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Torus Fibrations and Localization of Index 1

— Polarization and Acyclic Fibrations

By Hajime FuJita, Mikio FURUTA* and Takahiko YosHIDAT

Abstract. We define a local Riemann-Roch number for an open
symplectic manifold when a completely integrable system without
Bohr-Sommerfeld fiber is provided on its end. In particular when a
structure of a singular Lagrangian fibration is given on a closed sym-
plectic manifold, its Riemann-Roch number is described as the sum of
the number of nonsingular Bohr-Sommerfeld fibers and a contribution
of the singular fibers. A key step of the proof is formally explained as
a version of Witten’s deformation applied to a Hilbert bundle.

1. Introduction

The purpose of this paper is to give a localization technique for the index
of spin® Dirac operator. Our localization makes use of no group action, but
a family of acyclic flat connections on tori. A typical example is given by a
symplectic manifold with an integrable system.

For a completely integrable system on a closed symplectic manifold,
the Riemann-Roch number is sometimes equal to the number of Bohr-
Sommerfeld fibers. For Kéhler case D. Borthwick, T. Paul and A. Uribe
gave a relationship between Bohr-Sommerfeld Lagrangians and the kernels
of twisted spin® Dirac operators using Fourier integral operators [2]. A
problem here would be how to count singular Bohr-Sommerfeld fibers, and
how to count the contribution from other singular fibers if there are. M. D.
Hamilton and E. Miranda dealt with the singular Bohr-Sommerfeld fibers
using J. Sniatycki’s framework and found a discrepancy between quantiza-
tions via real and complex polarizations under this framework [10, 11].
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When an integrable system is associated to a Hamiltonian group action,
the geometric quantization conjecture of V. Guillemin and S. Sternberg is a
localization property of the Riemann-Roch character. H. Duistermaat, V.
Guillemin, E. Meinrenken and S. Wu gave a proof of the conjecture for torus
actions using the geometric localization provided by E. Lerman’s symplectic
cuts [3] [12]. Y. Tian and W. Zhang gave a proof using a direct analytic
localization with perturbation of the Dirac operator [14].

In this paper we give a localization property of the Riemann-Roch num-
bers for a completely integrable system possibly with singular fibers. We
define multiplicities for Bohr-Sommerfeld fibers and singular fibers so that
the total sum of the multiplicities for all the fibers is exactly equal to the
Riemann-Roch number. Our method is flexible and allows various general-
izations. In this paper, however, we explain only the simplest case. In our
subsequent papers we will explain some of the generalizations and, as an
application, an approach to the conjecture of the Guillemin and Sternberg
for Hamiltonian torus actions [4, 5].

Our idea is simple. Let M be a 2n-dimensional closed symplectic man-
ifold with a prequantizing line bundle L. Suppose X is an n-dimensional
affine space, and 7 : M — X a completely integrable system. The symplec-
tic structure w gives rise to an element [D ® L] of the K-homology group
Ko(M), where D is the Dolbeault operator for an almost complex structure
compatible with w. The projection 7 gives an element of Ky(X) defined to
be the pushforward m.[D ® L]. The Riemann-Roch number is calculated as
the further pushforward of 7.[D ® L] with respect to the map from X to a
point.

If we have a formulation of K-homology group in terms of some geo-
metric data, and if a geometric representative of m,[D ® L] has a localized
support, then the Riemann-Roch number can be calculated by the data on
the support.

In fact it is possible to realize this idea rigorously if we use a formulation
of K-homology in terms of some notion of generalized vector bundle with
Clifford module bundle action, which is developed in [7], [9]!. In this short
paper, however, we explain only the localization property without appealing

1Strictly speaking what we actually need here is the notion of a K-cohomology cocycle
with local coefficient which is defined using some action of a Clifford algebra bundle. For
a manifold if the Clifford algebra bundle is the one generated by its tangent space, the
twisted K-cohomology group is identified with its K-homology through a duality.
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to the framework of [7] at the expense of giving up identifying m.[D ® L] in
terms of geometric data.
Some key points of our arguments are:

1. The restriction of the Dolbeault operator, or the spin® Dirac operator,
to a Lagrangian submanifold is equal to its de Rham operator at least
on the level of principal symbol.

2. A flat line bundle over a torus is trivial if and only if the corresponding
twisted de Rham complex is not acyclic.

3. The localization we use is closely related to adiabatic limit.

4. The Laplacian corresponding to the de Rham operator along La-
grangian fibers plays the role of the potential term of the Dirac-type
operator on the base manifold.

5. Since the Laplacian is a second-order elliptic differential operator,
when it is strictly positive, it can absorb the effect of first-order term.

The last property makes our construction rather flexible.

The organization of this paper is as follows. In Sections 2, 3 and 4, we
give localization properties for symplectic setting, topological setting, and
analytical setting respectively. The latter is a generalization of the former
for each stage. In Section 5 we prove the localization. In Section 6 we give
examples for 2-dimensional topological case. Finally in Section 7 we give
comments for possible generalizations.

2. Symplectic Formulation

Let M be a 2n-dimensional closed symplectic manifold with a symplectic
form w. Suppose L is a complex Hermitian line bundle over M with Hermi-
tian connection V satisfying that the curvature of V is equal to —2m/—1w.
M has an almost complex structure compatible with w, and we can de-
fine the Riemann-Roch number RR(M, L) as the index of the Dolbeault
operator with coefficients in L.

