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Asymptotics for Bergman-Hodge kernels for high
powers of complex line bundles®

ROBERT BERMAN ()| JOHANNES SJOSTRAND (2)

ABSTRACT. — In this paper we obtain the full asymptotic expansion of
the Bergman-Hodge kernel associated to a high power of a holomorphic
line bundle with non-degenerate curvature. We also explore some relations
with asymptotic holomorphic sections on symplectic manifolds.

RESUME. — Dans ce travail nous obtenons un développement asympto-
tique complet du noyau de Bergman-Hodge d’une puissance élevée d’un
fibré en droites holomorphe & courbure non-dégénerée. Nous explorons
aussi quelques relations avec des sections asymptotiquement holomorphes
sur une variété symplectique.
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1. Introduction

Let L be a Hermitian holomorphic line bundle over a compact complex
Hermitian manifold X. Denote by © the curvature two-form of the canonical
connection V on L. By the Hodge theorem, the Dolbeault cohomology group
H%9(X, L) is isomorphic to the space H%4(X, L) of harmonic (0, q)—forms
with values in L, i.e the null space of the Hodge Laplacian A,. Denote
by II; the corresponding Hodge projection, i.e. the orthogonal projection
from L?(X, L) onto H%9(X, L). We will assume that © is non-degenerate
of constant signature (n_,n), i.e. the number of negative eigenvalues of ©
is n_ (the index of ©). Then it is well-known, by the theorems of Kodaira
and Hormander, that H%9(X, L*) is trivial when ¢ # n_, for a sufficiently
high tensor power L. (See also [18].) We will study the asymptotics with
respect to k of the corresponding Hodge projections Il  in the non-trivial
case when ¢ = n_. The case when n_ = 0, i.e. when L is a positive line
bundle and II;; is the Bergman projection on the space of holomorphic
sections with values in L*, has been studied extensively before (compare
the historical remarks below).

Let m; and o be the projections on the first and the second factor of
X x X. Denote by K}, the Schwartz kernel of II, 5, (the subscripts k will be
omitted in the sequel) with respect to the volume form w, on X induced
by the Hermitian metric on X, so that K is a section of £(m} (A% (T*X) ®
LF), 75 (A%9(T*X) ® LF)).

_ Let t,s be local unitary sections of L over X , Y respectively, where
X,Y C X. Then on X XY we can write

1

K(z,y) = Kis(z,y; 1 )t(2)"s(y) ™,

where K; s is a local section of £(m3(A%4(T*X)),n;(A%9(T*X))) so that
forz € X, u € C&(Y; AY(T*X ® LF)),

) = )" [ Kialoyi ) (ulo).s(0)*) ),

We say that a kernel

R(e,) = Ruole,ys () s(0)™,

is megligible if
1
0200 Ry (w0, y; E) = Oupn(k™),
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locally uniformly on every compact set in X x Y, for all multiindices «, 3
and all N in N. Notice that this statement does not depend on the choice
of t,s and on the local coordinates x, y.

Our main result tells us that K is negligible near every point (zo, yo)
with zg # yo and that for (z,y) near a diagonal point (g, )

1
Ky s(z,y) = b(z, y; E)e’“"(z’y) + R o(z,y), Rys negligible, (1.1)

where ¢ is smooth function with 1(z,z) = 0, Ret)(z,y) v~ — |z — y|* and

b,y 1) ~ K" (ol,9) + b1 (2, 9) + )

[t

in C°° (neigh(zo, x0); £(73(A%(T* X)), 7 (A%4(T*X))). Moreover, let C be
the graph of %dz/) in T*X xT* X over the diagonal. Then C locally represents
the graph of the canonical connection V of L& L* over the diagonal in X x X
and the semiclassical wave front of K. See Theorem 5.1 and the preceding
explanations in Section 5 for a more precise local statement.

We will also explore some relations to the work [44] of B.Shiffman and
S.Zelditch, where so called asymptotic holomorphic sections on symplectic
manifolds are studied.

1.1. Overview

After locally fixing a unitary frame for L, we identify the Hodge Lapla-
cian A, acting on (0, ¢)—forms with values in LF, with a local semiclassical
differential operator (setting h = 1/k). Since the curvature form of L is
assumed to be non-degenerate the characteristic variety 3 of Ay is sym-
plectic. Modifying the approach in [40] we then construct associated local
asymptotic heat kernels in Section 3 and investigate the limit when the time
variable tends to infinity. In Section 4 it is shown that the limit operator is
an asymptotic local projection operator. The complex canonical relation of
the local projection operators is expressed in terms of the stable outgoing
and incoming manifolds associated to ¥ in Section 3. Assuming, in Section
5, that the number of negative eigenvalues of the curvature of L is equal to
q everywhere on X we get a complete asymptotic expansion of the global
projection operator II,. In Section 6 we investigate some relations to [44],
where so called asymptotic holomorphic sections on symplectic manifolds
are studied. We introduce a certain almost complex structure, closely re-
lated to the stable manifolds introduced in Section 3, making the curvature
form of L positive. It is shown that for k& sufficiently large the dimension of
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the null space of A, coincides with the dimension of the corresponding space
of asymptotically holomorphic sections (after a suitable twisting of L). In
Section 7 the interplay between different complex structures is illustrated
by homogeneous line bundles over flag manifolds.

1.2. Historical remarks

Most of the earlier results concern the positively curved case n_ = 0.
G. Tian [49], followed by W. Ruan [43] and Z. Lu [32], computed increas-
ingly many terms of the asymptotic expansion on the diagonal, using Tian’s
method of peak solutions. T. Bouche [11] also got the leading term using
heat kernels.

S. Zelditch [51], D. Catlin [14] established the complete asymptotic ex-
pansion at = y by using a result of L. Boutet de Monvel, J. Sjostrand [13]
for the asymptotics of the Szegd kernel on a strictly pseudoconvex bound-
ary (after the pioneering work of C. Fefferman [21]), here on the bound-
ary of the unit disc bundle, and a reduction idea of L. Boutet de Monvel,
V. Guillemin [13]. Scaling asymptotics away from the diagonal (roughly with
a second order polynomial instead of ¢ in (1.1) and corresponding more gen-
eral amplitudes) was obtained by P. Bleher, B. Shiffman, S. Zelditch [6] and
the asymptotics as in (1.1) by L. Charles [15], using again the reduction
method. In the recent work [4] B. Berndtsson and the authors have worked
out a short and direct proof for the asymptotics as in (1.1).

In more general situations, asymptotic expansions on the diagonal and
in the scaling sense away from the diagonal were obtained by B. Shiffman,
S. Zelditch [44] and X. Dai, K. Liu, X. Ma [17]. See also the works by X. Ma
and G. Marinescu [34] for related spectral results and [35] for asymptotics
on the diagonal.

Without a positive curvature assumption there have been fewer results.
J.M. Bismut [5] used the heat kernel method in his approach to Demailly’s
holomorphic Morse inequalities. Using local holomorphic Morse inequalities
[2], the leading asympotics of the Hodge projections were obtained by the
first author in [3] without assuming that the curvature is non-degenerate.
X. Ma has pointed out to us that the method and results of [17] can be
extended to the case of non-positive holomorphic line bundles by using a
spectral gap estimate from [34] and this was recently carried out in the
preprint [36]. The result of Theorem 5.1 was announced in [47].

