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Exploiting the notion of bundle gerbe due to Murray, Murray and Singer con-
structed a generalization of Dirac operators for possibly non-spin manifolds. We
shall provide an alternative proof for their index formula, and clarify the relation
between a generalized Dirac operators due to Mayer and their operators. Further-
more, we determine the twisted Chern character of some bundle gerbe modules.

Introduction

Murray and Singer introduced the Dirac operators associated with the spin
bundle gerbe modules, which are , roughly speaking, roots of complex vector
bundles, by the use of the spin bundle gerbes.

The purpose of this paper is to describe the index formula of the
Dirac operators associated with spin bundle gerbe modules from a different
point of view. Mayer introduced Mayer’s Dirac operator associated with
a G(2l,n,2)-structure o. We also relate their operators with the Mayer’s
Dirac operators and describe the twisted Chern character for some bundle
gerbe modules explicitly:

Theorem 0.1. Let o be a G(21, n, 2)-structure of X induced by a real vector
bundle E with Ws(TX & E) =0 and let I be the associated line bundle of
o. Then we have

[n/2]
ch™(W,) = 2[n/2l¢d/2 H cosh(z;/2),
i=1

where d = ¢1(F) and p(E) = [],(1 + 2?).
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1. Bundle gerbes
1.1. Bundle gerbes

We shall give an exposition of the bundle gerbes. We refer to Murray®.

Let X be a compact oriented smooth manifold and let 7 : Y — X be a
fiber bundle. Then we can consider the fiber product Y x, Y with itself.
For simplicity, we denote this by Y2

Definition 1.1. Let X and Y be as above and let L — Y2 be a hermitian
line bundle. A triple (X,Y, L) is said to be a bundle gerbe over X if L is
equipped with a product which is an isomorphism

Ly ) ® Liya,ys) = Liya,ys)  for every (y1,92), (y2,3) € Yl
and which is associative.

As line bundles have Euler classes, bundle gerbes have a kind of char-
acteristic classes:

Definition 1.2. Fix a good cover {U,} of X and local sections {s, :
Uy — P}. Then we obtain line bundles Log = (Sq,53)*L over Uyp. A
choice of sections zo3 € I'(Log) and the induced product gives a unique
{€apy : Uapy — U(1)} such that

Lap ® Lpy = Lay 5 Zap @ 2py 7 EapryZay-

Then {e,p+} gives a cohomology class [{eag,}] € H2(X;U(1)) = H*(X;Z)
and we denote this by dd(X,Y, L) and we call this the Dixmier-Douady
class for the bundle gerbe (X,Y, L).

Remark 1.1. The Dixmier-Douady class dd(X,Y, L) of (X,Y, L) does not
depend on the choice of open covering of X and local sections {s,} and

{#ap}

Example 1.1. Consider a principal SO(n)-bundle P and a central exten-
sion:

1 — Zy — Spin(n) & SO(n) — 1.
We define a Zo-bundle Q over P2l — X by
Q = { ((y1,32). @) € P& x Spin(n)| yip(a) = 2}

50 we obtain the complex line bundle I — P! associated with Q. Then the
triple (X, P, L) is a bundle gerbe over X and we call this the spin bundle
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gerbe of P. Especially every oriented closed n-dimensional manifold with
a Riemannian metric yields a SO(n)-frame bundle P of TX and hence a
spin bundle gerbe (X, P, L) of P. We simply call this the spin bundle gerbe
of X.

We note that the Dixmier-Douady class dd(X, P, L)of the spin bundle
gerbe (X, P, L) of X coincides with the third integral Stiefel-Whitney class
W5(X).

In the subsequent discussion we deal with only spin bundle gerbes.

1.2. Bundle gerbe modules and the twisted Chern character

We introduce the notion of bundle gerbe modules. This is introduced in

Bouwknegt, Carey, Mathai, Murray, and Stevenson®.

Definition 1.3. Let (X, P,L) be a spin bundle gerbe. Then a hermitian
vector bundle W over P is called a bundle gerbe module for (X, P, L) if it
is endowed with the multiplication of L:

L(y17y2) @ Wy, = Wy, for every (y17y2) € p

which satisfies the commutative diagram:

(L(y1>y2) ® L(yz,ys)) ® Wya - L(yl’ys) ® Wy3 - Wy1

L(yl,yz) ® (L(yz,ys) ® Wys) - L(yhyz) Wy, —— Wy,.

We denotes by Mod(X, P, L) the isomorphism classes of bundle gerbe mod-
ules for (X, P, L).