Let X be an n-dimensional affine space, and 7w : M — X a completely
integrable system. Then generic fibers of 7 are empty or disjoint unions of
finitely many n-dimensional tori with canonical affine structures.
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DEFINITION 2.1. 2 € X is L-acyclic if x is a regular value of m and L
does not have any non-vanishing parallel section over the fiber at z.

The main purpose of this paper is to show that RR(M, L) is localized
at non L-acyclic points. More precisely

THEOREM 2.2. Suppose X = Ux U (U, U;) is an open covering satis-
fying the following properties.

1. {U;}7* are mutually disjoint.
2. Us consists of L-acyclic points.

Let V; = 7Y (U;). Then for each i = 1,...,m there exists an integer
RR(V;, L), which depends only on the data restricted on V;, such that

RR(M,L) = i RR(V;, L).
=1

Here the integer RR(V;, L) is invariant under continuous deformations of
the data.

REMARK 2.3. The theorem asserts that the Riemann-Roch number

RR(M, L) is localized at non-singular Bohr-Sommerfeld fibers and singular
fibers.

REMARK 2.4. While the Riemann-Roch number RR(M, L) for the
closed symplectic manifold M depends only on the symplectic structure
w, the localized Riemann-Roch number RR(V;, L) depends on the restric-
tions of w,m, V as well, though we omit this dependence in the notation if
there is no confusion.

REMARK 2.5. In fact Theorem 2.2 holds for a Lagrangian fibration
possibly with singular fibers.

In the next section we reduce the above localization theorem to a slightly
more general localization (Theorem 3.3) formulated purely topologically.
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3. Topological Formulation

In this section let M be a 2n-dimensional closed spin® manifold,? and E
a complex Hermitian vector bundle over M. We define the Riemann-Roch
number RR(M, E) as the index of the spin® Dirac operator with coefficients
in £.3 Let V be an open subset of M.

DEFINITION 3.1. A real polarization on V is the data (U, r, ¢, J) sat-
isfying the following properties.

1. U is an n-dimensional smooth manifold.

2. m:V — U is a fiber bundle whose fibers are disjoint unions of finitely
many n-dimensional tori with affine structures.

3. ¢ : T IEperV — TU is an isomorphism between two real vector bun-
dles, where 7, Tgper V' is the vector bundle on U consisting of parallel
sections of the tangent bundle of the fiber 7~!(x) for each z € U.

4. J is an almost complex structure on V which is a reduction of the
given spin®-structure.

5. The composition of J : TiperV — TV and m, : TV — TU is equal to
the map induced from ¢.

Suppose that V' C M has a real polarization (U, w, ¢, J) such that the
restriction E|y has a unitary connection V along fibers for the bundle struc-
ture m: V — U.

DEFINITION 3.2. (E,V) is acyclic if the restriction (£, V)| -1, is a
flat vector bundle and the twisted de Rham cohomology group H* (7w~ !(x),
(E,V)|z=1(z)) is zero for every x € U.

THEOREM 3.3. Let M be a closed spin® manifold and E a complex
Hermitian vector bundle over M. Suppose M = Voo U (U2, V;) is an open
covering satisfying the following properties.

2In this paper we take a convention of spin® structures which do not need any Rie-
mannian metrics. See Appendix A for the convention.

3Precisely, in order to define the spin® Dirac operator with coefficients in F we need
a unitary connection on E. But it is well-known that RR(M, E) itself does not depend
on the choice of connections. So we do not mention it here.
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1. {Vi}i", are mutually disjoint.
2. Vo has a real polarization (U, 7, ¢, J).

3. Elv.,, has a unitary connection ¥V along fibers for the bundle structure
m: Ve —U.

4. (Elv,,,V) is acyclic.

Then for eachi =1,... ,m there exists an integer RR(V;, E), which depends
only on the data restricted on V;, such that

RR(M,E) = Em: RR(V;, E).
=1

Here the integer RR(V;, E) is invariant under continuous deformations of
the data.

PrROOF OF THEOREM 2.2 ASSUMING THEOREM 3.3. Note that the
symplectic structure gives an isomorphism 7% Uy =2 mThper Voo- Fix a Rie-
mannian metric on TU., so that we have an isomorphism TU,, = T*Uy.
Define ¢ by using these two. By fixing a Lagrangian splitting TV, =
ThberVoo @ ™ TU, ¢ induces an almost complex structure, which deter-
mines the spin® structure. We take E to be L. Then the rest would be
obvious. [J

In the next section we further reduce Theorem 3.3 to more general lo-
calization for some Dirac-type operator (Theorem 4.5).

4. Analytical Formulation

In this section let M be a closed Riemannian manifold. We denote
by Cl(TM) the Clifford algebra bundle over M generated by T'M. Let
W = WY@ W! be a Z/2Z-graded complex Hermitian vector bundle over
M with a structure of CI(T'M)-module such that for each vector v in T'M,
the action of v is skew-Hermitian and of degree-one.

We use the following definition of Dirac-type operator.

DEFINITION 4.1. A first order differential operator D : T'(W) — I'(W)
is a Dirac-type operator on W if D is a degree-one formally self-adjoint
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operator with smooth coefficient whose symbol is given by the Clifford action
on W.

