pr—}(U) C OF so that U
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Figure 2: On the left, the Md&bius strip with a fundamental domain as in
Figure 1, together with a lift £ of the boundary 9% (the thick line). On the
right, the associated 1D oriented submanifold F' of .

is 1D and oriented like in the situation for a closed surface. Otherwise, there
exists a unique continuous section s : U — 0F such that s(U) N { = . This
section induces the structure of a 1D and oriented manifold on U. It is easy
to see that the orientations coincide on intersections.

Definition 6.2. Let J be a Jandl structure on a bundle gerbe G over M, let
(Q,E&,p) be a (G,J)-brane and let ¢ : X — M be an equivariant smooth
map with ¢(9%) C Q. Given a trivialization

T:6G — Z,,

let R be the induced line bundle over ¥, and let E be the pullback vector
bundle over d3. Choose, furthermore a fundamental domain F' of ¥ in its
oriented double 3 and a lift ¢ of the boundary of ¥. Then, the holonomy
along q5 is defined as

Holg 7 ¢ (q&, ¥) := exp (i/Fp> -Holg(F) - tr (HOIE(E)) .

Obviously, the holonomy formulae (6.4) and (6.2) are reproduced for an
empty boundary or an oriented X, respectively. In particular, formula (6.1)
is reproduced for an oriented closed surface.

Theorem 6.1. Definition 6.2 depends neither on the choice of the trivial-
ization T nor on the choice of the fundamental domain F nor on the choice

of the lift /.

We give a complete proof of this theorem in the next section in terms of local
data. Before we switch to local data, let us elaborate on those properties of
the holonomy formula that can conveniently be discussed in the geometric
setting.
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For example, one can check that the holonomy of Definition 6.2 is indepen-
dent of the choice of the trivialization. If two trivializations 7 : ¢*G — 7,
and 7" : »*G — I, are present, we form the composition

T oT ! L, — I,.

The functor Bun induces a line bundle T := Bun(T’ o T~') over % of cur-
vature p’ — p. The holonomy of T' captures the difference that arises in the

first factor:
exp(i/ p’) :exp<i/ p) - exp (1/ p’—p)
F F F

—exp <i /F p> Holy (OF). (6.6)

Notice that Q :=o*T'®@T is a line bundle over 3 with a canonical o-equi-
variant structure given as the permutation of the two tensor factors. From
the definition of F, we find, for the holonomies of 7" and the descent line
bundle Q,

Holy (OF) = Holg(F) - Holp(f). (6.7)

Let R and R’ be the o-equivariant line bundles associated to the trivializa-
tions 7 and 7, respectively. We then obtain an isomorphism

R2QeR

of o-equivariant line bundles over fl; see the discussion after Definition 10 in
[26]. For the descent line bundles, this implies an isomorphism R = Q ® R/,
so that

Holg(F') - Holp/ (F') = Holg(F). (6.8)
Concerning the vector bundles F and E’, note that we have a 2-isomor-
phism
EoT toT oT ' 2E0T ™!,

which induces, via the functor Bun, an isomorphism E' @ T = E of vector
bundles over 03. This shows that

Hdﬂ@-m(HdE@D::n(HdE@». (6.9)
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Formulae (6.6)—(6.9) prove that the holonomy in Definition 6.2 does not
depend on the choice of the trivialization.

Another result on the holonomy is

Proposition 6.1. The holonomy for the unoriented surface ¥ determines a
square root of the holonomy for the oriented double,

<H01Q,J,s(q37 E)>2 = Holg ¢ (¢, %).

Proof. To see this, one chooses a fundamental domain F and a lift ? for
the first of the two factors on the left-hand side, and makes the choices
F':= o(F) and ¢ := o(f) for the second factor. The square on the left-hand
side consists, after reordering of the factors, of

() ) e o)

and Holgr(F) - Holg(F') = 1 (the latter identity follows from the fact that
the submanifolds F' and F’ are the same sets, but with opposite orienta-
tions), as well as of tr(Holg(f)) - tr(Holg(¢')) = tr(Holp(d%)). Altogether,
this reproduces the holonomy formula (6.2) for 3. O

Finally, let us discuss what happens to the holonomy when we pass to
equivalent background data.