In this quick review, we omitted results away from the diagonal, since
our work only concerns the asymptotics modulo O(k~°).
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1.3. Why the heat kernel method?

Originally we thought about a direct semiclassical adaptation of the
methods in [13] and both L. Boutet de Monvel and more recently the referee
have suggested such an approach to us. For a long time our attempts in that
direction were stalled by some algebraic problems in the case n_ > 0, and
only recently (after finishing the present paper) did we get an idea about
how to circumvent the algebraic difficulty.

We believe however that the heat kernel method has its own interest and
is not really longer than the adaptation of [13]. Undoubtedly it can also be
used to obtain the complete asymptotics of the inverse of A, when ¢ # n_
and the partial inverse on the orthogonal of the kernel when ¢ = n_.

Acknowledgements. — The first author has been partially supported by a
Marie Curie grant. The second author has benefitted from the hospitality of
Chalmers and Gothenburg University in 2000-02. We express our gratitude
to Bo Berndtsson for many stimulating discussions and for continued inter-
est in this work. We have also benefitted from discussions with L. Boutet
de Monvel L. Charles, X. Ma, H. Seppanen and G. Zhang, as well as with
M. Shubin who suggested a similar problem to one of us in 1994. Finally,
we thank the referee for several interesting remarks.

2. Holomorphic line bundles and the d-complex, a review

Let L be a Hermitian holomorphic line bundle over X. Later, we shall
use a local holomorphic non-vanishing section s. We write the point-wise
norm of s as

2 2 _. -2
2 = [sff, =: 7.
The curvature form of L can be identified with the Levi form 90¢.

Add a Hermitian metric on 710X
. 0 0
H(v,p) = Hj vl lfVZZVja—’ = i (2.1)
Zj sz
We have a natural duality between T} ;X and T"°X, satisfying

0
(dzj, 8—2k> =0k,
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so if w = ) wydzg, then (w,v) = > w;v;. For each © € X, we can choose
21, ..., 2 centered at x so that

0 0

Hj,k(x) = 6j,k’§ Hx(£7 a—Zk) = 5j,k~
J

The metric H also determines a metric on A%9(T*X) such that in the
special coordinates above, we have that

dzjl /\.../\Clzjq7 1< <je<... <jq <in,

is an orthonormal basis of A%?T X. Then we have a natural metric also on
L@ AT*X.

Let us also fix some smooth positive integration density m(dz) on X.
(For instance, we can take m(dz) = w,(dz); the induced volume form.) Then
we get a natural scalar product on

EY(L) = C™(X; Le AT X),
so if
0: ..—EM(L) — &Y (L) — ..

is the 0 complex, then

0 ¢ . EYYL) e EXITHL) — ...

is also a well-defined complex.

If wis a 0,1-form, let w! : ADHT*X — A%T*X be the adjoint of
left exterior multiplication w” : A®T7X — A%TIT*X . Here we use the
Hermitian inner product H* on A%9T}X that is naturally obtained from
H. Without that inner product, we can still define v/ : A®IHIT*X —
A%T*X | when v =Y Vja%j is a vector field of type 0,1, as the transpose

of v : A®IT, X — A%9H1T, X. We have the standard identity,
W 4+ vl = (w,v)id.

In the present case we have the analogous identity,

wfw% + w%wf = H*(w1,ws)id, (2.2)

when wy, we are (0,1)-forms. Notice also that w% depends anti-linearly on

w2.
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Let e1(2),...,en(z) be an orthonormal frame for A%1T*X. Let
Z1(2), ..., Zyn(2) be the dual basis of A>T X so that on scalar functions,

0
Zej ’8)

If f(z)ej, A ... Aej, is a typical term in a general (0, ¢)-form, we get
A(f(2)ej, A ... Nej,)
n

q
= Zi(f)ejes, Ao Nej, + Z(—l)}“*lf(z)ej1 AN (Dej) A Ny,
k=1
Zi(F)eDejy Ao Neg, + (O (Des) el (f(2)ejy Ao Nej,).

1 j=1

<

I
— .
Ms ﬂ

<.
Il

So for the given orthonormal frame we have the identification
9= "(e) ® Z; + (Be;)e)) (2.3)
j=1
and correspondingly
9 = (e ® Z; +e)(De;))),
j=1

where Z7 is the formal complex adjoint of Z; in L?(m).

If s is a trivializing local holomorphic section of L, then s* is a trivializing
local section of L*, and the corresponding metric hj on L* satisfies

k k —2k
517, = Isliy = e+,

Hence if
o = sfwe%YX;LP),
w skw e 09T (X, P,

g
I

we get for 0, 8*, acting on (0, q)-forms with coefficients in L*:

I(shw) = sk (€} ® Z; + (Bej) ed)w,

M:

<.
Il
—

(eJ © (Z} + 2kZ;(9)) + e} (De;) yw

Q|

*
o

>
g

|

w

>
MS

<.
Il
—
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We next derive more symmetric representations for 8, 8 in spaces with-
out exponential weights, by using the following local representation,

o = (se?)*o € £%9(X; L), (2.4)

so that
EYX) 30— (se®)'w € £9(X; LF)

is locally unitary in view of the fact that |s(z)e®@)], ) = 1:

[ 8@, ommid) = [ @@ m(do) (2
Using (2.3), which makes sense directly on elements of £%9(X, L¥), we get
0 = (se?)*0,0, (2.6)

where,

050 zn: (ef @ (Z; + kZ; (¢))+(Eej)%§). (2.7)

Now the formal adjoint of d, for the scalar product given by the right hand
side of (2.5) is
9.0 =Y (er @ (Z) +kZ;(9)) + € (De;))), (2.8)

j=1

where in view of the unitarity of the relation (2.4),
0w = (se?)*D.w, (2.9)

where
W = (se®)Fw. (2.10)

Now rewrite things semiclassically. Put

1

h=o, (2.11)

hd, = i(ef ® (hZ; + Z;j(¢)) + h(éej)Aej.), (2.12)
Jj=1

hgz = zn:(ej- ® (hZ; + Zj(¢)) + he (3ej) ). (2.13)

Here hZ; is a semiclassical differential operator.
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PROPOSITION 2.1. — Using the representation (2.4), we can identify the
Hodge Laplacian with

A= (2.14)
(h,)(hDy) + (hD,)(hD,) =

16 (7 + Z@)hZ, + Z,(0)

+ Z ehey, @ [hZ; + Z;(6), hZi + Zi(9)]

+O(h)(hZ + Z(¢)) + O(h)(hZ* + Z(9)) + O(h?),

where O(h)(hZ 4+ Z(¢)) indicates a remainder term of the form h)_, ar(z)
(hZy~+Zk (@) with aj, smooth, matriz-valued, and similarly for the two other
remainder terms in (2.14).