Dirac-type operators on W are not unique, but their indices are equal.

DEFINITION 4.2. We denote by Ind (M, W) the index of a Dirac-type
operator on W.

Let V be an open subset of M.

DEFINITION 4.3. A generalized real polarization on V' is the data (U, 7,
Dgper) satisfying the following properties.

1. U is a Riemannian manifold.
2. w:V — U is a fiber bundle with fiber a closed manifold.

3. Let TV = ThperV D Tff-berV be the orthogonal decomposition with
respect to the Riemannian metric on V. Then the projection gives an
isometric isomorphism Tfﬁmv = a*TU.

4. Dgper : T(Wly) — T'(W]y) is a family of Dirac-type operators along
fibers anti-commuting with the Clifford action of T'U in the following
sense.

(a) Dgper is an order-one, formally self-adjoint differential operator
of degree-one.

(b) Dfper contains only the derivatives along fibers, i.e, Dgper com-
mutes with multiplication of the pullback of smooth functions on

U.

(¢) The principal symbol of Dgype, is given by the Clifford action of
Tﬁberv~

(d) The Clifford action of TU on Wy anti-commutes with Dgpey.
Here the Clifford action of TU on Wy is defined through the
horizontal lift 7*TU = TﬁLberV C TV, where the first isomor-
phism is the one given in 3 above.
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DEFINITION 4.4. A generalized real polarization (U, 7, Dpey) on V is
acyclic if for each x € U, the restriction of Dgper to I'(W|z-1(,)) has zero
kernel.

THEOREM 4.5. Let M be a closed Riemannian manifold and W =
WO W a CU(TM)-module bundle as above. Suppose M = Voo U (U™, V;)
18 an open covering satisfying the following properties.

1. {Vi}ir, are mutually disjoint.
2. Vo has an acyclic generalized real polarization (U, w, Dgper)-

Then for each i = 1,... ,m there exists an integer Ind (V;, W), which de-
pends only on the data restricted on V;, such that

m
Ind (M, W) =) Ind (V;, W)
i=1

Here the integer Ind (V;, W) is invariant under continuous deformations of
the data.

The proof of Theorem 3.3 follows from the next obvious lemma.

LEMMA 4.6. LetT be an n-dimensional torus with an affine structure.
Let X be the n-dimensional vector space of parallel vector fields. For any
FEuclidean metric on X, T has an induced flat Riemannian metric. Then
each element of the dual space X* gives a harmonic 1-form.

PrROOF OF THEOREM 3.3 ASSUMING THEOREM 4.5. Fix a Rieman-
nian metric on U. Combining it with the flat metric associated with the
affine structures on fibers of V., via the almost complex structure .J, we
define a Riemannian metric on V, and extend it to M. Take W to be the
tensor product of the spinor bundle of the spin® manifold M and E. Then we
define the family of Dirac-type operators along fibers acting on I'(W|y.)
by Dfper := dE fiver + A5 fpers Where dp fpner is the exterior derivative on
fibers twisted by the unit7ary connection V on F and d7 4., is its formal
adjoint. The above lemma implies the anti—commutativiéy between Dgper
and the Clifford action of TU. The acyclic condition for (E, V) implies the
acyclicity for (U, m, Dgper). O
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5. Local Index

Let M be a Riemannian manifold and W = W@ W' a C1(T M )-module
bundle. Suppose V is an open subset of M with an acyclic generalized real
polarization (U, 7, Dgper) such that M ~\ V is compact. We will define the
local index Ind (M, V, W) (or Ind (V, W) for short) and show deformation
invariance and an excision property. The local index depends on the acyclic
generalized real polarization on V' though we omit it in the notation for
simplicity.

REMARK 5.1. When 7 : V — U is a diffeomorphism, Dgper is a degree-
one self-adjoint homomorphism on Wy anti-commuting with the Clifford
multiplication of T'V. In this special case the definition of Ind (V, W) is al-
ready given in [6, Chapter 3]. (See Definition 3.14 for the setting, Definition
3.21 for the definition in the case of cylindrical end, Theorem 3.20 for defor-
mation invariance, Theorem 3.29 for the excision property, and Section 3.3
for the definition for general case.) We will generalize the argument there.

5.1. Vanishing lemmas
We will show the following lemma later.

LEMMA 5.2. Suppose M is closed and M =V has an acyclic gener-
alized real polarization. Take any Dirac-type operator D on W and write
D = ]_~7U 4+ Dgper for some operator ]_~)U. For a real number t, put Dy =
BU + tDgper. Then for any large t > 0, Ker Dy = 0.

We also need a slightly generalized version, which is shown later.

LEMMA 5.3. Suppose M =V and M has a cylindrical end with trans-
lationally invariant acyclic generalized real polarization on it. Take any
Dirac-type operator D on W with translationally invariance on the end,
and write D = ]-7U + Dgper for some operator 5U' For a real number t, put
D; = Dy + tDgper. Then for any large t > 0, Ker D; N { L?-sections} = 0.

Admitting these lemmas we first give the definition and properties of
the local index.
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5.2. Cylindrical end
We first give the definition for the special case that M has a cylindrical
end and every data is translationally invariant on the end.