Proposition 6.2. Suppose that (B,n;) : (G*, T — (G°, J?) is an equi-
variant 1-isomorphism between Jandl gerbes, that (£%,p%) and (E, p?) are
Jandl modules for (G*,J*) and (G° JY), respectively, and that v :
EVo B = &% is a 2-isomorphism. Then,

HOlga’jaﬁa ((Zg, E) = HOlgb}jb’gb ((}AS, E) (610)

for any smooth equivariant map ngS (Y — M.

Proof. We fix the choices of the fundamental domain F' and of the lift i
for both sides of (6.10). To compute the holonomy on the right-hand side,
we choose a trivialization 77 : é*gb — TZ,. It induces a trivialization 7% :=
T o B which we use to compute the left-hand side. Since 7¢ and 7° have the
same 2-form p, the first factor of the holonomy formula from Definition 6.2
is the same on both sides of (6.10).
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Associated to the trivialized Jandl gerbes ¢*(G%, 7%) and ¢*(G, J?), there
are o-equivariant line bundles over 3, as discussed in Section 2.3. By
Lemma 2.2, these line bundles are isomorphic as equivariant line bundles
and hence induce isomorphic line bundles R* and R’ over ¥. Isomorphic
line bundles have equal holonomies, therefore also the second factor of the
holonomy formula from Definition 6.2 coincides on both sides of (6.10).

Finally, we induce a 2-isomorphism

Ebo (TV) 1 —= b0 Bo (TP o B)~1 2% ga o (7)1,

whose image under the functor Bun yields an isomorphism E® — E® of
vector bundles over 9%.. Again, these vector bundles have equal holonomies,
so that also the third factor coincides on both sides. 0

Of course, it follows that equivalent Jandl modules have equal holonomies.
We remark, however, that the 2-isomorphism v in Proposition 6.2 does not
have to be equivariant. In other words, the holonomy from Definition 6.2
cannot distinguish all equivalence classes of Jandl modules.

6.2 Local-data counterpart

Here, we rewrite the holonomy for unoriented surfaces (with boundary) from
Definition 6.2 in terms of local data. Thus, let O = {O;};cr be an open cover
of M, with k(O;) = Oy, that permits to extract local data, namely the data
c = (Bj, Aij, giji) of the bundle gerbe G, the data b = (II;, x;;) and a = (f;)
of the Jandl structure [J (see Section 4.1), and the data 8 = (A;, Gj;) and
¢ = (H;) of the (G, J)|g-module (Q, &, p), see Section 5. The local data of
the bundle gerbe satisfy relations (4.1)—(4.3). For reader’s convenience, let
us recall the relations between the local data of the Jandl structure and those
of the gerbe module, specialized to the present case of the orientifold group
(Z3,id). Concerning the Jandl structure, these are (4.6) to (4.8), namely

—k*Bji — Bi = dll;,  —k*Agipy — Ay = 1 = TI; — ix;;'dx;;  and
K Giki k- 95t = Xaj* Xil - X1 (6.11)
as well as (4.9) to (4.11), namely

— K g +11; = ifi_ldfia k*Xl;‘lkj *Xij = fi_l - f; and
ot fit =1 (6.12)
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Concerning the gerbe module, these are (5.7),

—k* Ay = H7 ' A - Hy +iH; 'dH; - 11,
K*Grirg = H, '~ Gy - Hj-x;;' and 1= H; - k"Hy - f;. (6.13)

From the open cover 9 of M, an equivariant smooth map gz% D Y —V/{
induces an open cover of 3 with open sets V= (5*1(01-). Let T be a tri-
angulation of ¥ which is subordinate to this cover in the following sense.
The preimage of each triangular face t € T in 3 is supposed to have two
connected components, and we require that if ¢ is one of these components,
there exists an index i(f) € I such that ¢ C Vi(f)' The indices may be chosen
such that

i(o(t)) = ki(t).
For the edges e and the vertices v, we make similar choices of indices.

