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ALMOST COMPLEX STRUCTURES
AND GEOMETRIC QUANTIZATION

DaAviD BORTHWICK AND ALEJANDRO URIBE

ABSTRACT. We study two quantization schemes for compact symplectic
manifolds with almost complex structures. The first of these is the Spin®
quantization. We prove the analog of Kodaira vanishing for the Spin© Dirac
operator, which shows that the index space of this operator provides an
honest (not virtual) vector space semiclassically. We also introduce a new
quantization scheme, based on a rescaled Laplacian, for which we are able
to prove strong semiclassical properties. The two quantizations are shown
to be close semiclassically.

1. Introduction

In the theory of geometric quantization of Kostant and Souriau a key
role is played by the concept of polarization. Recall that if X is a symplec-
tic manifold, a polarization of X is a Lagrangian sub-bundle, P, of TX ® C
that satisfies the Frobenius integrability condition. If P is the (0,1) bun-
dle associated to an almost complex structure, then by the Newlander-
Nirenberg theorem the integrability condition ensures that the almost
complex structure comes from a complex structure, i.e. X is a Kahler
manifold. The quantization of Kéhler manifolds has had numerous ap-
plications, from Bargmann’s work in quantum mechanics to Kostant and
Kirillov’s in the orbit method of representation theory. In addition, this
theory has excellent semiclassical properties: see [1], [2] and [3].

Compact Kéhler manifolds have been, until recently, the only compact
symplectic manifolds for which one has had a general method of quantiza-
tion, where by this term we mean a method for associating to X a Hilbert
space H, and to functions on X operators on H. (There exist other ap-
proaches to quantization; we mention Karasev’s [11].) Recently Vergne
has generalized the Kostant-Souriau scheme by replacing the polarization
with an operator of Dirac-type [17]. Guillemin, [9], has pointed out that a
natural choice for this operator is the Spin® Dirac operator, which is a gen-
eralization of the operator 0 4+ 0* of the Kihler theory and is constructed

Received September 16, 1996.

1991 Mathematics Subject Classification. Primary 53C15, 81S10.
First author supported in part by NSF grant DMS-9401807.
Second author supported in part by NSF grant DMS-9623054.

845



846 DAVID BORTHWICK AND ALEJANDRO URIBE

starting with an almost complex structure which may not be integrable
(more details below). The resulting “Spin® quantization” has attracted a
great deal of attention recently because of its nice properties with regard
to symplectic reduction [8], [13], [14], [16], [18]. The original definition as-
sociates a virtual vector space to X, but we will prove a vanishing theorem
that shows that semiclassically this is an “honest” Hilbert space.

We will also propose here another quantization method which is well-
defined semiclassically, and is based on some old results of Guillemin and
one of us [10]. Instead of generalizing the operator d + 9%, our idea is to
generalize the Hodge Laplacian A® = 0*0 on sections of a holomorphic pre-
quantum line bundle . — X. As we will see, this can also be done starting
with an almost complex structure on X. It turns out that the semiclassical
theory of this quantization method, which we’ll refer to as “almost Kahler
quantization,” is as good as that of Kéhler quantization. This is based on
the results of [10] and the calculus of Hermite Fourier integral operators.
In fact the methods of proof of the main results of [1], [2] and [3] generalize
directly to this setup. We will also prove that semiclassically the almost
Kahler quantization is close to the Spin® quantization.

Before describing these two approaches in more detail, we note that in
both schemes the quantization of functions can be defined in the same way
by the “Toeplitz recipe.” In either case the space of sections has an L?
inner product. If IT denotes the orthogonal projection from the L? space
of sections onto the quantizing Hilbert space, H, then the quantization of
f € C°(X) is the operator IIM(f) restricted to H, where M(f) denotes
the operator of multiplication by f.

The Spin¢ Dirac operator arises as follows. Suppose for a moment that
X is a compact complex manifold. Given a Hermitian holomorphic line
bundle L — X, consider the twisted Dolbeault complex:

0— O®(X, 80 L) 2 C®(EY QL) — ... — C®(E" @ L) — 0,

where £9 is the bundle of forms of type (0,¢) and n is half the real di-
mension of X. The Kodaira vanishing theorem says that for L sufficiently
positive this complex has non-zero cohomology only in degree zero. Let
€ be the direct sum over g of the bundles £4. The vanishing theorem
can also be stated in terms of the operator 0 + 0*, acting on sections of
£ ® L: If L is sufficiently positive, then the kernel of 0 + 0* has only
zero-degree components (just holomorphic sections of L). The index of
the Dolbeault complex is the Riemann-Roch number RR(X, L), which by
the Riemann-Roch-Hirzebruch index theorem equals

RR(X,L) = / Td(X)ch(L),
X



GEOMETRIC QUANTIZATION 847

where Td(X) is the Todd class of X.