LEMMA 5.4. Suppose M has a cylindrical end V.= N x (0,00) with
translationally invariant acyclic generalized real polarization on it. Let p be
a non-negative smooth cut-off function on M satisfying p =1 on N x [1, 00)
and p=0on M V. Fort > 1, put p; := 1+ tp. Take any Dirac-type
operator D on W with translationally invariance on the end, and write D =
BU + Dgper for some operator ﬁU on the end. Put D; = l~7U ~+pt Daper on the
end and Dy = D on M~V . Then for any large t > 0, Ker D;N{L?-sections}
1s finite dimensional. Moreover its super-dimension is independent of large
t and any other continuous deformations of data.

PROOF. The restriction of D; to N x [1, 00) is of the form (0, + Dy +)
where « is the Clifford multiplication of 0, and Dy is a formally self-adjoint
operator on N depending on the parameter t. We show that Ker Dy ; = 0
for large t. It is technically convenient to introduce a Dirac-type operator
Dpyygry on N x St as follows: Dy g1 is written as the same expression
a(8; + Dy ) where we use the identification S* = R/Z. Since N x S! is
a closed manifold, we can apply Lemma 5.2 to obtain Ker Dy, g1, = 0 for
large ¢, which implies our claim Ker Dy ; = 0 for large ¢.

When Dy ; does not have zero as an eigenvalue, any L?-solution f for
the equation D, f = 0 on M is exponentially decreasing on the end. Then
it is well-known that the space of L?-solutions is finite dimensional, and its
super-dimension is deformation invariant as far as Ker Dy; = 0. O

The super-dimension of the space of L2-solutions is equal to the index
of D¢y~ for the Atiyah-Patodi-Singer boundary condition. We use this
index as the definition of our local index for the case of cylindrical end.

DEFINITION 5.5. Under the assumption of Lemma 5.4, Ind (M, V, W)
is defined to be the super-dimension of Ker D; N { L?-sections}.

The following sum formula follows from a standard argument.

LEMMA 5.6. Suppose (M,V = N x (0,00),W) and (M',V' = N’ x
(0,00), W') satisfy the assumption of Lemma 5.4. Let Ny and N be a
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connected component of N and N’ respectively. Suppose Ny is isometric
to N|) via ¢ : Ny — N{, and for some R > 0 the map ¢ : Ny x (0,R) —
N} x (0, R) given by (z,7) — (é(x), R —r) can be lifted to the isomorphism
between the acyclic generalized real polarizations on them. Then we can glue
M~ (Ny x [R,0)) and M’ ~. (N} x [R,00)) to obtain a new manifold M
with cylindrical end V = N x (0,00) for N = (N ~ No) U (N’ ~ N}), and
we also have a Clifford module bundle W obtained by gluing W and W' on
No x (0,R) =2 N|, x (0, R). Then we have

Ind (M,V,W) = Ind (M, V,W) + Ind (M', V', W").

PROOF. A proof is given by the APS formula of the indices. An alter-
native direct argument is to apply the excision property [6, Theorem 5.40]. O

5.3. General case

Now we would like to define the local index for general case.

Let V be an open subset of M with an acyclic generalized real po-
larization (U, Wy, m, Dgper) such that M ~ V is compact. We can take
a codimension-one closed submanifold Ny of U such that N = 7~ 1(Ny)
divides M into compact part and non-compact part: For instance, let
f: M — [0,00) be the distance from M \ V and define g : U — [0, 00)
to be the maximal value of f on the fiber of m. Take a small real number
r > 0 such that f~1([0,7]) is a compact subset of M. Let h: U — [0, 00) be
a smooth functions on U satisfying |h(x) — g(x)| < r/2 for x € U. Take a
regular value rq of h satisfying 0 < ro < /2. Then Ny = h~'(r) satisfies
the required property.

Let K be the compact part of M~ IN. Note that a neighborhood Vi of N
in V is diffeomorphic to NV x (—¢, €). Then we can construct the Riemannian
metric and the translationally invariant acyclic generalized real polarization
on (M', V'), where M" := KU(N x[0,00)) and V' := (KNV)U(N x [0, 00)).
For instance, let ¢ : M’ — M be a smooth map which is the identity
on the complement of N x (—e¢,00) and is given by (z,7) — (x,5(r)) on
N x (—¢,00) for a smooth function g satisfying 5(r) = r for —e < r <
—(2/3)e, and B(r) = 0 for r > (1/3)e. Define a bundle endmorphism
¢ : TM' — TM covering ¢ as follows. On the complement of N x (—€,00),

¢ is the identity. On T(N x (—€,00)) = TN x T(—¢,0), define ¢ by
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((x,r), (u,v)) — (P(x,r), (u,v)), where x € N, r € (—€,00), u € T, N and
v € T,(—€,00) = R. The required deformed Riemannian metric is defined
to be the pullback of the original Riemannian metric by qg as a section
of the symmetric tensor product of T*M. The required deformed Clifford
module bundle W is defined to be the pullback ¢*W. Note that we can also
construct a Riemannian manifold U’ with a cylindrical end Ny x (0, 00) and
a fiber bundle 7’ : V! — U’. We define a Dirac-type operator Dy, . acting
on T'(W'|y+) by ¢*Dgper. Then (U’, 7', Dgp.,) is a translationally invariant
acyclic generalized real polarization on (M’, V', W'). For this structure the
local index is defined by Definition 5.5.