According to the prescription from Definition 6.2, we have to choose a
fundamental domain. As described in [23], this can be done by selecting one
of the two components of the preimage of each face t € T', to be denoted
by t. For a sufficiently well-behaved triangulation (e.g., one with trivalent
vertices),

Fe=J1 (6.14)

teT

is a smooth submanifold with piecewise smooth boundary, as required. The
subsequent discussion does not use this assumption. Next, we have to choose
a trivialization 7 : gZ;*g — 1,. With respect to the cover Vi, it has local
data 6 = (0, ;) with

(p,0,1) = ¢*c+ D10. (6.15)
Finally, we choose a lift ¢ of 93.

Equipped with these choices of F, 7 and 2, we start to translate the
formula of Definition 6.2 into the language of local data. The first factor is

F1 = exp (i/Fp> = exp (12 AP) = €xp (iZ/gqg*Bi(f) er@i(i)> ‘

teT 7't teT /'t
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th é .

t1 e
ta

t2

Figure 3: An orientation-reversing edge e between two faces t; and t5 in 3,
which are lifted to different sheets. The edge e itself is, here, lifted to the
same sheet as 7.

Here, the orientation on { is the one induced from 3. Using Stokes’ Theorem
and (6.15), we obtain

Fi= Hexp</¢*3 >Hexp</¢*A ()>

teT écot

* C(U 6) 76({]7é) - 0,e
H ¢ z(t )i(€)i () ) Ti(é)i(f’) (U) ' Tl(i)l("}

VEDE

m
A
nﬁ
3
N/
N/
—
>
S~—

Here, the edge é has the orientation induced from the boundary of £, and
€(0, €) = 1 is negative if, in this orientation, ¥ is the starting point of é, and
positive otherwise. We make two manipulations in this formula. First, the
very last factor can be dropped since every vertex in a fixed face ¢ appears
twice, each time with a different sign of €. Second, many edges é appear twice
and with different orientations, so that the corresponding integrals of ©;)
cancel. More precisely, the edges which appear only once can be of two types.
If e is a common edge of two faces t; and t9, we call e orientation-reversing
whenever #; and £ have no common edge (see figure 3), and we denote by
FE the set of orientation-reversing edges. For each orientation-reversing edge
e € E/, we choose a lift . The second type of edges that appear only once
are those on the boundary of ¥. We denote the set of these edges by B. Any
e € B belongs to a unique face ¢, and the lift ¢ determines a lift é such that
é € Ot. We can now write the above formula as

Fi= Hexp(/qb*B )Hexp</¢*A >H¢* E(”jew) ()

teT ecot bede

X H exp ( /@'L(e) + 0" Oki(e) > H Tite U*Tl;é;}}i')(ﬁ) (0)
ecE DEede

X Hexp( /@ > 6)(126))( ).

ecB DEDE
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The second factor Fy := Holg(F) is more complicated because the line
bundle R over ¥ whose holonomy we need is only given abstractly as a
descended g-equivariant line bundle (R, ) over 3. As described in [23], we
can compute its holonomy by integrating the local data of R along piecewise
lifts of F', and then use the local data of its equivariant structure ¢ at points
where the lift has a jump. According to the definition of R, its local data can
be determined from the one of the trivialization 7 and the Jandl structure
by the formula —6 + gis*b + ¢*0. Thus, the line bundle R has local connection
1-forms

= -0, + ¢'T; — " Oy,

on V;, and transition functions
R Rt Sy |
i =T O X O Tk

on V;nN ‘7] Its equivariant structure ¢ has local data f;. Mimicking the
definition (6.5) of F', we fix the subset B C B consisting of those edges e for
which € is not contained in the lift ¢ of 9. Note that F is simply covered by
the lifts é of edges in U B we chose before. As remarked above, these lifts
typically do not patch together, i.e., there exist vertices v € e; N ey between
pairs of edges ey, e € E U B such that €1Néy =0. In order to take care of
these, let us choose, for all vertices v, a lift ©. Then, the second factor is

Fo = H GXP( / i( e)> H 7/} e),(v) H qb 6(6 v) ). (6.16)

ecEUB bedE bede

Here, the sign in the exponent of the transition functions 1;; is due to our
conventions for the relation between connection 1-forms and transition func-
tions of a line bundle. Note that a vertex v contributes to the last factor of
(6.16) only if it belongs to the adjacent edges in E U B whose lifts do not
patch together.

