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SYMPLECTIC REDUCTION AND A WEIGHTED MULTIPLICITY
FORMULA FOR TWISTED SPIN“-DIRAC OPERATORS*

YOULIANG TIANT AND WEIPING ZHANGH#

Abstract. We extend our earlier work in [TZ1], where an analytic approach to the Guillemin-
Sternberg conjecture [GS] was developed, to cases where the Spin©-complex under consideration is
allowed to be further twisted by certain exterior power bundles of the cotangent bundle. The main
result is a weighted quantization formula in the presence of commuting Hamiltonian actions. The
corresponding Morse-type inequalities in holomorphic situations are also established.

0. Introduction. In a previous paper [TZ1], we have developed a direct analytic
approach to, as well as certain extensions of, the Guillemin-Sternberg geometric quan-
tization conjecture [GS], which has been proved in various generalities in [DGMW,
G, GS, JK, M1, M2, V1, V2]|. In this paper, we generalize the results in [TZ1] to
cases where the Spin®-complex under consideration is allowed to be further twisted by
certain exterior power bundles of the cotangent bundle. The main result is a weighted
quantization formula for these twisted Spin®-complexes in the presence of commuting
Hamiltonian actions. We also establish the corresponding Morse-type inequalities in
the holomorphic situation.

Let (M,w) be a closed symplectic manifold admitting a Hamiltonian action of
a compact connected Lie group G with Lie algebra g. Let J be an almost complex
structure on TM so that g?™ (u,v) = w(u, Jv) defines a Riemannian metric on TM.
After an integration over G if necessary, we can and will assume that G preserves J
and g™ 1

Let E be a G-equivariant Hermitian vector bundle over M equipped with a G-
equivariant Hermitian connection V.

With these data in hand, for any integer p > 0, one can construct canonically
a formally self-adjoint twisted Spin®-Dirac operator acting on smooth sections of the
twisted Spin®-vector bundles:

DQP.O(T*M)(@E . Qp,even(M’ E) N QP’Odd(M’ E) (01)
It gives rise to the finite dimensional virtual vector space
Q (M, A\P°(T*M) ® E) = ker D¢p7O(T*M)®E — coker Df’O(T*M)Q?E. (0.2)

Since G preserves everything, one sees easily that Q(M, AP*(T*M) ® E) is a vir-
tual representation of G. Denote by Q(M, AP°(T* M) ® E)% its G-invariant subspace.

Let g (and thus its dual g* also) be equipped with an AdG-invariant metric. Let
hi, 1 <i < dim @G, be an orthonormal base of g*. Let V;, 1 <i < dim G, be the dual
base of {hi}lgigdimG‘
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'In fact, one does not obtain immediately these J and g7 . What one obtains through the
direct integration over G is a G-invariant endormorphism J with J2 negative as well as a G-invariant
metric §T™. One then obtains J, g7 from J, GTM easily.
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Let u : M — g* be the moment map of the G-action on M. Then it can be
written as

dim G

p= Z pihi, (0.3)
=1

with each p; a real function on M.
Now for each V € g, set?

’I’g = L\b; - v\EM (04)

where L‘b; denotes the infinitesimal action of V on E.
DEFINITION 0.1. We say E is p-positive if the inequality

dim G

V-1 Z ,ul(a:)r‘];(x) >0 (0.5)

holds at every critical point x € M\pu=1(0) of |u|?, the norm square of the moment
map.

As a typical example, the G-equivariant prequantum line bundle L over (M, w)
verifying the Kostant formula ([Ko], cf. [TZ1, (1.13)]), when it exists, is p-positive.
Furthermore, for arbitrary G-equivariant Hermitian vector bundle F' over M equipped
with a G-equivariant Hermitian connection, there exists mo € Z such that for all
integer m > mgy, £ = L™ ® F is u-positive.

To state the main results of this paper, we now assume that 0 € g* is a regular
value of ;1 and, for simplicity, that G acts freely on ¢ =1(0). Then one can construct the
Marsden-Weinstein reduction (Mg, we), which is a smooth symplectic manifold with
Mg = p~1(0)/G and the symplectic form we descended from w. The almost complex
structure J also descends to an almost complex structure on TMg. Furthermore,
F descends to a Hermitian vector bundle Eg over Mg with an induced Hermitian
connection. Thus one can make the same construction of the twisted Spin®-Dirac
operators as well as the associated virtual vector spaces Q(Mg, APO(T*Mg) ®@ Eg).

For any integer k, s > 0, let C¥ be the binomial coefficient given by

Ck:,s(sfl)ou(s—kﬂrl)'

: - (0.6)

The main result of this paper, which is a generalization of [TZ1, Theorem 4.1] in
the Abelian group action case, can be stated as follows.