Proof. — We make a straightforward calculation.
(5)(715) + (hds)"(hds) =
Z ® (hZ; + Z;(6)) (e © (hZ} + Z(9))

+e i ® (hZy + Zi(0))(e) @ (hZ; + Z;(9)))

+(e) @ (hZ; +Z< ) (hep Pex)!) + (hep (Be))(ef © (hZ; + Z;(9))
e))(er @ (hZi + Zi(9))) + (er @ (hZg: + Zi(0))h((Pe;)"e))
eDhep @ex)) + hef, er) ((Be;)"eh) ).

+h(
+h(

Using (2.2), we see that the sum of the first two terms inside the general
term of the sum is equal to

(De;)"
(De;)"

€j

(ehel +ehel) @ (hZf + Zi(0))(hZ; + Z;($)))
veberlhZ; + Z;(8), hZj: + Zi(9)]
= 6,k (hZ}; + Zi(0)) (hZy, + Z1(9)) + e} el |hZ; + Z;(9), hZ}; + Zi(9)].

The proposition follows. U

Let g; be the semiclassical principal symbol of hZ; + Z;(¢), that we
shall write down more explicitly later, viewed as a function on the “real”
cotangent space T*X. (We refer to [42, 19] for standard terminology about
semiclassical pseudodifferential operators, and to [26, 48] for the fact that
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the Weyl quantization permits to define the symbol of such an operator
modulo O(h?) even on a manifold.) The semiclassical principal symbol of
A s

Po=1®Y 74 (2.15)
j=1

The semiclassical subprincipal symbol of A is a well-defined endomorphism
of A®4T*X at every point (z,£) € ¥ on the doubly characteristic manifold
Y CT*X, given by ¢1 = ... = ¢, = 0. For an operator of the form (hZ} +
Zy(9))(hZ;+ Zj(¢)) this subprincipal symbol is given by %{qk, ¢;} and the
contribution from the double sum in (2.14) to the subprincipal symbol of A
is

h _
n S eher @ G an}-
3.k
Thus on ¥, we get the subprinicipal symbol of A:

1 _ 1 _
oy =h(1® Y~ {a;, 7} + Y efet = {4 0i)). (2.16)
J J)k

Since p; is invariantly defined on ¥ as well as the first sum, the double sum
is also invariantly defined.

To compute further, we choose holomorphic coordinates z1, ..., 2z, 2; =
z;+iy;. We make the following fiberwise bijections between AM0T* X, T* X,
AGIT*X:

> (idz o Re (D (dzy) < > (Gdz;. (2.17)
1 1 1
Writing
G =& — iy,
we get
Re (D ¢idz) =Y (& dx; + nydy;),

so in local coordinates, we have bijections between
(2,Q) € AYOT*X, (z,y:¢,m) € T*X, (2,() € A T*X.

The semiclassical symbol of h% = %(h% + ih%j) is £(& +in;) = 5¢;-
Hence the symbol of

0 op . i- 0¢
haizj+672jlsicj+aigj,
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so in the coordinates (z, (), the equation for ¥ becomes:

c__209%
7 i6§j7
or equivalently,
2 0¢
i=—-—,j=12,.,n. 2.18
CJ ZaZj’ J y by ey T ( )

For later use we here compute the principal symbol ¢; of hZ; + Z;(¢):
Let the orthonormal frame e, ..., e, be given by

ej(z) = Zajyk(z)dik,
k
and the corresponding dual basis Z1, ..., Z,, of A>'T* X by
0
7. - b —

where the invertible matrices (a; ) and (bjx) are related by

Ybjx)(ajr) = 1.
Then it follows from the calculations above that

i~ 0
4 = ij,k(%Ck + 8—2). (2.19)
k ,

PROPOSITION 2.2. — In the (z,()-coordinates, the Poisson bracket {f, g}
of two C-functions f,g is given by

1 Yy _(9f 99 0f 09, OF 99  Of 9y
§{f’g}_§Hfg_(ag az+az 2z~ (% ac "oz af) (2.20)

Proof. — Consider the real canonical 1-form on 7% X:
Re (Z deZj) = Z(§]d$] + njdyj).
Hence the real symplectic form becomes

d(> (&dx; + nidy;)) = Re () _d¢; Adzj) = Reo =: w,

where ¢ = > d(; Adz;. If f is a smooth real function on the real phase
space, the corresponding Hamilton field Hy is given by

(w,t A Hy) = (¢, df). (2.21)
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With ¢t = 2Re Z(ajaizj + bjd%j), the right hand side becomes

of
2ReZaja = jacj)
while the left hand side is equal to
Re (ot A Hy) =Re Y (b;{dz;, Hy) — a;(d¢;, Hy)).
Varying ¢, we conclude that

of
a¢;’

of

(dzj, Hy) =20, (dGj, Hy) = —2—=,

SO

In particular, we get (2.20) This expression now extends to the case when
f, g are complex-valued functions which completes the proof. O

Of course (2.20) can also be obtained by straightforward calculation from

()20, 2000 010y 0100 0 0.0 0 10 0,
9 O dx  Ondy Oxdf Oydn dxr 0z 0z dy 0z 0z

(2.22)

Now return to the expressions (2.14), (2.15). If 2y is a fixed point,
we choose holomorphic coordinates z1, ..., 2, as above in such a way that
Z; = az , e; = dz; at zp. Then b; (20) = J;, in (2.19) and at the corre-
Spondlng point pg = (20, o) € X, we have

g+ 2

99 |
By C a_] )

{45,k }(po) = - .Ck + 5

277

Applying (2.20), we now get

Lo i P P i P

— . —_ — - =1 .

2\ = 5 0700, | 024072 0%;0%

We rewrite this as
Lay =220 (2.29)
2i Y IS = oz 0z :

and recognize here the coefficients of the Levi-matrix appearing also in 09¢.
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PROPOSITION 2.3. — X is symplectic at a point (293 o, M0) z_ﬁ(az ——)(20)

is non-degenerate. Indeed, if we identify AV°T*X and T*X, by means of the
first bijection in (2.17), then the real symplectic form w becomes Re (3 d(; A
dz;) and its restriction to $ can be identified with 200¢.

Proof. — With the above mentioned identification, ¥ takes the form
(2.18) which can be written more invariantly as

¢-dz= %(%ﬁ. (2.24)

Hence,

2

"2 d¢ "= 2 2
U‘E:dz——/\ Zzlazkaz dzy A dzj = =000,
1 Jj=1k=

This is a real form, so it is also the restriction to > of Reo and it is non-

degenerate precisely when ( azaj Zng) is (cf [45]). O

Back to the general case, we recall the condition for having the apriori
estimate

Rlull + Y I1(hZ; + Zi(9))ull + D I(hZ5 + Z;(d))ull < CllAgul, (2:25)

for u € C§°(neigh (29); A%4T* X).

PROPOSITION 2.4. — (2.25) does not hold precisely when n_ < ¢ <

n —ny, where (ny,n_) is the signature of (%(20)).
J

This is essentially well-known since the O-estimates of L. Hérmander
(see [27]), and in the context of more general hypoelliptic operators it was
obtained in [46] in the non-degenerate symplectic case. The constant C in
formula (2.25) is also closely related to the curvature term appearing in
the Bochner-Kodaira-Nakano formula [24, 18]. The result will not be used
explicitly since the heat equation method below will give enough control
(and would allow to recover it easily, compare Proposition 3.1).