As for the third factor, local data of the vector bundle E are provided
by the expression ¢*(3 — 6. For each edge e € B, we denote by é; the corre-

sponding lift such that é; C /. Then,

Fs:=1tr (HOIE(€)> =tr P Hexp (1/ @*Ai(éz) — @i(éé)>
€;

x TT & Grinsitn @ - iy ().
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where the symbol P indicates that the edges e have to be ordered according
to the orientation on ¢ (which is the one induced from 93). Since we take
the trace, it does not matter at which vertex one starts.

We may now compute the product Fi - F» - F3, which is, by construction,
the holonomy of Definition 6.2. We claim that all occurrences of ©; and 7;;
drop out: First of all, for each edge e € E, the contributions from F; and
Fo are

eXp( /92(6 + 0" O, e> exp< / -0 U*eki(é)>

—e(o, e) x_—€(0,8) N €(0,8) /A % _€(0,€) A
X l_g Tz e)z(v o Tkz(e) ki (D) (’U) z(e)z(v) (U) g Tkz(e) ki(0) ('l)),
vEDe

which is obviously equal to 1. For each edge e € B, we have contributions
from all three factors, namely

e (i f0u0) exp(/ O -0 o (1 | -ou )

—e(0,€) e(v é) [ x_€(0,6) A €;) a
X H i e)z(v 'L(e)z(v) (U) o Tkz(e) ki(0) (U) H Tz(el)ze(v) (U)

veae ’Ueaég

By the definition of B, we have é = o(é ;), with opposite orientations. Hence,
these contributions also cancel out. For the remaining edges e € B\ B, we
only have contributions from F; and F3, namely

exp <i / ®Z’(é)> zzee)(lz;) 0) - exp ( / QZ(GZ > T:((@z’;g(zj) O

VEDE Ueae

Here, we know that € = é;, so that these terms cancel out, too. Finally, we
end up with the following local holonomy formula:

Holg 7.¢(¢,% Hexp(/¢*B )Hexp</¢>*A (6)

teT éecot

< ] &0 @ T1 oo (i/é’*ﬂz‘(é)>

Hedeé ecEUB
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<[ owigido T oo

VEDE VEDE
x ] tr Pexp (i/é ) I1 ¢ Z(; )(5 (0). (6.17)
ecB € v€de;

Let us briefly review where the particular terms come from. The first line
pairs up the local data of the bundle gerbe with the triangulation of the
fundamental domain. The second line takes care of the orientation-reversing
edges. It pairs up the local data of the Jandl structure with lifts of these
edges, and compensates inconsistent lifts. The third line pairs up the local
data of the gerbe module with 0.

If the boundary is empty, B = (), then formula (6.17) reduces exactly to
the one given in [23] for the holonomy of closed unoriented surfaces written
in terms of local data. If the surface is oriented, we can make choices such
that £ = B = (), so that the formula reduces to the one given in [10] for
the holonomy of oriented surfaces with boundary. Finally, if the surface is
oriented and closed, only the first line survives and reduces to the formula
found in [1,9].

We remark that the local data € of the trivialization have vanished com-
pletely from the formula (6.17). This reflects the independence of Defini-
tion 6.2 of the choice of trivializations demonstrated in the previous sec-
tion. Similarly, Proposition 6.2 implies that (6.17) is independent of the
choice of local data of the bundle gerbe, the Jandl structure and the equi-
variant gerbe module. It is a good exercise to check this directly by show-
ing that the local holonomy formula (6.17) is independent of the choices of
the subordinated indices i, the lifts € and o, and that it remains unaltered
when passing to a finer triangulation or to cohomologically equivalent local
data. In order to complete the proof of Theorem 6.1, it is then enough to
show that the local expression (6.17) is independent of the choice of the
lifts ¢ of the faces of the triangulation T and of that of the lift ? of the
boundary /.