THEOREM 0.2. If G is Abelian and E is p-positive, then the following identity
holds for any integer p > 0,

p
dimQ (M, \PY(T* M) ® E)C =Y 08k, dim Q (Me, A"(T"Mg) ® Eg) . (0.7)
k=0

When p = 0 and E is the prequantum line bundle (when it exists) over (M,w),
(0.7) is the Abelian version of the Guillemin-Sternberg conjecture [GS] proved by
Guillemin [G] in a special case and by Meinrenken [M1] and Vergne [V1, 2] in general

2When there is no confusion, in this paper we will use the same notation V for the Killing vector
field it generates on M.
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(see also [DGMW] and [JK]). In some sense one may view (0.7) as a kind of weighted
quantization formula with the numbers C’g '« as weighted coefficients.

Also, as has been pointed out by Siye Wu and the referee, when F is the prequan-
tum line bundle (when it exists) over (M, w), (0.7) may be viewed as a supersymmetric
version of the Guillemin-Sternberg conjecture [GS] in a particular polarization.

We will use the analytic approach developed in [TZ1] to prove Theorem 0.2.
However, it should be pointed out that Theorem 0.2 is not a consequence of the result
n [TZ1, Theorem 4.1], which itself is a generalization of the Guillemin-Sternberg
conjecture [GS]. In particular, the strict inequality in (0.5) can not be relaxed to
include the equality as in [TZ1, Theorem 4.2], even when p~1(0) # (). Furthermore,
the Abelian condition on G is essential to both the results as well as their proofs.
A notable feature here is that we deal with directly the general case where G may
possibly be of higher rank. That is, we do not first prove the result for the G = !
case and then use the ‘reduction in stages’ procedure to get the full result.

Now as in [TZ1, Theorem 0.4 and 4.8], we consider the holomorphic refinement
of Theorem 0.2. That is, we assume that (M,w, J) is Kéhler, G acts on M holomor-
phically and FE is a G-equivariant holomorphic Hermitian vector bundle over M with
the G-action on E being holomorphic. If for any integers p, ¢ > 0, denote by

WP(E)S = dim H>¢ (M, APO(T* M) © E)°

W (Eg) = dim H* (Mg, \"(T*M¢) @ Eg) (0.8)

the corresponding (G-invariant) twisted Hodge numbers, then we can state our re-
finement of (0.7) as follows.

THEOREM 0.3. If (M,w, J) is Kdhler, G is Abelian and E is u-positive, then the
following inequality holds for any integers p, q > 0,

hP9(E)Y — Y (EYE 4 (=1) 1RO (B

ij ChX e (WM9(Eg) — WM™ (Eg) + - + (-1)7h"°(Eg)) . (0.9)
k=0

In particular, when ¢ = 0, one gets the following inequality for dimensions of spaces
of holomorphic sections,

p
hp’ Z dlmG h’ko EG) (010)
k=0

Again, Theorem 0.3 is not a consequence of [TZ1, Theorem 4.8].

This paper is organized as follows. In Section 1, we construct the twisted Spin®-
Dirac operators appearing in the context and introduce the corresponding deforma-
tions under Hamiltonian actions as in [TZ1]. We also prove a Bochner-type formula
for the deformed operators. In Section 2, we extend the methods in [TZ1], which
goes back to [BL], to prove Theorems 0.2 and 0.3. The final Section 3 contains some
immediate applications as well as further extensions of the above main results. There
is also an Appendix in which we provide explicit constructions of certain Spin®-Dirac
operators appearing in Section 3.

ACKNOWLEDGEMENT. The authors would like to thank the referee for his careful
reading and very useful suggestions.
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1. Deformations of twisted Spin°-Dirac operators and a Bochner-type
formula. Following [TZ1], we construct in this section the twisted Spin®-Dirac op-
erators and their deformations to be used in the proof of Theorems 0.2 and 0.3. An
important Bochner-type formula for the Laplacians of the deformed operators will be
proved.

This section is organized as follows. In a), we construct the above mentioned
Dirac operators. In b), following [TZ1], in the situations of Hamiltonian actions
we introduce the deformations of the Dirac operators constructed in a). In ¢), we
prove the above mentioned Bochner-type formula for the Laplacians of the deformed
operators.

a). Twisted Spin‘-Dirac operators on symplectic manifolds. Let (M, w)
be a closed symplectic manifold. Let J be an almost complex structure on TM such
that

gTM(U,w) = w(v, Jw) (1.1)

defines a Riemannian metric on TM. Let TMc = TM®C denote the complexification
of the tangent bundle 7M. Then one has the canonical (orthogonal) splittings

TMc =TYOM @ TV M,

dimc M o
AT M) = D AT M), (1.2)
i,7=0

where

TAEOM = {z € TMc; Jz =1z},
TOVNM = {2 € TMg; Jz = —/—12},

AT M) = A (TOO" M) @ AT (TOD ), (1.3)

and dimgc M is the complex dimension of M.