3. The associated heat equations

We work locally near a point zg € X, where

0%¢
afj 0z,

) is non-degenerate of signature (ny,n_), (3.1)
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so that the characteristic manifold ¥ of A, is symplectic. We review some
results of A. Menikoff, J. Sjostrand [40], [41] that apply to the present
situation with minor changes:

In those works, we considered a scalar classical pseudodifferential oper-
ator with principal symbol py vanishing to precisely the second order on a
conic symplectic submanifold of 7% X . In the present work, we have a semi-
classical differential operator with a leading symbol pg in (2.3) that we can
view as scalar; pg = > q;q; and po is no longer homogeneous, and ¥ is no
longer conic in the fiber variables.

In this section we consider the problem:
(h0: + Ag)u(t,z) =0, u(0,2) = v(x). (3.2)

We shall apply the standard WKB construction of an approximative solution
operator and apply arguments from [40] together with a “Witten trick” to
get additional properties to be used later. See Proposition 3.3 for the precise
statement about the solution to (3.2). Following a standard idea, we will
see how to reduce ourselves to the homogeneous situation (in the proof of
Proposition 3.3). Since the non-scalar nature of the operator appears only
in the subprincipal terms, it will only affect the transport equations which
can be treated very much as in the scalar case. The really new feature is the
exponential convergence of the heat parametrix when ¢ — oo in the case of
(0,n_)-forms.

We forget about most of the complex structure of X and work in some
smooth local coordinates z = (z1,...,x2,) defined on X CC X. At least
for small ¢ > 0, we look for an approximate solution of (3.2) of the form
u(t,:c) = U(t)U(fE),

ult, z) h / / RO =0 ot 2 e Byu(y)dydn, (3.3)

(2m

where a is a matrix-valued classical symbol of order 0:

a(t,z,n; h Zak (t,z,n)h", aj,_o =1, (3.4)

and ¢ with Im v > 0 should solve the eikonal equation,

10 (t, x,m) + po(x, P, (t,2,1m)) = 0+ O((Im¢)>), ¢,_ =z-1. (3.5)

The amplitude a is determined by a sequence of transport equations that
will be reviewed later. (Here we follow the convention that u = O((Im 1))
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means that u = O((Im 1)) for every N > 0, uniformly or locally uniformly
depending on the context.)

According to the general theory in [37, 38], this equation can be solved
locally, provided that we also denote by py an almost holomorphic exten-
sion. The general theory also tells us that U(t) is associated to a canonical
transformation,

ki = exp(—itHp,). (3.6)

(Here x; depends slightly on the choice of almost holomorphic extension of
Do, S0 ki(p) is well-defined only up to [Imp|>. In [38] we also made the
assumption that pg(z, ) is positively homogeneous of degree 1 in £, but as
noticed for instance in [40] and will be reviewed in the proof of Proposition
3.3, one can easily reduce the general case to the homogeneous one, by
adding a variable xy and consider the homogeneous symbol {op(z,&/&o),
then restrict the results to £ = 1.)

So far, we only used the non-negativity of (the real part of) py. Now we
use that po ~ dist (-, X)2. It follows that

Ut x,m) =z -0+ Ot dist (2,1, 5)?), (3.7)
Im o) (t, z,m) ~ tdist (z,7; %)%, (3.8)
for 0 <t < tg, and ty > 0 fixed. Correspondingly, we have

Rty = id, (3.9)

When t > 0, x; is a strictly positive canonical (3.10)
transformation with graph (k;) N (T*X)? = diag (¥ x %).

Recall that a positive canonical transformation is strictly positive if the
graph k intersects T* X x T* X cleanly along a smooth submanifold. Thanks
to these simplifying features, all essential properties of ¢) and x; are captured
by their Taylor expansions at ¢t = 0 and at X.

In [40] it was shown that (3.5) can be solved for all ¢ > 0, and that we
have,
Ime(t, z,m) ~ dist (z,7; 2)?, (3.11)

uniformly for ¢ > 1, that (3.9), (3.10) remain valid for all ¢ > 0, and
finally that there exists a smooth function (oo, z,n), well-defined mod
O(dist (z,n; £)°°) such that for all k, o

afag,n(lﬁ(@mﬂ?) - 1#(00»%’7)) = O(e_t/c)7 (3'12)
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uniformly on [0, +oo[xX. (In [41] we also established asymptotic expansions
when ¢ — oo in terms of exponentials in £. We do not need those improved
results here.) Here we have locally uniformly on X x R*":

(00, ,m) = z-n+O(dist (z,7;2)%), Imep(oo, 2,1) ~ dist (z,7; ). (3.13)

Further, the canonical relation Cs, generated by the phase ¥ (co,z,n) —y -7
is strictly positive with

Coo N(T7"X x T X) = diag (X x %), (3.14)
and C can be described in the following way:

There are two almost holomorphic manifolds J, , J_ C T* X (where the
latter set is the almost complexification of T* X)) intersecting T*X cleanly
along ¥, with the following properties:

codimgJy = n, Jx C py*(0), (3.15)

Jy are involutive and J_ = J,

1, -
o(t,8) >0,V € Tp(Jy) \ T,(%€), peX.

Here the involutivity of Ji (and similarly for J_) means that J. is
given by the equations ¢; = ... = ¢, = 0, where dqi, ..., dg, are C-linearly
independent and {g;,qx} = 0 on J,. Further the complexification ¥C is
contained in J; and Hgl, e Hzn span TPJ+/TPEC. The positivity property
above is equivalent to the fact that the Hermitian matrix (1{g;,q,}) is
positive definite. In terms of Ji, we can describe the limiting canonical
relation C as {(p, 1) € J4 x J_; the n-dimensional bicharacteristic leaves
through p, p of J; and J_ respectively, intersect Ef at the same point }.

Finally we can also view Cy, as the limit of C; = graph (x;), when
t — 400, where the convergence is exponentially fast (in the sense of Taylor
expansions at diag (X x X)). We can also view J, J_ as the stable outgoing
and incoming manifolds respectively, for the H_;,-flow, near the fixed point
set XC. Let us also add that J4 are uniquely determined and that in the
case n4 = n, we can take ¢; = g¢;.

Next we consider the behaviour of a in (3.3), (3.4), where we recall that
ap, a1, -.. are successively determined by a sequence of transport equations.
Following [40] this can be done in the following way, where we take some
advantage of the fact that we work in the Weyl quantization. (See also
appendix b of [26].): Formally, with ¢ = ¢(¢,-,n), P = A, and with the
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exponent w indicating that we take the h-Weyl quantization, we get
e" Vo Poeh = Pz, ¢l (x) + & h)Y + Oh?) =
P, 04) + s (04 + 5 (0D © pi e, %)
+pg(w,v;) o hD,) + O(h?) =

/ / h / / 0
h . / ! E 2

where the ”O(h?)” refers to the action on symbols and p; is the subprincipal
symbol. This gives the first transport equation for ag:

1
(l/ + §div (V) +p1)(10 =0,

where

= i) o
The higher transport equations for a;, j > 1, are of the form
v(a;) = Fj(t,z, a0, ...,a;—1).
Then if a(t, z,m; k) ~ 20 a;(t, z, )k in C=([0, +00[x X x R?"), we have
(hdy + Ag)(eF VG2 Ma(t, z,m; b)) = O(h)
locally uniformly on [0, +oo[><)? x R?" and similarly for the derivatives.