Let us first suppose that we replace a triangle ¢ by & differing from ()
by the orientation or, in short, i = —o(t). We write the first line of the local
holonomy formula (6.17) as

[[2®.

teT
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where H (%) is the contribution of the face ¢ with the choice £ of the lift. One
obtains after simple algebra employing relations (6.11):

=H(D)- [] 1(e) with

écot

@y =ow (i [ am ) - T diid) o)

vEDE

To compute the changes in the second line, let E; := 9t N (E U B) be the
set of those edges of ¢ that are either orientation-reversing or located on the
boundary. We may assume that the edges é chosen for them satisfy é € Of.
Under the replacement of £ by ¢, the set F; changes to the complementary
set of edges of t and we may assume that the edges &’ chosen for them satisfy
¢’ € 0. We have using relations (6.12):

1 @)= I1 1@ I ¢ f ), (6.18)

e€Ot\Ey ecOt\Ey VEDE

where é denotes the edge in { projecting to e C ¢t (with the orientation
induced from £) and where we have used the fact that, for e ¢ Ey, ¢ and
o(é) differ only by the orientation, i.e., ¢ = —o(¢é). Note that

I[Tze - I @ *'=1]]J 1
ecot e€Ot\Ey e€E:
which is a needed expression, a part of the original second line. The remain-
ing factors B
Il I&s™®
cCOt\E; DEDE

from (6.18) compensate the remaining changes in the second line. Indeed,
again with é € 9t and ¥’ = o (0),

1 II#r8%@ I1 ‘Hé*f,.;gf’é)(@)

ecOt\E; beoé e€Ot\Ey vedé
(v é) —¢(
= 10 - 11 o o O |
e€Ot\E; 1'ede e€COt\E; 0€dé

= II 11 é*fif;@’é)@)

ecOt\E; 1€0e

=1 [ ¢767 .

ecEy ©eoé
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where the last equality follows from the identity

H qu e(ve)

ecot 1eoe

We infer that the local holonomy formula does not change when £ is replaced
by f’.

Next, we want to analyze the effect of the change of the lift of £ from i
to ¢/ = —o(¢). Only the lines two and three of the local holonomy formula
(6.17) change in this case. In the third line L3, we find a change of the form

=Ly [] (e

eeB

Here we have used the relations (6.13) and the identities
tr(G) =tr(G™!) and tr (eix) =tr (eiA)

valid for G € U(n) and A € u(n). In the second line Lo, we find

= [ 1y ng)f”efu

e€B\B DEDE;

where é; C ? is taken with the orientation inherited from /. Multiplying both
lines together, we obtain

Ly-Ly=Ls- [T Iep~™" ] quffse’fi.
eeB ecB\B 0€0¢;

On the right-hand side, we may pass back from ¢é; to é; = —o(¢é;) using
(6.12): to obtain

[Lrep =T1e IT & h o)
ecB e€B ’f)GBéé/
and, for ¥’ = o (),

H H ¢fz(5)6‘), - H H o f 6((:’)6[/ (&)

e€B\B 9€0¢; e€B\B ©'€dey

T TT # s,

e€B ¥ Edee,
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where the last equality follows from the obvious identity

H H e(v e[, — 1

e€B i'coey

Upon performing all these transformations, we arrive at the formula:

Lé'LézLB'HI(GW H ¢ e(vew (0).

ecB DDy

Noting that €, = ¢ for e € B, we identify the right-hand side with L3 - Ls.
This ends the proof of the independence of the local expression (6.17) of the
lift /.

Thus, altogether, the local holonomy formula (6.17) is independent of
all the arbitrary choices made. Accordingly, also the geometric holonomy
formula from Definition 6.2 is manifestly associated only to the bundle gerbe,
its Jandl structure and its modules, and, of course to the equivariant map
qAﬁ : 3 — M. This proves Theorem 6.1.