For any X € TM, which has the decomposition X = X;+X, € T0OMaT O M
in the complexification, let Yl* e TOD*pf (resp. Yg* € T(LO)*M) be the metric
dual of X; (resp. X3). Set as in [BL, Sect. 5] that

o(X) = V2X1" A —V2ix,. (1.4)

Then ¢(X) defines the canonical Clifford action of X on A%*(T*M). In particular,
for any X, Y € TM, one has

o X)e(Y) 4 c(Y)e(X) = —2¢"M(X,Y). (1.5)

Let VT™ be the Levi-Civita connection of g?™. Then V™ together with the
almost complex structure J induce via projection a canonical Hermitian connection
vIYM on TLO N, This in turn induces canonically, for any integer p > 0, a

Hermitian connection VA"°(T"M) on APO(T*M). On the other hand, as was shown
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in [TZ1], VT'M lifts canonically to a Hermitian connection VAPHTTM) o AO*(T*M).
Let VA" (T"M) be the Hermitian connection on AP*(T* M) obtained from the tensor
product of VA" (T"M) and wA” " (T7M),

Now let E be a Hermitian vector bundle over M with a Hermitian connection
VE. Let VA" (I"M)®E he the tensor product connection of VA" (T"M) and VF on
AP (T*M) ® E.

Denote by QP*(M, E) the set of smooth sections of AP*(T*M) ® E.

Let eq, ..., eqim s be an oriented orthonormal base of T'M.

DEFINITION 1.1. The twisted Spin®-Dirac operator DN(TM)RE g defined by

dim M
DNHTIMEE — N7 (o) v TS Qe (M, E) — QP (ML E). (1.6)

Jj=1

Clearly, DNUTTMBE g formally self-adjoint first order elliptic differential

L0 (o X
operator. Let Df (I"M®E 1o the restriction of DN (T"MSE oy Qpeven(ME).
Set

Q (M, \PY(T*M) @ E) = ker D" (TS _ okep p)" "I IDEE, (1.7)

b). Hamiltonian actions and deformations of Dirac operators. Now
suppose that (M,w) admits a Hamiltonian action of a compact connected Lie group
G with Lie algebra g. Let pu: M — g* denote the corresponding moment map. As
has been explained, after an integration over G if necessary, we may assume that G
preserves .J and ¢g7™. We also assume that the G-action on M lifts to a G-action on
E preserving the Hermitian metric as well as the Hermitian connection V¥ on E.

Let g (and thus g* also) be equipped with an AdG-invariant metric. Let H = |u|?
be the norm square of the moment map p. Then H is a G-invariant function on M. In
particular, its Hamiltonian vector field, denoted by X, is G-invariant. The following
formula for X™ is clear,

X" = _JdH)*. (1.8)
Let hy, ..., hqim ¢ be an orthonormal base of g*. Then p has the expression

dim G

p= Z pihi, (1.9)
=1

where each p; is a real valued function on M. Denote by V; the Killing vector field
on M induced by the dual of h;. One easily verifies that (cf. [TZ1, Sect. 1b)])

J(dps)" = =Vi (1.10)
and
dim G dim G
XM =27 " pildp)* =2 Y wVi (1.11)
i=1 i=1

We are now ready to introduce the crucial deformation following [TZ1, Definition
1.2].
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PO(T* MY®FE

DEFINITION 1.2. For any T € R, let Dé\« be the operator defined by

p, * P, * _].T
Dy ATIISE _ prrtITeE L X2t (X)L (M, B) — QP (M, B). (1.12)

Clearly, DQPYU(T*M)Q@E is a formally self-adjoint first order elliptic differential

operator. Also, since G preserves everything and X" is G-invariant, one sees that

L0 0
DqAﬂp (ITMSE G-equivariant. If we denote by D?: (T"M)SE he restriction of

D;pTO(T*MmE on QPever (M| E), then
Qr (M, \"°(T*M) ® E) = ker Dé\ff(T*M)@E — coker DQ:E)(T*M)@)E (1.13)

is a virtual G-representation. We use as usual a superscript GG to denote its G-invariant
subspace.
Clearly, the following easy yet important identity holds for any T € R,

dim Qr (M, APO(T* M) ® E) = dim Q (M, \"°(T*M) ® E)© . (1.14)

,0 *
c). A Bochner-type formula for the square of D%p (TMISE - pop any

V € g, let Ly denote the infinitesimal action induced by V on the corresponding
vector bundles. We will in general omit the superscripts of these bundles. Let 7"5 be
defined as in (0.4).

For any X, Y € TM, which have the decompositions X = X1 + X, € T0OM @
TOUM and Y =Y, + Yy € TEOM ¢ TOD M respectively in the complexification,
let A(X,Y) be the endomorphism of AP:°(T*M) defined by

AX,Y) =X, Niy,. (1.15)

Let e, -, eqim s be an oriented orthonormal base of TM. Then one has the
following analogue of [TZ1, Lemma 1.5].
LEMMA 1.3. The following identity for operators acting on QP*(M, E) holds,

dim M dim M

Ly =Vy+rf—7 3 cle)e (veTjMv) - %Tr {V_T“’”MV] + 3 4 (ej, veTjMv) .
j=1 j=1

(1.16)

Proof. By proceeding as in [TZ1, Lemma 1.5], one sees easily that one needs only

,0 5
to calculate r‘A,p < M).