The discussion on page 69 in [40] shows that div (v) — %tNrF expo-
nentially fast on X, where trF = > fj, and F is the fundamental matrix
of p ie the linearization of H, at the point of ¥ and has the spectrum
o(F) ={=%if;}, f; > 0. In the further discussion of the transport equations
the only new feature is that p; is now a square matrix rather than a scalar,
and whenever we needed a lower bound on Rep;, we now need a lower
bound on the set of real parts of the eigenvalues of p;. Proposition 2.2 in
[40] becomes

PROPOSITION 3.1. — Let A € C(Z; R) satisfy
1~
Mz, m) < 5tr F(z,n) + inf Reo(pa(z, ), (z,1) € .

Then for every compact set K C ¥, j € N and (7, a, 3) € NIT2n+2n e
have

107030, a;(t, 2,m)| < Cjapre” ", (z,0) € K, t>0.
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We are therefore interested in whether
1~
EtrF +infReo(p1) >0o0n & (3.16)
or not. Now

p= Zanja Hy, = Z(qu‘Ij + qJ'Haj)'
1

At a given point py € X, we choose the basis Hy,, ..., Hy, , Hg,, ...,
T,,(T*X)C /€, and compute the linearization of H,:

Hy(po+ Y tiHy + Y siHz,) =
O((t,s)*) + Ztk{%ﬁj}qu + Z sk{@y, 4;} Hy, -

3.k Jik

H, 7, for

So the matrix Fj, of the linearization is expressed in the basis above by
Iy = 1y~ )
i 0 (@, 4})
where we recall (2.23). Let ju1, ..., un, be the eigenvalues of (9z,0.,¢), with
p; >0for 1 <j<nyand py <O0fornyg +1< 5 <n. Then
(i"ar,3,}) = (a5, 3,.}) has the eigenvalues 241, .., tn,

and

(i {Tx, q;}) = —"(i"*{g;,T),}) has the eigenvalues — 241y, ..., —21,,.

Hence the non-vanishing eigenvalues of F), are +2iu4, ..., £2ip,, and

1~
iter:H1+-~-+ﬂn+ — Mng g1 = - — fn- (3.17)

For the first term in (2.16), we get

n

Yol = —guluah=-Y k.  (319)

1

We can also compute the eigenvalues of the matrix part of the subprincipal
symbol appearing in (2.16) and in the subsequent remark about invariance.
We choose holomorphic coordinates such that at the given point zy: Z; =
dz,, e; = dz; and moreover (i~'{g;,q,}) is diagonalized, equal to

204 0 .. 0
0 2w .. O
0 0 .. 2u,
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Then 1
PIRURAEEEDBEITASS
J:k J
On (0, g)-forms, the eigenvalues are the numbers
2(pj, + pjy o+ pg,), for 1< g1 < jo <o < jg <
From (3.17), (2.16) and the other calculations we get
1. n 1 B A
P1 + QtrF = -2 Z 127 + Z ;{q]aqk}e_] ek7
ny+1 J.k
which on the space of (0, ¢)-forms has the eigenvalues
=23 i+ 2, o pg,)s 1< < < g <o
niy+1

We see that on X

=0, qg=n_

S0 gt (3.19)

info(pr + %tNr F) {
This is the answer to the question (3.16) and Proposition 3.1 then shows
that when g # n_, there exists a constant C' > 0 such that
0F02 a;(t,,m)| < Crage /9, 20, (z,1) €, (3.20)
while in the case ¢ = n_, we have for every ¢ > 0:
|8f(9§maj(t,a:,n)| < Crajee, t =0, (z,n) € . (3.21)

We also notice from [40], that (3.20) and (3.21) respectively hold also when
the initial condition in (3.4) is replaced by a|,_, = b for any classical symbol

b(z,m; k) ~ 30 bi(w,n)hI.

Using the particular structure of the problem, we will next show

PRroOPOSITION 3.2. — Consider the case g = n_ and let a be the symbol
in (3.8), (3.4). Then there exist C > 0 and a classical symbol

oo

a*(z,m;h) ~ > a®(x,n)h?
0

such that

|afama,n(aj(tax’ 77) - a})o(%??m < Ck,a,je_t/cv t=0, (%77) €3 (322)
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Proof.— a is determined by the initial condition in (3.4) and the fact
that
(hoy + Aq)(e%wt’x’")a(t, x,m;h)) = O(h™), (3.23)

locally uniformly in ¢, and similarly for the derivatives. Let Zy4 := hds be
given in (2.12) , so that Z} is given by (2.13). Then we have the intertwining
properties,

Agp1Zy = ZgAg, Dg1Z5 = ZG5A,. (3.24)

Combining this with (3.23), we get

(hdh + Ag-1)(Z3(eFVa)) = O(h™), (3.25)
(hdy + Ags1)(Zs(er?a)) = O(h™). (3.26)
Z;(e%d’a) =enVa, Zy(en¥a) = ena, (3.27)

where a, @ are classical symbols of order 0 in h, and combining this with
(3.25), (3.26), we see that (3.20) applies to @, a. Now, Ay = Z;Zy + Zy 2,
" A(eF¥a) = et ¥h (3.28)
where b~ >0 b;(t,z,n)h? and the b; satisfy (3.20).
Combining this with (3.23), we see that

h@t(e%wa) =et¥e, (3.29)
where ¢ (= —b+ O(h)) has the same properties as b. But

¢ = hoya+i(0)a,
so if we combine (3.12), (3.21) with the fact that c satisfies (3.20), we get

|8f3§’n8taj(t,x,n)| < Chaje 9 >0, (z,n) €3, (3.30)

for k > 1,a € N*", From this we get (3.22). O

We introduce the semiclassical Sobolev space
H*(R*™) = {u € S'(R*); (hD,)*u € L*}, s€R,

with the h-dependent norm ||ul| grs=||(h.D,)*ul|. Here (hD,) = (14-(hD)?)'/2.
From this, we form HZ (X), H{ (X) in the usual way, when X is a

comp
smooth paracompact manifold, as well as H*(X), when X is compact. On
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the Fréchet space Hj} (X), we have natural h-dependent semi-norms, so it

makes sense to say that u = uy, is O(hN0) in Hf .