Now suppose that X has merely an almost complex structure and L
is a Hermitian line bundle with compatible Hermitian connection. The
Dolbeault complex may be replaced with the “rolled up” version

(1.1) (0+09%):C®(X,E* @ L) - C°(X,EF ®@ L),

where £ and £~ are the direct sum of the £ for even and odd g, re-
spectively. The Riemann-Roch formula still computes the index of this
two-term complex.

The Spin® Dirac operator D is an alternative to the operator 0 + 0* in
this situation. For X symplectic, to define it requires choosing a compati-
ble almost complex structure on X and a Hermitian connection on the dual
of the canonical line bundle of X. (For details, see Duistermaat’s excellent
book, [7].) D acts on the same rolled-up complex (1.1). Moreover, D has
the same principal symbol as 2(0+9*), so its index is the again RR(X, L).
But D has more natural properties in many respects. For instance, there
is an explicit local formula for the integrand in the Riemann-Roch formula
in terms of heat kernels [7].

Following the ideas of Vergne and Guillemin, if L is a pre-quantum line
bundle of X (i.e. L is Hermitian with a compatible connection and its
curvature is the symplectic form) one defines the quantization of X to be
the virtual vector space

indD = ker DY —ker D™.

More generally, if we consider the tensor power L®* (which has curvature
kw), then 1/k plays the role of Planck’s constant. One of the main points
of this paper is to prove an analog of Kodaira vanishing for the Spin®
Dirac operator. Namely, we will prove in Section 2 that ker D~ = 0 for k
sufficiently large.

In the almost K&hler quantization, which will be introduced fully in
Section 3, the quantum Hilbert space will be defined as the span certain
eigenfunctions of a rescaled Laplacian operator. The motivation is as fol-
lows. In the Kihler setting, the space of holomorphic sections of L&* is
just the kernel of the Hodge Laplacian 0*0. Another natural choice of
operator in this setting would be the metric Laplacian on sections, Ay,
defined using the Hermitian connection on L. The relationship between
the two is

(1.2) 40%0 = Ay, — nk,

where 2n is the real dimension of X, so the Hodge Laplacian be seen as a
rescaling of Ay.
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In the non-integrable case, we take the right-hand side of (1.2) as the
definition of the rescaled Laplacian, A}, and we define the Hilbert space
‘Hj. to be the span of the first dj eigenfunctions of A%, where

dy := RR(X,L%%).

This is in fact a more natural generalization of the Kahler situation then
it might seem. By the results of [10] and our Theorem 4.2, the first dj,
eigenvalues of A} can be bounded independently of k, while the rest of
the spectrum drifts to the right with a gap of O(k). So as k — oo the first
dj, eigenvalues (which are zero in the integrable case) remain within some
fixed interval around zero even in the non-integrable case.

In fact, the methods used to prove this fact in [10] imply more than
this. Let ITy : L*(X, L®%) — Hy, be the orthogonal projection. Then [10]
shows that the IIj, are the components of a projector of Szego type. That
is, they define a generalized Toeplitz structure in the sense of [4]. This
means that the semiclassical theorems of [1], [2], and [3], which are based
on [4], can immediately be extended to this quantization.

In Section 4 we will apply the vanishing theorem of Section 2 to demon-
strate that the spaces ker D+ and H}, approach each other semiclassically.
This gives a relation between the two methods of quantization (Spin® and
almost Kahler) that is strong enough to extend some, but not all, of the
semiclassical theorems to the Spin® quantization.

2. The Spin¢ Dirac vanishing theorem

2.1. Drift of the Laplacian. Our proof of the vanishing theorem is
based on a theorem concerning the large k£ behavior of the spectrum of the
Laplacian acting on sections of £ @ L®*, where £ is any Hermitian vector
bundle and L a Hermitian line bundle, both with Hermitian connections.
In particular, we will prove in this subsection that as k — oo the spectrum
of Ay drifts to the right, at a rate governed by the “non-flatness” of the
connection on L, provided the curvature of this connection has constant
rank. For the Laplacian acting purely on sections of L®* this fact was
proven in [10].

Start with X, a compact manifold of real dimension 2n with Rieman-
nian structure 8. Let V¥ and V¢ denote the connections on L and &,
respectively, and let V}, be the induced connection on £ ® L€¥. The met-
ric Laplacian on sections of £ ® L®F is Ay, = ViVi.