Spin(n) is naturally included in L. Hence Spin(n) acts on a bundle
gerbe module W. The action of Zy C Spin(n) on each fiber W, is mul-
tiplication by +1. Consider two bundle gerbe modules V' and W. Then
Spin(n) acts on V@ W and the action induces SO(n)-action. Moreover, it
gives rise to a complex vector bundle FE over X satisfying 7*FE =V @ W.
We denote this by (V & W)o.

Let (X, P, L) be the spin bundle gerbe for X. Then we have a canonical
flat connection V on L induced by Zs-bundle Q). V is a bundle gerbe
connection. That is, the product of L preserves the connection.

Definition 1.4. Let W — P be a bundle gerbe module for (X, P, L).
Then a hermitian connection V' on W is called a bundle gerbe module
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connection on W compatible with (X, P, L, V) if the multiplication
p: LeaiW = oW

preserves the connections, where LW (m3W resp.) is endowed with the
induced connection V@ 1+1@ VW (75VW resp. ). Here m; : Y2 — Y
denotes the i-th element forgetting map for ¢ = 1, 2. If there is no confusion,
we simply call V" a bundle gerbe module connection on W.

Let V' be a bundle gerbe module connection. Then we have
1omiF(VV) = pors F(VV)* o0 ™! for every k > 0.

So every invariant polynomial P defines P(F(V")) € Q%*(P) and (7} —
73)P(F(VY)) = 0. Therefore we obtain [n] € H**(X) such that 7*n =
P(F(VWY)). The cohomology class [n] does not depend on a choice of bundle
gerbe module connections VW. Especially tr is invariant polynomial and
there is unique [n;] € H**(X) such that

ol = e (2 5 )

Definition 1.5. Analogously to Chern character of complex vector bun-
dles, we define the twisted Chern character ch” (W) of a bundle gerbe mod-
ule W by

ch™(W) = [no] + [m] + -+ [m] +--- € H*(X;R).

2. Dirac operators associated with bundle gerbe modules

Let X be a 2{-dimensional smooth oriented closed manifold and let (X, P, L)
be the lifting bundle gerbe of X. In this section we shall introduce the Dirac
operator associated with a bundle gerbe module for a probably non-spin
manifold.

Definition 2.1. Let (X, P, L) be as above. Then we define S(P) as
S(P) = P x Sy, where Sy; denotes the spinor space of R?.

It is easy to see that S(P) — P is a bundle gerbe module for (X, P, L), and
we call S(P) the spinor bundle gerbe module of P.

Endowed with some Riemannian metric g, X has the Levi-Civita con-
nection VE€ on TX. The connection VZC induces a connection 1-form
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w € QY (P;s0(2l)) on P. Here we note that there is the natural iso-
morphism ¢, : spin(2]) =N $0(20) induced by ¢ : Spin(2l) — SO(21).
The spinor representation p : Spin(2l) — Aut(Sy) gives rise to p. :
spin(2l) — Endy(Sg). The composition p. o o7t : s0(20) — Endy(Sy)
defines @ € QY(P; End;S(P)) by @ = p. 0 ¢, (w). We define a canonical
connection V on S(P) by V = d + &.

We can easily show that V is a bundle gerbe module connection on
S(P).

Next, we shall define Clifford multiplication ¢ on P. The connection
1-form w € Q'(P; End_(S(P))) induces

TP — n*T*X.
Moreover,
P x Rgl X SQl — P x SQl 5 (y71},§) = (y,vﬁ)

defines ¢ : 7*TX — End_(S(P)) since P x go(2y R? is isomorphic to T'X.
So we have

¢:T*P — m*T*X = m*TX S End(SE(P), ST (P)).

We have prepared some notions so far. Now we define the Dirac operator
Dw associated with a bundle gerbe module W.

Choose and fix a bundle gerbe module W for (X, P, L) and an arbitrary
bundle gerbe module connection V4 compatible with (X, P, L, VX). Then
we obtain [y, 4 as the composition:

Dwa=(C®Id)o(Valtle V.

We have to note that [y, 4 is a first order non-elliptic differential oper-
ator from ST (P)®@W to S~ (P)®W over P because the symbol o(Py. 4) van-
ishes in direction of the fiber of P. However, Dy 4 is Spin(2l)-equivariant
operator and it gives rise to an elliptic operator

Dwoa T (X, (ST(P)@W)o) — T (X, (S™(P) @ W)o)

over X. We call this the Dirac operator associated with a bundle gerbe
module W. The next theorem is due to Murray and Singer®:

Theorem 2.1.