Recall that V' acts on TM by

LIMx =viMx - vIMy X cT(TM), (1.17)
from which we have
dim M dim M
M) == 3 (VMg e = S (VEMV X )e;. (1.18)
Jj=1 j=1

From (1.18) one gets immediately that

dim M
7’5 M E 6; A\ ivngV. (119)
Jj=1 .
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By (1.19), (1.15) and the fact that the almost complex structure J is G-invariant,
one deduces easily that for any integer 0 < p < dimg M,

dim M

P ETM) Z A (e, vIMY). (1.20)

(1.16) then follows from (1.20) and the arguments in [TZ1, Lemma 1.5]. O
We can now state the following analogue of [TZ1, Theorem 1.6].
THEOREM 1.4. The following Bochner-type formula holds,

dim G

(DQP’O(T*M’M) (s ®E) —oy/T Z wiLy,

dim G
V—1T 1,
E— Tr [VT( O)MXH} +2v-1T Z uir{f;

i=1

dim G

> (V=1e(IVie(Vi) + [Vi]? = 4V/=1A(JV;, V7))

no| N

+

IS e (9700 -4 (e, 970 )+ 2.

j=1

Proof. As in [TZ1, (1.26) and (1.27)], one deduces from (1.12), (1.5) that

— dlmM 2
D% =D%4~ ;T D elej)e (Ve, X)) = V=1TVyn + TZ |XH|2 (1.22)
j=1

and, by using (1.10), (1.11) and Lemma 1.3, that
dim G dim G dim M

1
Vxn =2 Z piLy, — 2 Z Mﬂ"v 1 c(ej)e eJXH)

Jj=1

dim G dim G
1 1 s
+5Tr [ x| —5 2 VeV + 5= Y P

; 2 <
=1 1=1
dim M dim G
= > A, Ve, XM +2 Y AV, V). (1.23)
j=1 i=1

(1.21) follows from (1.22) and (1.23). O
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2. Proof of the main theorems. In this section, we apply the methods and
techniques in [TZ1, Sects. 2-4], which are closely related to those in [BL], to prove
Theorems 0.2 and 0.3. As in [TZ1], the key technical point is a pointwise estimate at
each critical point x € M\p=1(0) of H = |u|?.

This section is organized as follows. In a), we prove the key pointwise estimate
mentioned above. In b), we prove Theorem 0.2 while Theorem 0.3 will be proved in
c).

a). An estimate outside of ¢ ~!(0). Recall from Definition 0.1 that E is said
to be p-positive if (0.5) holds at every critical point = € M\p=1(0) of H = |u|?.

The main result of this subsection, which is an analogue of [TZ1, Theorem 2.1],
can be stated as follows.

THEOREM 2.1. If G is Abelian and E is p-positive, then for any open neighbor-
hood U of u=1(0), there exist constants C > 0, b > 0 such that for any T > 1 and
any G-invariant section s € QP*(M, E) with Supp s C M\U, one has the following
estimate of Sobolev norms,

PO MQE ||
|2 0| > ¢ (sl + (@ - )IslF) (2.1)

Proof. By examining the arguments in [TZ1, Sect. 2|, one sees that in order to
prove Theorem 2.1, one needs only to prove an analogue of [TZ1, Lemma 2.3] in our
context.

Thus let * € M\p~1(0) be a critical point of H. Let e1,---,edimar be an or-
thonormal base of TM near x. Let (y1,- -+, ydim m) be the normal coordinate system
with respect to {e; }?l:niM near x. Clearly, one can choose ey, -, eqim p S0 that H
has the following expression near x,

dim M

H(y) =H@)+ > ay; +0 (lyf), (2:2)

j=1

where the a;’s may possibly be zero.

We can now state our analogue of [TZ1, Lemma 2.3] as follows.

LEMMA 2.2. If G is Abelian, then the following inequality holds at any critical
point x € M\pu=1(0) of H,

LS (e (9750) 1 (e w7 = [ o]

j=1

dim G dim M

+% ; (V=1e(IVi)e(Vi) + [Vil* = 4V =1A(JV,. V;)) = — ; ajl.  (2.3)

Proof. Since x is a critical point of H, by a result of Kirwan [K, Prop. 3.12],
x is a fixed point for the action of the subtorus generated by p(xz) # 0. Without
loss of generality, we assume that hy,- -, hqim ¢ has been chosen so that the duals of
h1,---,h, generate this subtorus denoted by G;. Let G5 be the subtorus generated
by the duals of hy41,- -+, haim . Then the original torus has the factorization

G =G -Gy with Gy NGy Afinite. (24)
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Clearly, one has that
wi(z) =0, r+1<:<dimG. (2.5)

Denote by F, C M the connected component containing x of the fixed point set
of the G1-action. Then F), is a totally geodesic submanifold of M and J preserves the
tangent bundle T'F,.. Denote k = dim F,,.