DEFINITION 5.7. We define Ind (M, V,W) to be the local index for
(M, V', W') with the translationally invariant acyclic generalized real po-
larization (U', 7', D)

We have to show the local index is well-defined for the various choice of
our construction.

LEMMA 5.8.  Suppose we take two codimension-one closed submanifolds
Ny and N{; in U so that M is divided in two ways. Then the local indices
defined by these data coincide.

PrOOF. Let K and K’ be the compact parts of M divided by N =
7 Y(Ny) and N’ = 71 (V};) respectively. Then we can take another N}
so that the corresponding compact part K" is contained in the intersection
of the interiors of K and K’. It suffices to show that the local indices
coincide for K and K”. Deform the structures on neighborhoods of K and
K" simultaneously to make the structures translationally invariant near K
and K" respectively. Let My, M| and My be the following manifolds with
cylindrical ends.

My = K"U(N"x[0,00))
My = (N" x (=00,0))U (K~ K")U(N x [0,00))
My = KU(N x[0,00))
On the cylindrical ends we have translationally invariant Clifford modules

Wo, W and Wo, and translationally invariant acyclic generalized real polar-
izations. On M| the acyclic generalized real polarization is given globally.
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The sum formula of Lemma 5.6 implies Ind (Mo, W) + Ind (M}, W) =
Ind (Mo, Wp). The vanishing of Lemma 5.3 implies Ind (M}, W]) = 0.
Therefore we have Ind (Mg, Wy) = Ind (M, Wy). This is the required equal-
ity.

5.4. Excision
The well-definedness shown in Lemma 5.8 is the key point for the fol-
lowing formulation of excision property.

THEOREM 5.9 (Excision property). Let W be a Zga-graded Clifford
module bundle over CI(TM). Let V' be an open subset of M with an acyclic
generalized real polarization (U, Wi, 7, Dgper) such that M 'V is compact.
Suppose U’ is an open subset of U such that M' :=V'U(M \V) is an open
neighborhood of M .V, where we put V' := w=Y(U"). Note that V' has the
restricted acyclic generalized real polarization. Then we have

Ind (M, V,W) = Ind (M, V', W |ppr).

PrOOF. Take a codimension-one submanifold Ny in U’ to define
Ind (M", V', W|ar). Then Ny can be used to define Ind (M, V,W). O

Proor oF THEOREM 4.5. We first note that when M is a closed
manifold the local index Ind (M, V, W) defined by Definition 5.7 is equal
to the usual index Ind (M, W) of a Dirac-type operator. Under the as-
sumption of Theorem 4.5 from the excision property we have Ind (M, W) =
Ind (U2, V;, W|um v;), which implies the theorem. [J

5.5. Proof of vanishing lemmas

In this subsection we show the vanishing lemmas Lemma 5.2 and
Lemma 5.3. Suppose V is an open subset of M with an acyclic general-
ized real polarization (U, w, Dgper). Take any order-one formally self-adjoint
differential operator D over Wy with degree one whose principal symbol is
given by the composition of the projection 7, : TV — TU and the Clifford

action of TU on Wy . Then D + Dgper is a Dirac-type operator on Wy .

LEMMA 5.10. The anticommutator Dﬁberﬁ + EDﬁber is an order-one
differential operator on Wy which contains only the derivatives along fibers,
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i.e, it commutes with the multiplication of the pullback of smooth functions
onU.

PRrROOF. Recall that, the principal symbol of D anti-commutes not only
with the symbol of Dgper, but also with the whole operator Dgper. The
claim follows from this property. It is straightforward to check it using local
description. Instead of giving the detail of the local calculation, however,
we here give an alternative formal explanation for the above lemma.

For x € U let W, be the space of sections of the restriction of W to the
fiber 7=!(x). Then W = [[W, is formally an infinite dimensional vector
bundle over U. We can regard Dgper as an endmorphism on W. Then
Dgper is a order-zero differential operator on W whose principal symbol
is equal to Dgper itself. Then, as a differential operator on W, Dﬁberf) +
DDgiper is an (at most) order-one operator whose principal symbol is given
by the anticommutator between the Clifford action by TU and Dgpe,. This
principal symbol vanishes, which implies that the anticommutator is order-
zero as a differential operator on W, i.e., it does not contain derivatives of
U-direction. [

PrOOF OF LEMMA 5.2. Let f be a section of W. On each fiber of 7
at x € U, the second order elliptic operator nger is strictly positive. Since
Dﬁberf) + ﬁDﬁber gives a first order operator on the fiber, a priori estimate
implies the estimate

|, (DD + DD

<0 [ Dhut

for some positive constant C. Since M is compact we can take C' uniformly.
Therefore we have

/ (D + tDser)2f, f) = / (D2, f) + 12 / (D2t )

M

+t /((Dﬁberﬁ + EDﬁber)fa f)

/ (D2, f) + ( — Ct) / (Dot )

- / D+ (£ — Ct) / Diper fI2
M M

v
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In particular if ¢ > C and (l~) + tDfper)f = 0, then Dgpef is zero, which
implies f itself is zero. [

Proor oF LEMMA 5.3. The proof is almost identical to the above
one for the compact case. What we still need is to guarantee the valid-
ity of partial integration. This validity follows from the fact that when
(5 + tDgper)f = 0 and f is in L?, then f and any derivative of f decay
exponentially on the cylindrical end of V. [J

Note that the exponential decay in the above proof relies on the vanish-
ing lemma for compact case, so we had to separate the proof.