Let w = curv(V%), a possibly degenerate 2-form on X. For x € X
define the skew-symmetric linear map J, : T, X — T, X by

w,w) = Pz (v, Jyw), forv,weT,X.
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The eigenvalues of J are purely imaginary. Let 7(z) = Tr" J, := py +
...+, where iuj;, 7 =1,... 1, are the eigenvalues of J, for which p; > 0.
Let 79 = inf 7 ().

Theorem 2.1. With the definitions above, and provided the rank of w s
constant over X, there exists a constant C' such that for all k the spec-
trum of Ay lies to the right of ktg — C. In particular, if w,J, and B
define compatible symplectic, almost complex, and Riemannian structures,
respectively, then the spectrum of Ay lies to the right of kn — C.

Proof. £ will always be an induced vector bundle for some principal G-
bundle F, where G is a compact Lie group (we could always take the
unitary frame bundle of &, for example). Let E be the complex vector
space on which G acts so that £ = F xg E. We will also have a g-valued
connection 1-form 9 on F which induces V€.

A Riemannian structure can be defined on F by first choosing an Ad-G
invariant inner product 49 on g and then defining

B7(X,Y) = Bdn(X),dn(Y)) + B%(9(X),9(Y)),

where m : F — X is the projection. This 3% can be chosen so that the
natural identification of sections of £ ® L®* with G-equivariant functions
F — FE extends to an isomorphism

L3(X,E @ L% = (L*(F, 7" L®%) @ E)°.

Moreover, the action of Ag on the left-hand side corresponds, under this
isomorphism, to the restriction of the operator

AT @1+ 1® Casg

to G-invariant sections, where Akf is the Laplacian on sections of 7* L&F
and Casp € End(F) denotes the Casimir operator determined by 49. The
proof thereby reduces to showing that the spectrum of A7 lies to the right
of kg — C for C independent of k.

Now we essentially apply the same trick to 7*L&* — F. Let P be the
principal S!-bundle associated with L, and « the connection form on P
which induces V. And let Z = 7*P, the pullback of P to F:

zZ — P
l |
F 5 X

(As a bundle over X, Z is just the associated principal bundle to &€ ® L.)
We can identify sections of 7* L®* with the k-th isotype of the S' action
on Z,

L*(F,n* L%%) = [2(2),.
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Under this identification A7 can be written as the restriction of an oper-
ator A on Z which is independent of k. (This A is in fact the horizontal
Laplacian for the bundle Z — F.)

Let p: Z — X be the projection. We can split the tangent space 1,2
into H & Vg1 @& Vi, where H is the horizontal lift of T},,) X, and Vg1 and
Vg are tangent to the S' and G actions, respectively. Correspondingly we
have T} Z = H*® V5, @ V. Using the natural isomorphisms H™* = T;(Z)X

and V& = g*, the principal symbol of A can be written

o(A)(2,€) = B (€, €n) + B¥ (&g, &g,

where £ and g+ are the H* and V% components, respectively, of £ € T Z.
The subprincipal symbol of A is identically zero.

On the characteristic set C = {(2,£) € T*2\0 : £y = &g« = 0}, o(A)
vanishes to second order. At a point (z,&) € C, we can therefore define the
Hamilton map F, ¢ of 0(A), a skew-symmetric linear map in T, ¢(T*Z).
The restriction that w be of constant rank allows us to apply Theorem
22.3.2 of [12], a Melin-type inequality. In our case, with zero subprincipal
symbol, the result implies that if if we choose a first order pseudodifferen-
tial operator A on Z such that o(A)(z,&) < Tr™ F, ¢ for all z,& € C, then
there exists a constant C' so that

(21) (Af.f) = (AL ) = C AP,
for all f € C*°(Z). Here Tr" is defined exactly as for J, above.

The map F. ¢ depends only on the Hessian of ¢(A), and one quickly
sees that to compute the non-zero eigenvalues one need only consider the
restriction of the Hessian to the symplectic subspace H@& H* C T, ((T* 2).