Since the Gs-action commutes with the Gi-action, G5 acts on F,.

To summarize, one has

LEMMA 2.3. a). If 1 <i<r, then Vi|p, =0 and p;|p, is constant;

b). ifr+1<i<dim@G, then p;(x) =0 and (dw;)*|r, € T(TF,).

Proof. Since Gg acts on F, for any r +1 < i < dim G, V;|r, € T'(TF;). Thus by
(1.10), (du;)* = JV; € T'(TF,). The other parts of the lemma are clear. O

Without loss of generality, one may choose eq, - - -, eqim o7 near x so that ey, -+, ex
is an orthonormal base of TF,. Let {y;}1<;j<dimn be the corresponding normal
coordinates near x. Then from Lemma 2.3 one deduces that, near x, this orthonormal
base can be further arranged so that

r dim M
Sl = p@)?+ Y ajy; + 0 (ly*) (2.6)
i=1 j=k+1
and
dim G k
Dl =Y ay; +0(lyl*) . (2.7)
i=r+1 j=1

(2.6) and (2.7) together provide a splitting of H near x according to the splitting
(2.4).
From (1.10) and (2.6) one deduces, at z, that

. ™ vy f —ajde;, for k+1<j < dim M,
Zlvej (Vi) = { 0, for 1 <j<k. (2:8)
From (2.8), one deduces, at z, that
\/jl dimM r
Y= 30D (elep)e (295 (niva)) +44 (e, 290 (i) )
j=1 i=1
V=1 & 7(10) pf
o ;Tr [QV (MiVi)]
dim M dim M
-1 1
—— Y o (Y eleete) sV TACs e + 5 ) 2= 3 losl (29)
j=k+1 j=k+1

where the last inequality follows from the obvious inequalities that

le(es)e(Jey)] < 1 (2.10)



600 YOULIANG TIAN AND WEIPING ZHANG

and

(2.11)

l\')\»—l

1 |1
2V—1A(e;, Jej) + 2’ - ’2 — 20T Nigo| <

with ej € THOM (resp. ej € TV M) the (1,0) (resp. (0,1)) component of the
complexification of e;.

On the other hand, by Lemma 2.3, for each r +1 < ¢ < dim G, p; can be written,
near x, as

k
y) = Zbijyj +0(lyf) (2.12)

j=1

By (2.7) and (2.12), one deduces that

dimG k k
SN0 =) a; (2.13)
i=r+1j=1 j=1

which, together with (1.10), imply

dim G k
3 @)=Y a, (2.14)
i=r+1 j=1

From Lemma 2.3, (2.14), (1.10) and (2.10), one deduces, at x, that

dlmM dim G
VS (e (T8 44 (e 72 )
j=1 i=r+41
+_§f ( VI [ ] 4 VIV i>+|vi|2)
dim G dim G k
—2v=1 > AV V) = Y V=Te(TVi)e Z|aj|. (2.15)
i=r+1 i=r+1 j=1

From (1.11), (2.9), (2.15) and Lemma 2.3, one gets (2.3). The proof of Lemma
2.2 is completed. O

Since F is p-positive, using Theorem 1.4, (0.5) and Lemma 2.2, one can proceed
in the same way as in [TZ1, Sect. 2], with almost no changes, to prove Theorem 2.1.
That is, we first prove pointwise estimates analogous to [TZ1, Prop. 2.2] around each
point outside of x~1(0), in using Lemma 2.2 when dealing with critical points of H,
and then glue them together to get the global estimate (2.1). The essential point in
this last gluing step is again as in [TZ1] that each Ly, 1 <14 < dim G, vanishes when
acting on G-invariant sections. We leave the details to the interested reader. O

REMARK 2.4. A notable difference between Lemma 2.2 and [TZ1, Lemma 2.3] is
that even with some of the a;’s being negative, one does not have in general a strict
inequality in (2.3). This means that the p-positivity of E is necessary for Theorem
2.1 (compare with [TZ1, Remark 2.4]).
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b). Proof of Theorem 0.2. If F' is a G-equivariant Hermitian vector bundle
over M, we denote by Fg its induced bundle on M¢ (cf. [TZ1, Sect. 4a)]).

As in [TZ1], Theorem 2.1 allows us to localize our problem to sufficiently small
neighborhoods of ~1(0). While near x~1(0), we can directly apply the analysis and

results in [TZ1, Sects. 3 and 4a)], which are closely related to [BL, Sects. 8, 9], to
. . . APO(T* M)QE

the G-invariant restriction of Dy .

Combining the above arguments, one deduces using (1.14) the following analogue

of [TZ1, (4.3)] (of course for different twisted bundles and conditions),
dim Q (M, A?°(T*M) ® E)© = dimQ (Me, (\P*(T*M) © E) ). (2.16)

Now since G is Abelian, the normal bundle to x~1(0) is equivariantly trivial.
From this fact one deduces directly the weighted splitting

P
(APAT* M), = P Chite - A (T" M), (2.17)
k=0

where the numbers C%—* . have been defined in (0.6).