We now return to our local coordinate patch XcX , and define

1 i
Utu(e) = s [ 0D I at i hutddn, (330

(27'(' )Qn

with ¢, a ~ Zgo a;(t, z, n)h? constructed as above. More precisely, we can
choose a,a; € C*°([0,00[xX x R?") with the following properties:

&3 O @ ( ) q;«én, v 2n
oko2Pa _{ 7,08, K , (z,n) e Kcc X xR™, >0,
z On Aj » ,ﬁ,K,G(l) L g=n_ ('r 77) €

(3.32)
kgenb(g 5 N=1pi \ _ pN | Okapx(1)e” g #n_
0r 020, (a o haj)=nh {Ok,a,ﬁ,K,e(l) a=n. (3.33)

(z,m) € K cC X x R*™, ¢ > 0.

Moreover, in the case when ¢ = n_, we have a(co, z,m;h) ~ > ° a;(co, z,n)h?
in C>°(X x R*"), such that

07050 (a;(t,,m) — aj(00,2,1)) = O,a,px (e (3.34)
and similarly for a(t,z,n; h) — a(oco, z,n; h). We also arrange so that

a(0,z,m;h) = 1. (3.35)

The construction of ¥,a can be extended in the natural way to the
elliptic region |n| > 1, and here it all boils down to Taylor expanding in ¢.
We quickly review a way of treating this standard heat evolution problem
by a simple dilation argument. (The reader may skip this and go directly
to Proposition 3.3.) If A, = P(x, hD,; h) (say with P(x,&; h) denoting the
Weyl symbol for our local coordinates) then in the problem (3.2), we let
A > 1 and make the change of time variable s = A, so that A™19; = 0.
Then dividing (3.2) by A%, we get the new evolution equation

(hd, + P(a, WD, % Wu=0, &= h/A, (3.36)
where
1 1
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Recall here that P(z, & h) = p(x,€) + hpi(z, &) + h?ps(z), where p, p1, p2
are polynomials in £ of degree 2, 1 and 0 respectively. If we decompose into
homogeneous polynomials,

pz,§) = p*(a,8) +p'(z,€) +p°(2),
then we know that p?(z, &) is elliptic; p?(x, &) « |€]2, and
Path) = PO+ @0+ 5'@)  (3)
h 1 h
+X(Pi($7 )+ Xpl(x)) + (X)sz(fﬂ)'

If X is sufficiently large, then p?(z, ) is dominating in the region |£] « 1,
and we can construct WKB-solutions to (3.36) mod O(h*°) with all the
derivatives, of the form

o~ 1
eﬂ/ﬂ(sﬂcmvi)/ha(s, T, 1, X’ h)7 (339)
with _
Pls=o = -7, [ ~ 1, G50 = 1.

We are now in the elliptic region and it suffices to solve the eikonal equation
and the transport equations to infinte order at s = 0, since Im ¢ «~ s.

If n = A5, 9] «~ 1, then, at least formally, (3.39) is just the WKB
solution e#¥*Mq(t, 2, m; h) of the original problem (3.2) with Ve =T,

aj,_, =1, so we can choose
t = MMz, —, =
w()x7n) w( 7$7>\)A)
) = ave 1L
a(t’%??a h) - a()\t,.’L‘, )\7 )\7 )\)a
where A « |n]. Now Im Mp(Mt, z, 2,4) X%t for 0 < At < 1 and we get

er¥(tEm) — O((;)m), when A\t > (h/A\)*°,

for any fixed § > 0.

The above discussion indicates how to take care of the uninteresting
elliptic region. A more complete (and more tedious) treatment could be
given for example by combining the above scaling argument with a dyadic
decomposition in é-space. We observe that a satisfies the symbol estimates

;050 a = O((n)*~1).
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PROPOSITION 3.3. — Modulo a standard reduction to homogeneous non-
semiclassical theory (see the proof), U(t) is a Fourier integral operator of
order 0 with complex phase in the sense of [37], associated to the canonical
transformation K.

U(t) is O(1)e ¢ and O.(1)e, Ye > 0: Hcsomp(f() — Hp (X), in the
cases ¢ #n_ and g =n_ respectwely.
We have
(ho, + A)U() = o=y L €  HEN — HEN
t q Oe(l)eet, e>0 . comp loc
in the cases
qF#n_,
q="n—,

forallse R, N > 0.

Proof. — The statement could be proved directly, but it is perhaps more
convenient to use the classical theory of Fourier integral operators with
complex phase ([37]). The standard trick to get a reduction to that situation
is by adding a variable ¢ and to relate semiclassical objects (without a tilde)
to non-semiclassical objects (with a tilde) in the following way:

For functions we relate the semiclassical ones;
u(z), to u(zg, ) = eo/hy(x).

We relate a semiclassical Fourier integral operator

2) = / / eFE v Da (e y, 0; h)u(y)dydo

to a standard (microlocally defined) Fourier integral operator

d
Fii(zo, 2 //// (0000420 =50)00) 4 . y,e,o )i (yo,y)%dyd%d@,
60>0

so that o ,
F(ew®u(z)) = en® Fu(z).

Here, we require that Im ¢ > 0, so that the same holds for
¢ = ¢(x,,0)0 + (w0 — yo)bo.

Let Cy = {(z,y,0); ¢p(z,y,0) = 0} and recall that ¢ is non-degenerate if
dgy. ,---,dgy ., are linearly independent at every point of Cs. Then it easy to

see that ¢ is non-degenerate iff & is, and we have
Cg = {(.’Eo, Yo, 00; x,Y, 0), (ZL', Y, 0) € Ccf)v o = Yo — ¢($, Y, 0)}
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We assume (which is the case for U(t)) that we are in the non-degenerate
case. Then we introduce the corresponding canonical relation

Then for a, we have

Ag = {(330750’%5;2/0’77071/’77); Zo :y0_¢(xay59)>
& =no = bo, (z, é;y» i) €Ay}
A

The corresponding relation between the evolution equations is that
(hOy+ P(z,hDy))u = O(h™) < (0, + Dy, P(x, D! D;))t = 0 microlocally,

when w(t, zo,z) = e™°/hy(t, x). This is coherent with the two other cor-
respondances above, let us just check the geometric one: The canonical
transformations associated to U(t), and the solution operator U(t) of the
second evolution problem are denoted by x; and K; respectively, so that k;
is obtained by integrating the system:

io = Og,D, €0 = —OuyD, 16 = OeP, i€ = —uP, (3.40)

with
5(53075535075) = fOp(m7£(;1§)ﬂ

while the corresponding evolution problem giving k; is
it = Oep, i€ = —pp. (3.41)
Now (3.40) becomes
ido = pl(x,&/&) — pe(x, /&) - (§/€0), i€ =0,
i = p(2,§/80), i€/€0 = —ly(2,6/€),
which reduces to k; after restriction to & = 1.

To get the second statement, we observe that ¥(t,£,n) — (oo, z,n)
and that the corresponding canonical relation k., is strictly positive with
real part being the identity relation on X. The statement then follows by
the description of our operators after conjugation by an FBI-Bargmann
transform as in [39].

The proof of the third statement is straightforward. O

In the remainder of this section, we assume that ¢ # n_
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PROPOSITION 3.4. — We have

A, UM =0OhN)e ¢, HEN — HEEN, (3.42)

comp loc

for all s € R and all N > 0.