A computation in local coordinates shows that

Tt F. e = 7(p(2)) - &0,

where &y is the Vg component of {. Let Dy be the generator of the S 1
action on Z, whose symbol is . We apply (2.1) with A = 79Dy to give

(Af, ) > 10(Dof, f) = CIf]*

Noting that if f € C*°(Z) comes from a section of 7*L®* then Dyf = kf,
the proof is complete. O

2.2. Vanishing theorem. Now we specialize to the case where §,w,J
are compatible Riemannian, symplectic, and almost complex structures
on X. As in the introduction let £ be the bundle of (0, g)-forms on X,
with £ denoting the direct sum over ¢ of these and £* the even and odd
subbundles.
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We also choose a Hermitian connection on the dual of the canonical
bundle of X. These data then define the Spin® Dirac operator D [7],
which we decompose into even and odd components:

DE : C®(X,EF @ L®*) — C=(X,£T @ L®F).

The principal symbol of D (which is also the principal of 2(0 + 9%)) is
given as follows. To a vector £ € Ty X we can associate an endomorphism
of &, by

cf):v— (E—iJE) AN — int(ﬁ;l(g))y, for v € T;X(U’*),

where int(-) denotes interior multiplication by a vector in T, X. This map
¢ in fact extends to an isomorphism of the complexified Clifford algebra of
T X with End(&,). The principal symbol of D is given by o(D)(z,&) =
ic(§).

Our proof of the vanishing theorem rests on the following calculation of
D2,

Theorem 2.2. (Theorem 6.1 of [7])
D? = A, + ko + R,

where Ay is defined as in Section 2.1 and R € End(€) ® I. The operator
o is defined by

o=—1 Z w(vja Uk)c(fj)c(gk)a
i>k
where v; 1s a local orthonormal frame for TX and &; is the corresponding
dual frame.

Note that (in contrast to (0 + 0*)? in the Kihler case) D? preserves
degree only mod 2 in general. A simple calculation shows that on forms
of degree ¢, o acts as multiplication by 2¢ — n.

We can now prove the main result of this section. Our proof is in-
spired by the proof in [5] of the Kodaira vanishing theorem based on a
Lichnerowicz-type formula.

Theorem 2.3. There exist constants C, K such that, for ¢ € C*(X,E®
L®K), k> K,

Dp=0 = |[¥ll <Ck™ ol

where ¢ = ¢o + ¥ is the decomposition of ¢ into zero and higher degree
components.
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Proof. In the formula of Theorem 2.2, only the R term will mix zero-degree
components with those of higher degree. We therefore have

(¥, D*¢) = (¢, (Ay + ko + R))p 4+ Reo).
If D¢ = 0 then

(2.2) (¢, (Ak + ko + R)P)| = (¢, Rpo)| < [IR]| [ lI¢oll -

By Theorem 2.1, and the fact that o acts as multiplication by 2¢g — n,
there exists a constant C’ so that for large k

(0, (Ag + ko + R))| > C'k [|w])? .

Combining this with (2.2), factoring out a |[|¢||, and absorbing || R|| into
the constant yields

[l < CE= [ ol
O

So if k is large, sections in ker D are dominated by their zero-degree
components. If ¢ € ker D™, then ¢y = 0, so the vanishing result follows
immediately:

Corollary 2.4. For D acting on C®(X,E @ L®%), if k > K then
ker D™ = 0.

Remark. We have stated the vanishing result in the context of geomet-
ric quantization. But for the proof we do not really need the fact that
curv(V%) is symplectic, or even non-degenerate. The more general state-
ment is that ker D~ = 0 for any sufficiently positive Hermitian line bundle
L with curvature of constant rank.

3. Almost Kahler quantization

3.1. Definitions. Let (X,w) be a compact symplectic manifold of real
dimension 2n and L — X a pre-quantum line bundle, i.e. a Hermitian
line bundle with a compatible connection, V, whose curvature equals w.
(This means that [w/27] must be an integral cohomology class.) Let J be
a compatible almost complex structure on X, and define

(3.1) VkeZt A = ViVi-—nk,

where
Vi : C®(X, L) - C=(X, T*X @ L&)
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is the connection on L&* induced by V. The adjoint of V, is defined using
the Riemannian structure on X defined by w and J, namely

Blu,v) = w(u, J(v)).
Let {¢§k)} be an orthonormal basis for L?(X, L®*) of eigenfunctions of

A

o (K k k
(3:2) An g = AP g
where

k k
AR <A <

Recall that the Riemann-Roch polynomial of (X,w) is by definition
(3.3) dy, = / ekw/2m (T X)),
b'e

where Td(T%!X) is the Todd class of the (0,1) tangent bundle of X. The
Riemann-Roch polynomial is independent of the choice of J, as all such
choices are homotopic.

We are now ready to define the Hilbert space of the almost Kahler
quantization.

Definition 3.1. For every positive integer k, define
Hy = Span{@bj(.k); 1<j5<d}.