Theorem 0.2 then follows from (2.16) and (2.17). O

REMARK 2.5. In view of Remark 2.4, the p-positivity condition (0.5) can not
be weakened in general to include the equality as in [TZ1, Theorem 4.2], even when
p~1(0) is nonempty.

REMARK 2.6. Though its proof is of the same method, Theorem 0.2 can not
be deduced from results in [TZ1] without imposing further conditions. The point is
that if one wants to apply directly the results in [TZ1] to our situation, one needs the
condition that at every critical point = € M\p~1(0) of H,

dim G
VLY gy TDSE > g (2.18)
i=1

which clearly does not imply (0.5).

c). Proof of Theorem 0.3. We now assume that (M,w,J) is Kéhler and
G acts on M holomorphically. Furthermore, we assume that F is a G-equivariant
holomorphic Hermitian vector bundle over M on which G acts holomorphically and
that V¥ is the unique holomorphic Hermitian connection.

The key observation is, similarly as in [TZ1, Remark 1.4], that for any 7' € R we
have in this situation

D/\”’O(T*M)@;E
T

Furthermore, one has clearly an analogue of [TZ1, (3.54)]. Thus by the same reason
as in [TZ1, Sect. 4d)], all the arguments before this subsection preserve the Z-grading
nature of the twisted Dolbeault complex on M with coefficient bundle AP(T*M)® E,
and this leads to the following holomorphic refinement of (2.16) which holds for any
integer g > 0,

BPI(E)C — I E)C + o+ (“1)TRPO(E)S < B (APO(T*M) @ B) )
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—hPH((APU(T* M) @ E) ) + -+ + (1) (AP(T*M) ® E) ;) . (2.20)

On the other hand, one verifies directly that the splitting (2.17) is holomorphic
in this situation.

(0.9) is then a consequence of (2.17) and (2.20). While (0.10) follows clearly from
(0.9).

The proof of Theorem 0.3 is completed. O

3. Applications and further extensions. In this section, we discuss some
immediate applications and possible extensions of Theorems 0.2, 0.3 as well as the
methods and techniques involved in their proofs.

This section is organized as follows. In a), we apply Theorem 0.2 to get a vanishing
multiplicity result for twisted de Rham-Hodge operators and a weighted multiplicity
formula for twisted Signature operators. In b), we prove a negative analogue of
Theorem 0.2, that is, we prove a weighted multiplicity formula in the case that ‘>’ is
replaced by ‘<’ in (0.5). We also show that the strict inequalities are necessary. In
¢), we discuss briefly the case where 0 € g* is not a regular value of the moment map
u. Finally, we discuss in d) the applications to the typical example where E is the
prequantum line bundle over (M, w).

a). Applications to twisted de Rham-Hodge and Signature operators.
Set

Qir(M,E)= @ Q (M, A"(T"M)® E) - @ Q (M, \"(T*M)®E) (3.1)

p=even p=odd

and

dimc M
Qsig(M, E) = Q (M, NP (T*M)® E) . (3.2)
p=0

One verifies easily that Qar (M, E) (resp. Qsig(M, E)) is exactly the virtual vector
space associated to the twisted (by F) de Rham-Hodge (resp. Signature) operator
on M. The following result gives the corresponding multiplicity formulas for these
operators.

THEOREM 3.1. Under the same assumptions as in Theorem 0.2, the following
identities hold,

dim Qar (M, E)“ =0, (3.3)
dim Qsig (M, E)¢ = 29 dim Qg (Mg, Eg). (3.4)

Proof. Theorem 3.1 follows easily from Theorem 0.2 and the definitions (3.1),
(3.2) with some elementary computation. O

REMARK 3.2. The assumption that 0 € g* is a regular value of p is essential,
particularly for the vanishing property (3.3). This will be discussed further in ¢) and
d).

b). Weighted multiplicity formula for p-negative bundles. A G-equi-
variant Hermitian vector bundle E over (M, w) with G-invariant Hermitian connection
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V¥ is said to be p-negative if at every critical point x € M\u~1(0) of H = |u|?, one
has

dim G

V-1 Z pi(z)ry (z) <0, (3.5)

instead of (0.5).

For any p-negative bundle E, one can introduce the same deformation of twisted
Spin®-Dirac operators as in Definition 1.2, but take T — —oo, instead of +o0, to
prove the following result.