7 Conclusions

We considered in this paper manifolds M equipped with a closed 3-form H
and an orientifold-group action. The latter is an action of a finite group
I’ on M such that, for v € I', one has v*H = ¢(v)H for a homomorphism
e:I' = {£1}. We introduced the notion of a (I, €)-equivariant (or twisted-
equivariant) structure on a gerbe G over M with curvature H. This notion
extends that of a so-called Jandl structure introduced in [23|, to which it
reduces for I' = {£1} and e(+1) = £1.

In the case of I'g = ker(e€) acting on M without fixed points, equivalence
classes of (I, €)-equivariant gerbes over M were shown to descend to equiva-
lence classes of gerbes over M’ = M /T, with (I, ¢’)-equivariant structures
for I/ =T /Ty and € induced from e. For 'y =T, this gives a way to con-
struct gerbes over M’ from gerbes over M, and for I'/Ty = Zs, it enables
to construct gerbes with Jandl structure over M’. Working with local data,
we showed that equivalence classes of (I, €)-equivariant gerbes can be iden-
tified with classes of the 2" hypercohomology group of a double complex
of chains on I" with values in the (real) Deligne complex in degree 2. This
identification permitted to study the obstructions to the existence of (T, ¢€)-
equivariant structures on a given gerbe G with curvature H. In the case of
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2-connected manifolds, the unique obstruction takes values in the cohomol-
ogy group H3(I',U(1).), where the coefficient group U(1) is taken with the
action (y,u) > u€™) of T. If this obstruction vanishes, equivalence classes
of (T, €)-equivariant structures on G are parameterized by cohomology classes
in H?(T',U(1).). This agrees with the purely local analysis of [14].

In [14], these results were applied to the case of gerbes G with curvature
H = % tr g~ 'dg*® over simple simply-connected compact Lie groups G, for
integer k. We considered there the orientifold groups I' = Zo X Z with Z a
subgroup of the center Z(G) of G acting on G by multiplication, and the non-
trivial element of Zy sending g € G to (Cg)~! for ¢ € Z(G). In that paper,
we also computed the classes [u] € H3(I',U(1).) obstructing the existence
of (T', €)-equivariant structures on the gerbes Gy and found the trivializing
chains v such that u = év whenever [u] vanishes. These data enter an explicit
construction of (I €)-equivariant structures on the gerbes Gy that will be
described in [13] in analogy to the construction of 12| for the orbifold group
I' = Z with trivial e. Such structures on G permit to construct orientifold
WZW models for closed surfaces.

With applications to the boundary field theories in view, we discussed
above twisted-equivariant gerbe modules, and their equivalence, as well as
the descent theory for them. These results will be used to construct bound-
ary orientifold WZW models. The construction, extending the one of [10]
for the orbifold case, is postponed to [13]. We also plan to compare in
[13] our geometric approach to WZW orientifolds to the algebraic ones
of [3,8].

The (T, €)-equivariant structures on gerbes and gerbe modules are used
to define the contribution of the H-flux to the Feynman amplitudes of the
orientifold sigma models. Such contributions describe the gerbe holonomy
along surfaces in M defined by classical fields, with contributions from gerbe
modules in the case of surfaces with boundary. We discussed above the
holonomy for surfaces in the particular case of Jandl structures in both
geometric and local terms, extending the discussion of [23] to the bound-
ary case. In [13], we shall relate the surface holonomy to the more stan-
dard loop-holonomy of connections on line and vector bundles with (T, €)-
equivariant structures over spaces of closed and open curves (“strings”) in
M. Such structures will be obtained from twisted-equivariant gerbes and
gerbe modules by transgression, see [11]| for the discussion of the orbifold
case. They play an important role in the geometric quantization of ori-
entifold sigma models where the equivariant sections of the bundles over
the spaces of curves represent quantum states of the theory. This is the
approach that we will adopt in [13] for the orientifolds of boundary WZW
models.
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