In the holomorphic case, i.e. if J is integrable and L holomorphic, A}
is a multiple of 9*0 by the Bochner identity. Therefore, by the Riemann-
Roch theorem and the Kodaira vanishing theorem, there exists a K such
that for all k > K,

(3.4) Hi, = ker A} = HO(X, L®).

In the non-integrable case there is a vestigial form of the first equality,
namely:

Theorem 3.2. [10] There exist positive constants a,b, K such that for all
integers k > K

1) Viefl,...,d}, A e (~aa).
(2) Vi >de, AP > bk
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Thus for large k the first dj, eigenvalues of A}, (counted with multiplic-
ities) lie in (—a, a), and the rest of the spectrum drifts to the right with a
gap of O(k).

Remark 1. The result of [10] is more general: One can start with an
arbitrary Riemannian metric on (X,w) and suitably modify the metric
Laplacian, V;V} (again by a zeroth order perturbation), to obtain an
operator for which the previous result remains true. Furthermore the
semiclassical results that we will state below remain valid in this setting
as well.
Remark 2. Strictly speaking, the result of [10] states that for some integer
ko and some constants a,b, K, if k¥ > K then )\g-k) € (—a,a) if j < diyr,
and )\gk) > bk if j > dp+r,. However, a consequence of Theorem 4.2 is
that ko =0.

We define the quantization of real-valued functions on X as in the in-
tegrable case:

Definition 3.3. For every positive integer k, let
I, : L3(X,L®%) — H,

denote the orthogonal projection. For f € C*°(X) we define
Ti(f) = Wy M(f) 1Ly,

where M (f) denotes the operator of multiplication by f. We usually regard
II; as an operator on Hj.

3.2. Semiclassical results. As we will now see, the quantization scheme
defined above has excellent semiclassical properties. We will briefly state
two theorems; the first is a “deformation quantization” result, generalizing
[1], and the second is the so-called trace formula, generalizing [3]. The
proofs of these generalizations are the same as those of the cited results,
because, as we will describe below, the microlocal structure of the family
of projectors {IIx} is the same in the integrable and non-integrable cases.

Theorem 3.4. For all f,g € C>*(X),
(W) NTe (NN = [ fllog + O/F)
(2) 1T (f) Ti(9) = T (f9)ll = O(1/k)
(3) IK[T:(f), Ti(9)] = T({f, gDl = O(1/k)

where {-,-} denotes the Poisson bracket on X.

To state the trace formula, we fix a Hamiltonian function H € C*°(X).

Let Ei(k) be the eigenvalues of T (H). The trace formula is an asymptotic
expansion for a weighted trace of T} (H) taken near some fixed energy FE,
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which we assume to be a regular value of H. The weighting is given by a
test function ¢ with compactly supported Fourier transform. Let ¢ denote
the Hamiltonian flow of H.

Theorem 3.5. If the flow ¢ is clean on H=1(E), then we have an asymp-
totic expansion:

i‘ﬁ(k(Ei(k) —E)) ~ Z icﬂ%l cik0; k(dj—l)/g—z’
i=0

jeJ 1=0

where J indexes the connected components of the set of pairs (z,7) €
HY(E) x R with ¢-(x) = z, d; denotes the dimension of the j-th compo-
nent, and the angles 8; are the holonomy angles for the closed trajectories.

The coeflicients C; ¢ can be expressed as integrals over the correspond-
ing fixed point sets. For example, the 7 = 0 component contributes

Coo0 = (2m) 7" ¢(0) vol(H (E)).

For the details see [3].

There are other results whose proof is based on the microlocal structure.
In [1] several additional semiclassical theorems that follow directly from [4]
are pointed out. For instance, a relation between quantum and classical
time evolution:

He_iktTk(H)Tk(f)eiktTk(H) _ Tk(f o ¢t)

] — O(1/k).

And in addition to the trace formula, [3] also presents an asymptotic ex-
pansion for a localized variant of the weighted trace,

3 k(B — E)) 8 ()0 (),

where \I/Z(k) is the i-th eigenfunction of T} (H), in terms of classical trajec-
tories joining x1 to xs.

Finally, the results of [2] can be also extended to the non-integrable
case. Here families of states in Hy, k € Z4, are associated to certain La-
grangian submanifolds of X. These states concentrate on their associated
submanifolds as k — oo, resulting in asymptotic formulas for norms and
inner products in terms of intersections of submanifolds.
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3.3. Microlocal structure. We will now briefly describe the microlocal
structure that gives the immediate extension of the proofs in [1], [2], and
[3] to our case

Each of the II;’s has a smooth Schwarz kernel. Singularities arise, and
hence microlocal analysis becomes relevant, when the Hy’s are “rolled up”
together, as follows. Let P be the principal S!'-bundle associated to L as
in §2.1, and identify

L*(X,L®%) = L2(P)y.