THEOREM 3.3. If G is Abelian and E is u-negative, then the following identity
holds for any integer p > 0,

dim Q (M, APO(T* M) & E)

p
= (-1)HmEN " crt L - dim Q (M, AM(T* M) @ Eg) . (3.6)
k=0

Proof. One can proceed similarly as in Section 2 to prove Theorem 3.2. The key
point to note is that now the analogue of Lemma 2.2 should take the following form
at any critical point x € M\p=1(0) of H = |u|?,

Y o () 10 o 5717 - s for

1 dim G dim M
+5 ; (V=Ie(IVi)e(Vi) + Vil — 4V=TA(JV,, V7)) < ; 1. (3.7)

We leave the details to the interested reader (Compare also with [TZ1, Remark
4.5]). O

As immediate applications, one gets analogues of Theorem 3.1 for p-negative
bundles. One also gets Morse-type inequalities as refinements of (3.6) in holomorphic
situations.

REMARK 3.4. We use a simple example to illustrate that even with p=1(0) # 0,
one can not weaken the u-positive (resp. p-negative) assumption in (0.5) (resp. (3.5))
by an equality to get a weighted multiplicity formula similar to what happens in [TZ1,
Theorem 4.2]: Taking M to be P! with its standard S'-action and E = M x C, one
verifies directly that dim Qqr (M, C)¢ = dim Qqr (M, C) =2 # 0.

REMARK 3.5. It is also clear that the Abelian condition on G is essential for
our argument. In fact, an example due to Vergne (cf. [JK, pp.686]) shows that the
Abelian condition on G is necessary for Theorem 3.3 in the case where p = 0 and E
is the dual of the prequantum line bundle over (M, w) (when the latter exists).

c). The case where 0 € g* is a singular value of u. We now make a brief
discussion on the possible generalizations of our main results to the case where 0 € g*
is a singular value of .
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When p = 0 and F is the prequantum line bundle over (M,w) (when it exists),
the quantization formula for singular reduction has been established by Meinrenken-
Sjamaar [MS] (see also [TZ3] for an analytic treatment as well as extensions in certain
situations). One notable feature in this case is the phenomenon that ‘the singular value
0 is removable’ in the perturbative singular quantization formula [MS, Theorems 2.5,
2.9]. However, as we will see, the situation for the case where p is nonzero is rather
different.

In the simplest case where G is the circle, a fairly general singular localization
formula, which can indeed be applied to our situation, has been proved in [TZ2,
Theorem 6.7]2. To be more precise, let V be the Killing vector field on M generated
by the unit base of g and let Fy = p=1(0) N {x € M;V(x) = 0} be the subset of the
fixed points of the G-action contained in p~1(0). Then one has the following result,
which can be proved by a combination of the arguments in Section 2 with those in
the proof of [TZ2, Theorem 6.7] (Compare also with [Br]).

THEOREM 3.6. If G = S, E is p-positive and 0 € g* is a singular value of 1,
then

dim Q (M, APO(T*M) © E)°

p
p,0 *
- Z Chime - dimQ (Mg o, \**(T* Mg,o-) ® Ego-) + ind D?:O,Jr(T MEE )
k=0

P
p,0 (rpx
=Y Ok - dimQ (Mg e, AVO(T* Mg g+) ® Bg +) +ind Dy T 098 (),
k=0
(3.8)
where Mg o+ are the symplectic reductions p~'(£e) with ¢ > 0 sufficiently small

and Eg o+ the induced bundles from E, while D?::i(T*MmE(:I:V) will be defined in
Appendiz.
COROLLARY 3.7. Under the same conditions as in Theorem 3.6, one has

dim Qur (M, B)® = ind Djy 1T MOE () _ing py T TTME (17

—ind Dy, TOE(yy _ind Dy TTEE (), (3.9)

REMARK 3.8. In the next subsection, we will show that even when E is the
prequantum line bundle over (M,w), the contributions of Fy to the right hand sides
of (3.8), (3.9) may well be nonzero. This explains the essential difference between the
p =0 and p # 0 cases as mentioned above.

REMARK 3.9. If G is of higher rank, one can apply Theorems 3.6, 3.7 inductively
to get localization formulas for dim Q(M,AP*(T*M) ® E)¢ and dim Qqr(M, E)%,
respectively.

d). The case where E is the prequantum line bundle over (M,w). In
this section, we assume E is the prequantum line bundle L over (M, w), of which we

3See also [Br] for a direct analytic treatment as well as extensions to the holomorphic case.
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assume the existence. Then L is a G-equivariant Hermitian vector bundle over M
with G-invariant Hermitian connection VZ such that
v—1

(V) =w. (3.10)

Furthermore, we assume that p verifies the Kostant formula [Ko| (cf. [TZ1, (1.13)])
Lys=Vis—2nv/—1{u,V)s, s (L), Vg (3.11)

The following result is clear.

ProrosiTioN 3.10. L is p-positive.

One of the novelties for the prequantum line bundle is that there is a stan-
dard shifting trick to reduce the computation of dimensions of nontrivial components
of the G-representation Q(M, AP9(T*M) ® L) to those of trivial components of G-
representations of the form Q(M, AP°(T*M) ® E) with E to be ‘u-positive’.