6. 2-Dimensional Case

Let X be a compact oriented surface with non-empty boundary 9. Let
L be a complex line bundle over ¥. Suppose a U(1)-connection is given
on the restriction of L to 9X. When the connection is non-trivial on ev-
ery boundary component, we can define the local Riemann-Roch number
for the data as follows. Fix a product structure (—e, 0] x 0¥ on an open
neighborhood of the boundary. Then on the collar neighborhood of each
connected component of 9% the projection onto (—¢, 0] is a circle bundle.
Extend the connection smoothly on the neighborhood of the boundary so
that we have a flat non-trivial connection on each fiber of the circle bundle.
Let V' = V7 be the interior of ¥, and V., be the intersection of the open
collar neighborhood and V. Then we have the local Riemann-Roch num-
ber RR(V,L) (see Theorem 3.3). The deformation invariance of the local
Riemann-Roch number implies that it depends only on the initially given
data. We often write

Y] = RR(V, L).

In this section we calculate [X] explicitly for several examples (Theorem 6.7).
We also show that the local Riemann-Roch number for a non-singular Bohr-
Sommerfeld fiber in symplectic case is equal to one (Theorem 6.11). Let us
first recall our convention of orientation for boundary. We use the conven-
tion for which Stokes theorem holds with positive sign. In other words: Sup-
pose X is an oriented manifold, and f is a smooth real function on X with
0 a regular value. The orientations of X = f~1((—00,0]) and Y = f71(0)
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are related to each other as follows. If wx and wy are non-vanishing top-
degree forms on X and Y compatible with their orientations, then we have
wx|y = pdf A wy for some positive smooth function p on Y.

6.1. Type of singularities
6.1.1 BS type singularities

For a positive number e let A. be the annulus [, ¢] x S' with the
orientation given by dx A df/2m,where x is the coordinate of [—e,¢e]. The
projection map (x, ) — x gives a circle bundle structure of A.. Let L be a
complex line bundle over A, and V a U(1)-connection on L. Let eV~ 1h(z)
be the holonomy along the circle of {z} x S* for the orientation given by
df. Suppose h(z) is continuous and h(0) = 0.

DEFINITION 6.1 (positive/negative BS). When A(z) > 0 for x > 0 and
h(z) < 0 for x < 0, we call the fiber at 0 a positive BS type. When h(z) < 0
for z > 0 and h(z) > 0 for < 0, we call the fiber at 0 a negative BS type.
See Figure 1.

6.1.2 Disk type singularities

Let D? be an oriented disk. Choose a polar coordinate  and 6 so that
D? becomes a unit disk and the orientation of D? is compatible with dr A df
outside the origin. In particular the orientation of the boundary 0D? is
compatible with df. The projection map (r,6) — r gives a circle bundle
structure on neighborhood of the boundary of D?.

Let L be a complex line bundle over D?, and V a U(1)-connection on
L. Let V=) be the holonomy along the circle of radius r centered in the
origin. The orientation of the circle is defined as the boundary of the disk
of radius r centered in the origin. We can take h(r) continuous with limit
value lim,_,g h(r) = 0.

DEFINITION 6.2 (positive/negative disk). When h(r) > 0 for small
r > 0 we call the singularity positive-disk type. When h(r) < 0, then
we call it negative-disk type. See Figure 2.

6.1.3 Pants type singularities
Let 3 be a genus 0 oriented surface with three holes, i.e., ¥ is a pair
of pants. For each boundary component its collar is diffeomorphic to the
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7 6
x x
h(x) h(x)
x x
BS* BS~

Fig. 1. positive/negative BS

product of a circle and an interval. The projection onto the interval gives a
circle bundle structure near the boundary.

Let L be a complex line bundle over ¥, and V a U(1)-connection on L.
Suppose V is flat and its holonomy along each component of the boundary of
S is non-trivial. Let eV~ 1h» (k =1,2,3) be the three holonomies along the
three components of the boundary of ¥. The orientations of the boundary
components are defined as the boundary of the oriented manifold 3. Then
the product of these three holonomies is equal to 1. We can take hy, satisfying
0< hp < 2m.

From our assumption, there is no Bohr-Sommerfeld fiber in the collar
neighborhood of the boundary.

DEFINITION 6.3 (small/large pants). When hq + hg + hy = 27, we call
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DT D~
Fig. 2. positive/negative disk

>, a small pants. When hy + ho 4+ hg = 4w, we call X a large pants.

6.2. Examples

Ezample 6.4 (a torus over a circle with degree n line bundle). Let x
and y the coordinate of R2. Let V be the U(1)-connection on the trivial
complex line bundle over R? with connection form —/—1zdy.

1. The curvature Fy, of Vis —v/—1dz A dy. In particular

volp

1
= —dzANd
or V271 v A dy

2. The holonomy along the straight line from the point (z,0) to (z,y) is
equal to exp(yv/—1lzy).
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3. The connection is invariant under the action of (m,2mn) € Z & 27Z
given by
(x,y,u) — (x +m,y + 2mn, eﬁmyu).