Proof. — Using the theory of [37], we see that

[Ag, UB)]u(z) = ﬁ / / et T =yt 1 s hyu(y)dydn+R(t)u(z),

(3.43)
where R(t) =O(h®)e™t/¢ : H %S — HX, and b(t, z,m; h) ~> 0 bj(t, x,n)h

comp loc>

satisfies (3.32), (3.33) in a region with 7 bounded and 8f9207b =
O((n)?>*+*=18) in a region where ¢ is bounded. Further, we have

[Aq; U(0)] =0, (3.44)

(hd; + A)[A,, U(1)] = O(h™®)e V/C. (3.45)

From (3.44) we conclude that b;(0,7) = 0 and from (3.45) we see that b;
satisfy the same transport equations as a;, and hence

b; = O(t>), b; = O(e™¥“dist (-, %)),

where we restrict the attention to a region with n bounded for simplicity.
From this we deduce (3.42). O

Combining the last two propositions, we get

hOU(t) + U(t)Ay = O(h®)e . HL% (X) — HZ.(X). (3.46)

comp

From this we get a two-sided parametrix for A,:

THEOREM 3.5. — We recall that we work with the assumption q # n_.
Put
1 oo
p=1 / U () dt. (3.47)
h Jo
Then
E=0(h""): Hp, — Hie, (3.48)

for every s € R, and

AJE—1,EA, —1 =O(h™®): H. — H. (3.49)

comp
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Proof. — The first estimate follows from the second statement in Propo-
sition 3.3. Further,

AE = _/ —h@tU(t)dt—i—%/ (RO + AU (t)dt.
0 0

Here the first integral is equal to 1, since U(0) = 1, and the second integral
is O(h™) : H 22, — H{° by the last part of Proposition 3.3. The proof of

comp loc

(3.49) is similar except that we use (3.46) instead. O

4. II as a local projection on N (A;) mod O(h*)

In this section we continue to work in a connected open subset where
the curvature d9¢ is non-degenerate of signature (ni,n_) and we restrict
the attention to (0, ¢)-forms, with ¢ =n_.

Recall that U(t), defined by (3.3), is well-defined mod O(h*°) as an
operator: H3,~ — Hj _ for t > 0 and as an operator: H3; N — HEEN | for

t > tg for all tg > 0. Put
1 ‘
1= Gy / / eh Ty (o0, 2, h)u(y)dydy, (4.1

so that II is well-defined mod O(h) as an operator HS, N — HEPN for all
s € R, N > 0. Then by Proposition 3.2, and (3.12), we have

Ut) =TI+ V(t), V(t) =0 /) s Hy N — H5N, t > t, Vo > 0.
(4.2)
To see this one can introduce Us(t) with phase (1 —s)y(¢, z,n) 4+ sp(oc0, z, 1)
and amplitude (1 — s)a(t, z,n) + sa(oco,z,n;h), 0 < s < 1, and show that
0sUs(t) satisfies the estimate in (4.2).

PROPOSITION 4.1. — We have in the sense of operators: Hggmj\é — Hﬁ;gN,
AJI =TA,; = 0 mod O(h™), (4.3)
IT* — I = 0 mod O(h™), (4.4)
[ILV(t)] = O(e~"/“n>). (4.5)

Proof.— We know from (3.27), (3.20) that
Zy(eRVETWa(t, z,m; b)) = eF P ESDb(t 2 h),
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where b = O(e~*/¢). Write this as
O(e_t/c) =b= e_Lﬁw(t’w’")oZ¢oe%w(t’m”7)(a(t,xm; h)) =: Zg y na(t,z,n; h).

Here
Zopin = Zoapoom + O0(e79),

in the sense of Taylor expansions of the coefficients in the h-asymptotic
expansions at ¥, by (3.12). We conclude that

Zppo moe = O(e™9) + O(h™),

but here the left hand side is independent of ¢t and hence

Z¢,ww,naoo = O(hoo) (46)

This means that v
Zg(enV>ay) = O(h™). (4.7)

Similarly, v
Zi(erV>an) = O(h™). (4.8)

Hence, v
Ag(erV=an) = O(h™), (4.9)

which implies that

AJI=0O(h>®): Hyp N — HPN. (4.10)

[Ag, U(t)] is an h-Fourier integral operator of the same type as U(t). We
have

at[Aqa U(t)] + Aq[Am U(tﬂ = [Aqa atU(t) + AqU(t)] = O(hoo)

in the sense of such operators and using also that [A,, U(0)] = 0, we get
[Ag, U(t)] = O(h™) in the sense of such operators and hence [A,, U(t)] =
O(h*) as an operator: H5t2 — HE  for t > 0 and HZN — HEHN | for

t > to > 0. It follows that [II, Aj] = O(h™) : H3 N — HTY and together
with (4.10), this gives (4.3).

Next we see that in the sense of h-Fourier integral operators:
Hence 0,(U* —U) + A,(U*—-U) =0, (U* = U)(0) = 0, so by considering

again the transport equations, we get U* = U. It follows that IT* = II, so
we have (4.4).
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Consider [U(t),U(s)], 0 < s < oo (after introducing a cutoff near the
diagonal to make our operators properly supported without affecting any
other properties). This commutator is obviously a Fourier integral operator
associated to kyys. For s = 0, we have

[U(0),U(1)] = [1,U1)] =
Moreover, since A, commutes with U (¢):
(hds + Ag)[U(s), UM)] = [(hds + Ag)U(s), U(1)] = [0,U(#)] = 0

From considering the transport equations for the amplitude of [U(s), U(¢)]
with the phase (t + s,2,n) — y - 1, we see that [U(s),U(t)] = 0. Letting
s — oo, we get [ILU(t)] = 0 and (4.5) follows. O

For Re z < 0, we put

1 * S S
R(hz) = _E/o ePU(t)dt = O(h™") : Hpp — Hie (4.11)
Then modulo O(h™) : H3; N — HEHN we have,
1

AR(hz) = —+ / AU (t)dt = % / e ho,U (1) dt
0

= / (e U(t)dt — 1 = hzR(hz) —

We also have R(hz)A; = AgR(hz), so we get
(hz — Ag)R(hz) = R(hz)(hz — Ay) = 1. (4.12)
In order to extend to a domain, Rez < 1/(2C), we first rewrite (4.11) as

1 o0 1 1 o0
R(h) =~ / (4 V ()it = T / 7V (t)dt,

and for
Rez < 1/(2C), |z| = h™e, (4.13)

with Ny > 0 arbitrarily large but fixed, we define

1 L[>, - - s s
R(hz)faﬂfﬁ/o eV (tydt = O(lhz| ™"+ b7 1) 0 H = Hie
(4.14)

Then this is a holomorphic extension of R(hz), defined by (4.11). It is there-
fore no surprise that (4.12) remains valid (even though we cannot appeal to
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unique holomorphic extension, since we work with errors that are O(h*)):
Use that (hdt + A )V (t) = O(h®e t/C) :HE N — HETN (cf (4.2), (4.3))

comp loc
V(0) =1—1I, to get mod O(h™) : H3N — Hit N,
1 oo (oo}
AGR(hz) = _E/ AV (t)dt = / 0,V (t)dt
0 0

(o9} 1 oo
m-1- z/ eV ()dt =11 — 1 — hzﬁ / eV (t)dt
0 0

1
= -1+ hz(R(hz) — h—H) = hzR(hz) — 1,
z
so indeed we have (4.12) for z in the region (4.13).