By considering Hj now as a subset of L?(P), and Il as a projector on
L?(P), we may define

k=0 k=0

In the Kéahler case, P can be regarded as the boundary of the unit disc
bundle in L*, H is the Hardy space of P, and II is the Szegé6 projector for
this Hardy space. Boutet de Monvel, Sjostrand, and Guillemin [4], [6] have
shown that (in the Kéhler case) the Szegd projector is a Hermite Fourier
integral operator associated to the symplectic cone

Y={(p,rap) :p€ P,r >0} CT*P,

where « is the connection form induced on P, and have worked out its
symbol. In [4] the authors in fact develop a theory of “generalized Toeplitz
structures,” which are projectors expressible as Hermite FIO’s associated
to a particular symplectic cone and modeled microlocally on the Szego
projector. The semiclassical results of [1], [2], and [3] are all proven using
this general theory. The point is that the singularities of II come from large
Ek (i.e. semiclassical) behavior (since the IIj were smooth individually).
The basis for the proof of Theorem 3.2 was the following.

Theorem 3.6. [10] The full projector I1 on L%(P) occurring in the almost
Kdahler quantization defines a generalized Toeplitz structure associated to
the symplectic cone X.

Note that in addition to the semiclassical results already stated, this
allows the immediate application of many theorems of [4] on the structure
of the full projector II.
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4. Semiclassical properties of Spin® quantization

Let X,w,J, L as in §3, and let £ be the bundle of type (0, *) forms as
in §2. Choose a Hermitian connection on the dual of the canonical bundle
of X so that the Spin¢ Dirac operator D is defined. With K the constant
occurring in Theorem 2.3, we make the following definitions for the Spin®
quantization.

Definition 4.1. For £ > K define
Q. =ker DT C L*(X,E @ LF).
Let
O : L*(X,E® L) — 0y,
denote the orthogonal projection, and for f € C*°(X) define
Sk(f) = 0 M(F)Ok.

Since dim Qf = ind D for k > K by the vanishing theorem, dim Qj, is
given again by the Riemann-Roch polynomial di. The point of this section
is to compare the almost Kéhler quantization and the Spin® quantization
semiclassically.

In order to make such comparisons, in this section we’ll regard the
almost Kihler Hilbert space Hy, as a subspace of L?(X, £®L®*) containing
sections with only zero-degree components. Similarly, we’ll extend the
domain of TI;, to L?(X, & ® L&k).

Theorem 4.2. ||II; — O] = O(1/k).

Proof. We begin by showing that [|(1 — I;)O| < Ck~!. Given any ¢ €
L*(X,€ ® L®%), we can decompose ¢ = 1o + 01 + 1, where 19 € Hy, M
is in the orthogonal complement of Hj, in L?(X, &% ® L®*), and ¢ is the
sum of higher-degree components. For D¢ = 0, (1 —1I1;)Ok¢p = n1 + 1. So
we are trying to show that D¢ = 0 implies a bound on 7; and v relative
to ¢.

Theorem 2.3 already implies that for large k, ||¢|| < Ck~!||¢|| for any
¢ € ker D. To show that 7; is small, we appeal again to Theorem 2.2, the
formula for D?. If D¢ = 0 then

(4.1) 0= (n,D?*p) = (m, (Ax — nk + R)(no +m)) + (m, RY)

Since 77 is in the complement of Hy, for Ay — nk acting on 7; we have a
lower bound which increases with k:

(m, (Ak = nk + R)m)) > Ck||m||*.
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On the other hand, the action of A, —nk on Hy is bounded uniformly in
k, so

(m, (Ax — nk + R)mo)) < C|lnol| lm]l -
Returning to (4.1) and using the bound on 9, we obtain

Elml* < C ol Imll + Ck~ [l 11l

which leads directly to the desired ||n|| < Ck™! |||

This completes the proof that (1 —11;)Ox| < Ck~!. Noting that
I, (1 — ©k) = ((1 — ©k)II;)*, we can use the same argument to show that
”Hk(l — @k)H < Ck~'. Since Hk(l — @k) — (1 — Hk)e)k = Il — Oy, this
completes the proof. O

We return now to clarify the remark made after Theorem 3.2. The
version of this theorem proven in [10] involves dj. 1, eigenvalues, where kg
is some fixed but unknown integer, instead of dj. So we should really have
defined dim Hj, as the span of the first di, eigenfunctions. But a simple
consequence of Theorem 4.2 is that with Hj so defined, dim H; = dim O
for k sufficiently large (large enough so that ||II; — O] < 1). So in fact
ko = 0.