For a positive integer N let T]%, be the quotient of R? divided by the subgroup
NZ & 277, on which we have the quotient complex line bundle L with the
quotient connection V. Then (v/—1/27)Fy,, gives a symplectic structure
on TJ%,. The projection onto the first factor T]%, — R/NZ is a Lagrangian
fibration. The holonomy along the fiber at  mod N is 2™/ =12_ The Bohr-
Sommerfeld fibers are the fibers at x € Z/NZ, and all of them are positive
BS singuralities. The degree of Ly is equal to N and the Riemann-Roch
number is N from the Riemann-Roch theorem and it is equal to the number
of positive BS singularities.

Ezample 6.5 (a sphere with degree-zero line bundle). Let Dt and D~
be disks, and L™ and L~ complex line bundles over Dt and D~ with U(1)-
connections such that the connections are flat near the boundaries, respec-
tively. Suppose D' and D~ are a positive disk and a negative disk respec-
tively, and the holonomies along the boundaries are eV=1€ and e V=€ for a
small positive number e. Patch (D1, L™) and (D, L™) together to obtain a
complex line bundle over an oriented sphere with a U(1)-connection. Since
the degree of the U(1)-bundle is zero, the Riemann-Roch number is 1.

Ezample 6.6 (a surface with a pants decomposition with a flat line bun-
dle). Let € be a small positive number. Let P?S be a pair of pants with
a flat U(1)-bundle whose holonomies along the boundary components are
eV=Hm=e) V=1r=9) and eV=12¢. Let PL be a pair of pants with a flat U(1)-
connection whose holonomies along the boundary components are eﬁ(”+€),
e‘/__l(“‘e), and e"V=12¢. Then PS is a small pants and P’ is a large pants.
For an integer g > 2, take (g — 1) copies of P® and (g — 1)-copies of P, and
patch them together to obtain a flat connection on a closed oriented surface
with genus g. The Riemann-Roch number is 1 — g.

6.3. Local Riemann-Roch numbers

Let [BS*] and [BS~] be the contribution of a positive and negative
BS respectively. Let [DT] and [D~]be the contribution of a positive and
negative disk respectively. Let [P°] and [PY] be the contribution of a small
and large pants respectively.
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THEOREM 6.7.

[BST]=1, [BS]=-1, [Df]=1, [D7]=0,
[P =0, [P=-1

PROOF. These are consequences of Lemma 6.8 and Lemma 6.9 be-
low. [

LemMA 6.8. [PY] 4 [BST] = [P%], [BS™]+[BSt] =0, [D7]+
[BS*] = [D*].

Proor. The three relations are shown in a similar way. We just show
the first relation. Let € be a small positive number. Let PS and PL be the
small pants and the large pants in Example 6.6. Let A be an oriented annu-
lus with U(1)-connection such that the connection is flat near the boundary.
Suppose A is positive-BS type and both the holonomies of the two bound-
ary components are eV=12¢ for the orientation as boundary of A. Patch P
and A together along the boundary components with holonomies eV 12
and eV~12¢ to obtain an another pair of pants with a U(1)-connection. The
glued U(1)-connection can be deformed to a flat U(1)-connection isomor-
phic to the one on P° without changing the connection near boundary
components. [

LEMMA 6.9. [BST]=1, [P+ [PL)=-1, [D']+[D7]=1.

PROOF. The three relations are consequences of Example 6.4, Exam-
ple 6.5, and Example 6.6 respectively. [

REMARK 6.10. It is possible to show [BST] = 1 directly without ap-
pealing the Riemann-Roch theorem in the following way. We put M :=
R x S' and consider the Hermitian structure (g,J) on it, which is defined
by

g(a105 + b10g, 420, + b20p) = arag + bibe,
J(0y) = 0p, J(0p) = —0y.

Let TgperM be the tangent bundle along fibers of the first projection.
Then, as complex vector bundles, Tipe; M QR C is identified with (T'M, J)
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by
(1) TﬁberM ®R(C—> (TM, J), 89 ®R (x+v—1y) — x89+yJ89.

Let L = M x C be the trivial complex line bundle on M. For 0 < e < 1
let p(z) be a smooth increasing function on R with p(0) = 0, p(x) = € for
sufficiently large x and p(z) = —e for sufficiently small z. Consider the
U(1)-connection on L of the form V = d — /—1p(x)df.

Let W := A*(TM,J) ®c L be the Z/2-graded CI(T M )-module bundle
over M whose Cl(TM)-module structure is defined by [13, pp.38, (5.25)].
We take a Dirac-type operator D acting on I'(W) to be the Dolbeault op-
erator. Under the identification (1) we also take Dgper to be the family
of de Rham operators along fibers. It is easy to check that Dgper sat-
isfies the fourth property in Definition 4.3. Then the deformed operator
D; = D + tDgper is written in the following way

D;is =0, ® (83380 +v=1(1 +t)9gs0 + (1 + t)p(ac)so)
— (0251 — V=1(1 4+ 1)9gs1 — (1 + t)p(z)s1)

for s = sp+ 0, ®s1 € I'(W), where sg € I'(L) and 0, ®s; € I'((TM, J)®cL)
are even and odd parts of s, respectively.
For an L2-section sy of L, we first solve the equation

(2) 0= p50 + V—1(1 + t)gs0 + (1 + t)p(z)so.