To be more precise, for any §; € Z, 1 < i < dim G, set

g = glhl + - fdimGhdimG S g* (312)

Let C¢ be the G-equivariant complex line bundle M x C over M with G-invariant
Hermitian connection V¢, on which G acts by

Lys= Vs 4+ 2my/—1(£,V)s, s € T(Ce), V € g. (3.13)

The existence of Cy¢ is clear.
Set

Lg =L® CE' (314)

Then L¢ is canonically a G-equivariant Hermitian vector bundle over M with the
tensor product connection V<. Furthermore, G acts on L¢ through the formula

Lys=Vits—2m/—1(u—& Vs, s €T (L), V € g. (3.15)

Since G is Abelian, pe := p — £ may also be regarded as a moment map for
the Hamiltonian action of G on (M,w). One then has the following extension of
Proposition 3.10, which can be verified directly.

PROPOSITION 3.11. L¢ is pie-positive.

Let Q(M, AP°(T*M)® L), denote the ¢-eigenspace of the G-representation Q (M,
APO(T*M) ® L). That is, Ly acts on Q(M,A\PP(T*M) ® L)¢ by multiplication by
2my/—1(&, V). Then one verifies directly that

dim Q (M, APO(T*M) @ L), = dim Q (M, \"O(T* M) @ L¢)© (3.16)

This is the shifting trick mentioned above.

Now when ¢ is a regular value of y, in view of Proposition 3.11 one can apply
Theorem 0.2 to get a weighted multiplicity formula calculating dim Q (M, AP°(T* M)®
L¢)® and thus the &-multiplicity of Q(M, APO(T*M) ® L) in terms of quantities on
the pe-symplectic reduction Mg e = p~'(€)/G. When ¢ is not a regular value of
1, one may first apply Theorem 3.6 and then an induction procedure to calculate
dim Q(M, APO(T*M) & L), via (3.16).
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By summing over all these £’s, one has clearly that

dim Q (M, \P)(T*M) ® L) = Z dim Q (M, A\P°(T*M) ® L) ¢ (3.17)
€

In particular, in the case where G = S, if for any such ¢ denote by Fy = =1 (§) N F
where F' is the fixed point set of the G-action on M, then one can combine the above
reasoning with Corollary 3.7 to get

dim Qur(M, L) = Y (ind Dy Tk () ind Dy TS (V). (3.18)

3

REMARK 3.12. Note that if £ is not contained in the image of the u, then it is
automatically a regular value of p. In this case, Mg ¢ = 0. By Theorem 0.2, one sees
immediately that in the summations in (3.17) and (3.18), the £ actually runs through
the integral lattice points contained in the image of p.

Now if the Euler characteristic x(M) of M is nonzero, then from (3.18) and the
Atiyah-Singer index theorem [AS], which gives that

diInQdR(MvL) = X(M)a (319)

one deduces by (3.17) that at least one of the terms dim Q(M, A®*™%(T*M)® L), and
dim Q(M, A°40(T* M) ® L)¢ should be nonzero. In view of (3.16), (3.18), Theorem
3.6 and Corollary 3.7, this provides a concrete example mentioned in Remark 3.8.

Appendix. The construction of the Dirac operators appearing in The-
orem 3.6. Let W be a S'-equivariant Hermitian vector bundle equipped with a
Sl-equivariant Hermitian connection. The purpose of this appendix is to make ex-
plicit constructions of the Spin®-Dirac operators DleVO, 4 (£V) appearing in Theorem
3.6 (Compare with the Appendix in [TZ2]).

Let N be the normal bundle to Fy, then N inherits naturally an almost complex
structure Jy, a Hermitian metric ¢V as well as a Hermitian connection V7.

Since V is a generator of the S'-action, v/—1Ly acts on N as a covariantly
constant invertible self-adjoint operator commuting with Jy. Let N, N_ be the
positive and negative eigenbundles of /=1Ly |y respectively. Then Jy preserves Ny,
and one has the canonical splittings

N:®C=N"” g NOD. (A1)

Let Sym(N_(:’O)) (resp. Sym(NEO’l))) be the total symmetric power of N_E_l’o) (resp.
NSO’I)). Then Sym(NSO’l)) ® Sym(N_(Fl’O)) ® det(Nil’O)) ® W|p, is an infinite di-
mensional vector bundle over Fj, on which /—1Ly acts as a covariantly constant
self-adjoint operator. Furthermore, its zero eigenbundle, denoted by (Sym(NEO’l)) ®
Sym(N'") @ det(N*?) @ W ,)S", is of finite dimension.

DEFINITION A.1. The operator D}/;Vo7+(V) is defined as the (twisted) Spin°-Dirac
operator on Fy,

DY (V) : Qoeven <F0, (Sym (NOV) @ sym (N{") @ det (N{"”) & W FO)SI)

_, odd <F0, (Sym (NEO,I)) ® Sym (Nf’o)) @ det (NJ(:,O)) ® W|F0)S1> . (A2)
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If we change V to =V, we get the similar definition of D}’WVO’JF(—V).
By setting W = APY(T*M) @ E, one gets the Dirac operators appearing in
Theorem 3.6.
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