Theorem 4.2 has some direct applications to semiclassical analysis of
“Spin¢ Toeplitz operators.”

Theorem 4.3. For f € C*(X),

1Sk (f) = T ()] = O(1/k).
Corollary 4.4. For all f,g € C*(X),

(W) 15x (NI = I flloc + O1/E)
(2) I15k(f)Sk(g) = Sk(f9)ll = O(1/k),

Theorem 4.3 follows immediately from Theorem 4.2, and the corollary
follows because of Theorem 3.4.

Some additional results may be derived for a more general notion of
Toeplitz operator. We may regard the space Qy as a subspace of L?(Z),
where Z is the principal bundle introduced in Section 2. So given a pseu-
dodifferential operator @ on Z, we can define

Theorem 4.5. Let (Q and R be pseudodifferential operators on Z of order
q and r, respectively. Then

(4.2) 1Sk(@)] = O(k%),
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and

(4.3) 118%(Q), Sk(R)]]| = O(kT*"~1).

Proof. Let Dy be the generator of the S! action on Z, as in Section 2. To
prove (4.2) for ¢ < 0, note that (D)~ %Q is an operator of order zero, and
thus bounded because Z is compact. Let © = @0y, as a projector on
L?(Z). Since |©| = 1, we have |©(Dy)91Q0|| < C. So ||Sx((Dg) Q)| <
C for each k, where C is independent of k. The proof is concluded by
noting that ©pDy = kOy. For ¢ > 0 we must choose a parametrix B
for Dy, and consider Sy(B?Q). Then ©,B = k=10 plus k=1 times a
smoothing operator, and we may use the result for ¢ < 0 to control this
correction.

To prove (4.3) we need to appeal to one of the basic facts about gener-
alized Toeplitz structures proven in [4], Proposition 2.13. Namely given a
pseudodifferential operator (), there exists another pseudodifferential op-
erator Q such that IIQII = IIQII and [II,Q] = 0. Q necessarily has the
same principal symbol as Q.

It turns out that Q also commutes with Oy, to leading order in k. To
see this, note that [Qx, Q] = [O, — IIx, Q]. Inserting D, ? as above, and
using Theorem 4.2, we obtain

(4.4) [, Q1| < cne.

Returning to the second statement of the theorem,

[SK(@), Sk(R)] = [Sk(Q), Sk(R)]+[Sk(Q — Q), Sk(R)] + [Sk(Q), Sk(R— R)]

The norms of the last two commutators on the right can be bounded by
CkiT=1 by (4.2), so it only remains to bound [Sk(Q), Sk(R)]. Observe
that

[Sk(Q), Sk(R)] = Sk (1Q, R]) + ©1Q[Ok, ROy — O, R[O, Q]Oy.
All terms on the right have norm bounded by Ck4T"~!; the first by (4.2)
directly, the second and third by (4.2) and (4.4). O

Of course, by the same argument (4.2) holds for Tj(Q). And in fact
there is a refined version of (4.4) for almost Kéhler Toeplitz operators. The
theory of [4] allows one to pick off the leading term in the commutator:

T(Q), To(R)] — k' Ti(P)|| = O(kv+7~2),

where o(P) = {0(Q),0c(R)}. Part 3 of Theorem 3.4 follows immediately
from this fact [1]. Our comparison between IT;, and Oy is not strong enough
to extend this result to the Spin® case.
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We note also that Theorem 4.3 implies that dist(Spec(Sk(f)),
Spec(T%(f))) is O(1/k). This is enough to extend the Szegd theorem of
§13 of [4] to Spin® Toeplitz operators, but not enough to extend the trace
formula (Theorem 3.5).

5. Concluding Remarks

We have seen that there are two methods (at least) of quantizing triples
(X,w,J) consisting of a compact symplectic manifold with a compatible
almost complex structure. Although we have demonstrated that the al-
most Kahler quantization has very good semiclassical properties, we have
yet to prove the same for the Spin® quantization. This seems to require
dealing with Fourier integral operators of Hermite type acting on sections
of vector bundles. Although there do not seem to be any serious obstacles,
as always when dealing with systems matters are more involved. We hope
to provide the details of this approach in the future.