By taking the Fourier expansion of sg with respect to 6, sg is written as

S0 = Z an(a:)e‘/j"Q.

nez

Then, sg satisfies (2) if and only if each a,, is of the form

() = cn exp <(1 +1) /0 n— p(x)dx)

for some constant c¢,. Since p(z) = =+e for sufficiently large, or small x and
since s is a L?-section, it is easy to see that ¢, = 0 except for n = 0. This
implies that the kernel of the even part of D; is one-dimensional.

Next we solve the equation

0= 0ps1 — V—1(1 +t)0ps1 — (14 t)p(x)s1.
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By the similar argument we can show that ¢, = 0 for all n € Z. This implies
that the kernel of the odd part of D; is zero-dimensional. Thus, we have
[BST] = 1.

By similar arguments we can also show that [BS~| = —1, [D'] = 1, and
[D~] =0.

6.4. Higher dimensional Bohr-Sommerfeld fibers
We show the following.

THEOREM 6.11. In symplectic formulation, the local Riemann-Roch
number of a non-singular connected Bohr-Sommerfeld fiber is one.

ProOOF. It is known that the neighborhoods of two Bohr-Sommerfeld
fibers are isomorphic to each other together with prequantizing line bun-
dle with connection: Recall that the fibers in a neighborhood of a Bohr-
Sommerfeld fiber are parameterized by their periods. If we fix a local La-
grangian section, and a trivialization of the first homology group of the local
fibers, then we can write down a canonical coordinate. Therefore it suffices
to give one example for which the claim is satisfied. An example of a La-
grangian fibration with exactly one n-dimensional Bohr-Sommerfeld fiber is
given by the product of n-copies of the fiber bundle structure of the torus
T]%, for N =1 in Example 6.4. In this case our convention of the orientation
for the symplectic manifold coincides with the product orientation. The
Riemann-Roch number is equal to one because it is equal to the n-th power
of RR(T?) =1.0

As a corollary we have the following, which is already shown by J. E. An-
dersen by using index theorem.

COROLLARY 6.12 ([1]). For a Lagrangian fibration without singular
fibers over a closed symplectic manifold with a prequantizing line bundle,
the number of Bohr-Sommerfeld fibers is equal to the Riemann-Roch num-
ber.

REMARK 6.13. It would be expected that, if we use appropriate bound-
ary condition, then it would be possible to define a local Riemann-Roch
number for the product Dt x P, and moreover it would be equal to the
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product [D¥][PL], i.e., —1. A crucial problem here is that there is no La-
grangian fibration structure on the whole neighborhood of the boundary of
Dt x PL. In fact it is possible to extend our formulation to such cases. We
will discuss this elsewhere [4].

7. Comments

It is possible to extend our construction for various situations.

1. Isotropic fibrations: When we have a integrable system which is not
necessary completely integrable, if all the orbits are “periodic” and
form tori, we can extend our argument. It would be an interesting
problem to investigate the case when the orbits are not periodic.

2. Manifolds with boundaries and corners: Our definition of the local
index is related to manifolds with boundaries. For manifolds with
coners, it is possible to extend our construction.

3. Equivariant and family version: Our constructin is natural, so if a
compact Lie group acts and preserves the data, then everything is
formulated equivariantly. Similarly we have a family version of our
construction.

4. Equivariant mod-2 indices: A modification of the localization property
explained in this paper can be applied to define G-equivariant mod-2
indices valued in R(G)/RO(G) or R(G)/RSp(G) for even dimensional
G-spin®-manifolds with G-spin structures on its end [8].

We will discuss them elsewhere [4, 5].
A. Spin°-Structures

In this appendix we recall our convention for spin®-strctures on oriented
manifolds. (See [6, pp.54] and [13, pp.131-132].) A spin® structure is usu-
ally defined for an oriented Riemannian manifold. In this paper we take
a convention of spin® structures which do not need any Riemannian met-
rics. In fact a spin® structure itself is defined at the principal bundle level
as follows. Let GL} (R) be the group of orientation preserving linear au-
tomorphisms of R™. Since GL; (R) has the same homotopy type as that
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of SO,,(R), there is a unique non-trivial double covering of GL; (R) when
m > 1. We denote it by p : GL(R) — GL} (R). When m = 1, we define

GL{(R) := GL{(R) x (Z/2Z) and p to be the projection onto the first
factor. o

Consider the diagonal action of Z/27Z on G'L;,(R) x C*, where the action
on the first factor is the deck transformation and the action on the second
factor is defined by z — —z. Let GL%(R) X7,/22.C* be the quotient group
by t/h\li diagonal action. Note that there is a canonical homomorphism

p: GLiy(R) X7/97,C* — GL} (R) defined by

P19,z — p(g)-

DEFINITION A.1. Let M be an oriented manifold and P,; the associ-
ated frame bundle over M, which is a principal GL (R)-bundle. A spin‘-
structure on M is a pair (Pyy, qpr) satisfying the following two conditions.

—_~—

1. Py isa principal G L;,(R) X 7,27 C*-bundle over M.

2. qps is a bundle map from ﬁM to Pys which is equivariant with respect
to the canonical homomorphism p.

REMARK A.2. Though a spin® structure can be defined without any
Riemannian metric, we need to fix a Riemannian metric to define a Clifford
module bundle over an oriented manifold.

REMARK A.3. The natural embedding GL,(C) — GL;, (R) induces a

homomorphism GL,(C) — GL3, (R) xz/5 C*. This means that an almost
complex manifold has a canonical spin® structure in our convention.
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