Index (Dy.a) = /X A(X)ch™ (W)
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They proved this theorem by the use of the method of Getzler, Berline and
Vergne?. Here we prove in an alternative way.

Proof. The property of the twisted Chern character implies
ch((ST ® W)g) = ch™ (SF)ch™ (W). (1)
Atiyah-Singer index theorem! says:

Tndex(Py.a) = (—1)' PLETE W)o = (i(X@; W)o) d(TX ©C)

(Hé:l emi/? — e_zim) d T; — €T
K2 K2 hT X
Hl—e*””il—efic W)[X]

=1

= (-1

= A(X)ch™ (W)[X].

The second equality is derived from (1) and the next theorem. |

The next theorem is essential.

Theorem 2.2. For every SO(2l)-bundle P — X, we have the spinor bun-
dle gerbe module S* (P), which is a bundle gerbe module for (X, P,L). Then
we have

l

ch™(ST(P) -S™(P)) = H (ea”/2 - e_“/Q) ,

i=1

where the associated rank m vector bundle E = P xso(m)Rm virtually splits
into I complex line bundles L1 ® --- ® L; and we put ¢1(L;) = x; for every
1.

Proof. Consider a vector bundle E' = P X 502 R? — X. Then we have
E=L®---L; virtually. Since ws(E @ E) = 0, we have a complex vector
bundle S(E @ E) over X, and

SHESE)-S(EaE)=Q) (ST(Li ® L) —S™(L; & Ly))

1

l
i=

Easy calculation gives us the explicit description of Chern character:

ch (ST(Li @ Li) =ST(Li @ Ly)) =™ +e™™ —2fori=1,....1,
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where x; = ¢1(L;). So we have

ch(SHE®E)-S (E®E)) =[] (e" +e ™ —2)
z:ll ,
(H ©i/2 _ a:i/2)> '
i=1

On the other hand,
ch™ (ST (Pg) —S™(Pg))? = ch(SY(E® E) - S (E @ E)).

By considering the universal bundle ESO(2l) — BSO(2l) and the spin
bundle gerbe (BSO(21), ESO(21), L) of ESO(2l), we obtain

ch™ (ST (ESO(2D)) — S~ (ESO(21)) j:H(’”/Q —W) 2)

since the ring H*(BSO(2]); R) has no zero divisor. So far, the equation
holds up to signature. For every SO(2l)-bundle P — X, there exists f :
X — BSO(2l) satisfying f*ESO(2l) = P, and S*(P ”) comes from bundle
gerbe module ST (ESO(21)) for (BSO(2l), ESO(2l), L). Strictly speaking,

S*(P) = [ (S*(BESO(21)),

where f : P — ESO(2l) is a bundle map covering f : X — BSO(2l).
Twisted Chern character has the naturality. Hence the equation (2) is
valid for every SO(2l)-bundle P — X.

Since the signature is universally determined, we can see which is correct
by a non-trivial example. For a SO(2[)-bundle which admits spin structure,
the signature is positive. Hence we can determine the signature in (2). O

We shall mention spin€ structures in the view point of bundle gerbe. A
spin€ structure is the unit vector bundle of a bundle gerbe module G with
rank 1. Then ch”(G) = %2, where we set d = ¢1((G®?)g). Especially a
spin structure is one associated with a Zs-bundle over P and (G®?), = C.
Therefore ch™ (G) = 1.

Mayer* defined the Dirac operator associated with some principal bun-
dle. First, we recall the construction. Consider

SO(m) x SO(n) x SO(2) € SO(m +n + 2)

and A : Spin(m 4+ n +2) — SO(m + n + 2). Then we can identify
“1(SO(m) x SO(n) x SO(2)) with (Spin(m) x Spin(n) x Spin(2))/Zs®Zs,
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where Zy @ Zs is generated by {(—1,—1,+1), (+1, -1, —1)}. We denote this
by G(m,n,2).

Definition 2.2. Let {gos} € C?(X,SO(m)) denote the Cech cocycle defin-
ing the frame bundle P of TX. Then {[Gas, has, Zas]} € C*(X, G(m,n,2))
is called a G(m,n,2)-structure if

)‘(/g\aﬁ) = Gap and 6{@\&67/};&,@72&B]} =1

We have the complex spinor representation p° : G(2l,n,2) — Aut(Sy ®
S,). Given a G(21, n,2)-structure o = {[’g\ag,ﬁag, Zap)} over 2l-dimensional
manifold X, we obtain a spinor bundle S, associated with it and the Dirac
operator I, : T(S}) — T'(S, ). We call this Mayer’s Dirac operator.