From a purely geometrical point of view, the quantizations discussed in
this paper raise a number of natural questions. Recall a classical construc-
tion in algebraic geometry: if L — X is a holomorphic line bundle such
that the corresponding linear system is base-point free, then L defines a
map of X to a projective space,

F:X—P(HX,L)).

The definition of F' is the following: Vz € X, F(z) is the hyperplane
in H°(X, L) consisting of all holomorphic sections vanishing at x. (The
condition of being base-point free means precisely that Vo € X such a
set is indeed a hyperplane.) In the setting considered in this article, the
Hilbert spaces of both quantization schemes are subspaces of the space
of sections of a vector bundle, so one can attempt to define a map F
precisely as above, with Hy, (or Q) replacing H°(X, L). We claim that if
k is sufficiently large then this definition is possible, at least for the almost
Kahler case. That is, for a given X for all k sufficiently large and for all
x € X there is a ¥ € Hj, such that ¢(x) # 0, and therefore the space
of elements in Hy, vanishing at z has codimension one. Questions on the
geometry of these maps will be investigated in future work.

References

1. M. Bordemann, E. Meinrenken, and M. Schlichenmaier, Toeplitz quantization of
Kahler manifolds and gi(N), N — oo limits, Comm. Math. Phys. 165 (1994),
281-296.

2. D. Borthwick, T. Paul, and A. Uribe, Legendrian distributions with applications to
relative Poincaré series, Invent. Math. 122 (1995), 359-402.

3. , Semiclassical spectral estimates for Toeplitz operators, preprint (1995).




10.

11.

12.

13.

14.

15.

16.

17.

18.

48

GEOMETRIC QUANTIZATION 861

. L. Boutet de Monvel and V. Guillemin, The spectral theory of Toeplitz operators.
Ann. of Math. Studies No. 99, Princeton University Press, Princeton, New Jersey
1981.

N. Berline, E. Getzler, and M. Vergne, Heat kernels and Dirac operators, Springer-
Verlag, Berlin 1992.

L. Boutet do Monvel and J. Sjostrand, Sur la singularité des noyaux de Bergmann
et de Szego, Astérisque 34—35 (1976), 123-164.

J. J. Duistermaat, The heat kernel Lefschetz fized point formula for the Spin-c
Dirac operator, Birkhauser, Boston (1996).

H. Duistermaat, V. Guillemin, E. Meinrenken, and S. Wu, Symplectic reduction
and Riemann-Roch for circle actions, Math. Res. Lett. 2 (1995), 259-266.

V. Guillemin, Reduced phase spaces and Riemann-Roch, in: Lie theory and geome-
try in honour of B. Kostant, Progr. Math. 123, Birkh&user, Boston 1994, 305-334.
V. Guillemin and A. Uribe, The Laplace operator on the n-th tensor power of a
line bundle: eigenvalues which are uniformly bounded in n, Asymptotic Anal. 1
(1988), 105-113.

M. V. Karasev, Simple quantization formula, in: Symplectic geometry and math-
ematical physics (Aiz-en-Provence, 1990), Progr. Math. 99, Birkhduser, Boston
1991, 234-244.

L. Hormander, The analysis of linear partial differential operators III, Springer-
Verlag, Berlin 1983.

E. Meinrenken, On Riemann-Roch formulas for multiplicities, J. Amer. Math. Soc.
9 (1996), 373-389.

, Symplectic surgery and the Spin® Dirac operator, Adv. in Math., to appear

(1996).

R. Sjamaar, Symplectic reduction and Riemann-Roch formulas for multiplicities,
Bull. Amer. Math. Soc. 33 (1996), 327-338.

Y. Tian and W. Zhang, Symplectic reduction and analytic localization, preprint
(1996).

M. Vergne, Geometric quantization and equivariant cohomology, in: First European
Congress of Mathematics, vol. 1, (Paris, 1992), Progr. Math. 119, Birkh&auser,
Boston 1994, 249-295.

, Multiplicity formula for geometric quantization, Parts I and II, Duke.
Math. J. 82 (1996), 143-179, 181-194.

MATHEMATICS DEPARTMENT, UNIVERSITY OF MICHIGAN, ANN ARBOR, MICHIGAN
109
Current address: Mathematics Department, University of California, Berkeley, CA

94720

48

E-mail address: borthwik@math.berkeley.edu

MATHEMATICS DEPARTMENT, UNIVERSITY OF MICHIGAN, ANN ARBOR, MICHIGAN
109
E-mail address: uribe@math.lsa.umich.edu