If a real vector bundle E — X with rank n satisfies W3(TX @ F) =
0, then we have a G(2l,n,2)-structure o = {[@\ag,fzag,?ag}} such that
{)\(?Lag)} defines F and {A(Z,3)} defines a complex line bundle F' which
satisfies wo(TX) 4+ we(E) = wa(F). Mayer proved:

Theorem 2.3. Let X, E, and F be as above. Then we have

Index]), — 20/2 / 2 A(X) [] cosh(zi/2),
X i=1

where d = ¢1(F) and p(E) = [[,(1 + 23).

Here we shall introduce twisted unitary structure of X. We define U" (n)
as U™ (n) = Spin(2l) x41U(n). Then U(n) — U™ (n) is a normal subgroup.
The twisted unitary structures U™ (n)(X) of X are defined by

U'(n)(X) = {15 — X : U™ (n)-bundle | P/U(n) is isomorphic to P} .

Theorem 2.4. We obtain the isomorphism

UT(n)(X) = Mod,,(X,P,L) ; P+ P Xy C" = Ws.

Proof. For every W € Mod,, (X, P, L) a U(n)-bundle Py, which consists
of unitary frames of W, defines a twisted unitary structure. This is the
inverse. O

The homomorphism Spin(n) xz, Spin(2) — U (2!"/?]) defines a homo-
morphism G(m,n,2) — U7 (2(*/2). Then we obtain
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Theorem 2.5. Every G(2l,n,2)-structure o gives rise to a bundle gerbe
module W,. Moreover Index(1),) = Index(yw, ) for Mayer’s Dirac operator
D,.

Let o be a G(21,n,2)-structure over X. We denote the associated real
vector bundle by E and the associated complex line bundle by F. Then
we have a spin bundle gerbe (X, Pg, Lg) of E, and a bundle gerbe module
S(Pg) for (X, Pg,Lg), where Pg denotes the SO(n)-frame bundle of E.
Like as the proof of Theorem2.2, we have

[n/2)
" (5(Pp)) = [] (e”“/z + e*Ii/z) = 20/ ] cosh(x,/2),

i=1

where p(E) = [[;(1422). We have to remark that S(Pg) is a bundle gerbe
module not for (X, P, L) but for (X, Pg, Lg).

We shall consider another spin bundle gerbe (X, P X, Pg, L® Lg). It is
easy to see there is a bundle gerbe module G for this with rank 1 satisfying
(G®?)g = F since W3(TX)+ W3(E) = 0. Then G induces an isomorphism
G® : Mod(X, Pg,Lg) — Mod(X,P,L). We will prove that G® maps
S(Pg) to the bundle gerbe module W, for (X, P, L) and that

ch™ (W) = e¥/2ch™ (S(E)) = 2["/2led/? Hcosh(:ci/Z).

Consider the next diagram:

L Tl @TylE Lg

L

P[Q] £ P[2] % 7TPI[E‘2] L P[E2]

T

p<~—""_p % Pp L>PE.
It is easy to see TG @ T5G* 2T L @ T Le. We define Qy and Q. by

Qy = {((ylay2)7 (21,22)) € p X P][;Z]‘:lﬂ = yz},

Q- = {((m,12), (21,22)) € PPy PRI 21 = 2}
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Then, 7G ® m5G* is isomorphic to Ty Lg over @, and to 7L over Q..
We obtain the isomorphisms:
75 (G @ mES(Pr)) = 75 (Q) @ npnpS(Pr) = 715G Q TpmsS(PE)
=mGOTE(Le x 71S(Pr))
=mGRTyLE ® 1{1ES(Pr)
=GR mimES(Pg) = 71 (G @ mS(Pg)) over @y

3)

and
T'LRm(GRrRS(Pg)) =7T"L G QninES(Pg)
= (T Le7gLle) @ 11G @ ninLS(PE)
=G @ mynES(Pr)
=75(FE @ m5S(Pg)) over Q..

(4)

The isomorphism (3) implies that there is a hermitian vector bundle
W' over P such that npW' is isomorphic to G @ 75S(Pg), and (4) says
that W’ is a bundle gerbe module for (X, P, L). It is easy to see that W’
is isomorphic to W, by the construction.

Moreover, these are isomorphisms with connections. Therefore, V& ®
75 VEPE) induces a bundle gerbe module connection VW= on W, such that
5 VWe = VE @ 75 VS(E) " and

¢h™(W,) = ch™(G)ch” (S(Pg)) = e¥/2ch™ (S(Pg)).

So we have proved Theorem.0.1.
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