PROPOSITION 4.2. — We have

1
nI=_— R(z)dz, (4.15)
211 |z|=r
if hNo < r < 1/(20C). Moreover,

% =1L (4.16)

In order for (4.16) to make sense, we have multiplied the distribution
kernel of U(t) by a cutoff near the diagonal in order to make all the operators
properly supported without changing any of their other properties.

Proof.— (4.15) is immediate from (4.14), since the last term in (4.14)
is holomorphic in |z| < 1/(2C). To prove (4.16), we follow the standard
procedure and establish first an approximate version of the resolvent identity
when N0 < |z], |w| < h/(2C), modulo O(h>): Hi N — HEEN,

R(z) — R(w) = R(z)(w — 2)R(w) = R(w)(w — z)R(2). (4.17)

Write
(2= Ag) = (w = Ay) = (2 —w),
and apply R(z)R(w). Then (4.17) follows.

Using (4.17), we write

m = (271”,)2/2_” /w|—r2 R(2)R(w)dwdz
(%)Q/Z_h /w|_r2(w — 2)7'R(2)dwdz
+(%)2/|w_m /Z_h(z—w)_lR(w)dzdw.
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Choose hNe < 7y < ry < h/(20). In the second integral, we first integrate
with respect to z and get 0. In the first integral, we first integrate in w and
get
1
211 |z|=r1
The next result together with (4.3), (4.5), (4.16) says that in an approx-
imate sense II is the orthogonal projection onto the kernel of P and that
1 —IT is approximately the orthogonal projection onto the range of P:

THEOREM 4.3. — For hNo <r < h/(2C), put

1 1 1
E=—— ZR(dz=0O(=): H® H? . 4.18
27 Jyzj=r 2 (2)dz = O() + Heomp = Hice (4.18)
o0\ . s— s+N
Then modulo O(h*>) : Hcom]\é — HtN,
1=T+AE =11+ EA,. (4.19)

Proof. — Since EA, = Ay E, we only have to prove the first relation in
(4.19):

1 1
ANE = —— —AyR(2)d
q 27 ‘Z‘:TZ q (Z) z
1 1 1
= —— —(A; —2)R(2)dz — — R(z)d
= MR LCUEE O
1 1
= — —-dz—-1I=1-1IL O
270 J|z)=r 2

From the discussion around (3.7)—(3.14), we recollect that uniformly for
t>1t9>0:
Y(t,z,n) = 2 -+ O(dist (z,7;2)?), (4.20)

Ime(t, 2, n) ~ dist (z,7; )% (4.21)

The complex stationary phase method ([37]) then permits us to carry out
the n-integration in (3.31), (4.1), to get

THEOREM 4.4. — For every tg > 0, we have uniformly for t > tg
U(tyu(z) =h™" / e PELV(L 1 s h)u(y)m(dy) + R(tu(z),  (4.22)
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Mu(x) = hfn/e%{;(oo’m’y)b(oo,x,y;h)u(y)m(dy) + R(co)u(z), (4.23)

where
b(t,z,y; h Zb (t,z,y; h)h, (4.24)
R(t)u(x) = / (b, 2 )u(y)m(dy), (4.25)
06 oy = O(h™), (4.26)
I (t, 2,y) ~ o — y2, B(t,y,2) = —0(t,z,y), (4.27)
graph ry = {(2, (L, @, y); y, —0y (L, 2,)); (2,y) € neigh (diag (X x X))},
(4.28)

ai(txz y(w(tv Z, y) - ’(Z(OO, €T, y)) = O(e_t/c) (429)

and similarly for b;.

ly=z

5. The global null-projection

We first recollect what we have done locally. Let s be a local non-
vanishing holomorphic section of L, defined on X C X. Write |s(x)|> =
e~20(®) and recall that we have the unitary map

EX)su — U= (se?)fue&(X;LF) (5.1)
ds — ho

Ay — A

qs

where ﬁq = hOhd +hd hd is the Hodge Laplacian on £%7(X; L*). Assume
the curvature is non-degenerate with n_ = ¢ on X. In Section 4 we con-
structed an approximate resolvent for A, for z in the domain (4.13) and an
approximate null-projection of the form

Mu(z) =h™" / @y g h)u(y)m(dy), b =1/k, (5.2)

where our new 1 is related to 1(co,z,y) in (4.23) by

¥(z,y) = ip(o0, 2,y), (5.3)
so that (4.27), (4.28) give
Re?/}(%y) ~ —‘LL‘ - y|27 w(yw%') = w(%y) (54)
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dm%w(wﬂu) S J+, —dy%’(/J($7y) e J_. (55)

When z = y, this implies that

da:iilw(xa y) - 7dyi71¢(xa y) €.

We also know from the construction that

P(z,x) =0. (5.6)

On the other hand, we know that ¥ is given by Re{dx = Re %%dm (using
the notations of Section 2 but writing x, & instead of z,(), so we get for
=1y
1 200 10¢ 10¢
dy=Y(x,y) = Re - —dr = - —dr — ——dz.
lw(:ry) Rez@mx i oz " ’L@TI

Hence for x = y:

b 0o W o 9 9o 9 99

L=t L= LT=_"T —T_-_T 5.7
Oor Ox 0T 0T’ 0Oy oxr’ Jy O (5:7)
Since II is selfadjoint modulo O(h>), we also have
b(z,y; h)" = by, z; h), (5.8)
where the * indicates that we take the complex adjoint of
b(z,y;h) : APITFX — APITFX.
In terms of
U= (se?)fu, U= (se?)Fv € £99(X; LF),
we get from v = Ilu, that v = ﬁﬂ, with
T hn / @Dy BYii(y)m(dy), (5.9)
where the “symbol”
b, ys h) = (s(2)e?™) b, y: ) (s(y)e®@) (5.10)
maps
L@ AT X — LE @ AT X (5.11)

and satisfies (5.8), now in the sense of maps as in (5.11). Notice that though
se? is normalized, the “symbol” b may contain oscillations, contrary to the
true symbol b.
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Let s1 be a second non-vanishing local holomorphic section of L with
|s1| = 7291, 5o that sje?* is normalized. In the intersection of the domains
of definition, we have

s1e®t = se®e'd,

with g real and ¢, — ¢ pluriharmonic. We then have the local representation
U= (s1e®)Fuy, v = (s1e®)*vy,

and a null-projection that is unitarily equivalent to the one in (5.2):
Myu(x) = h_"/ed’l(””y)/hbl (x,y; h)ur (y)m(dy), h=1/k. (5.12)

Since the heat parametrix constructed in Section 3 is unique mod O(h*°) :
H o, — Hyy., we have the corresponding facts for the local resolvents and
null-projections, so (5.12) necessarily leads to the same relation (5.9), and

we can also relate II, II; more directly, by writing

@
ulz( ¢)u=e”“gu:elg/hu,
S1€e®1
to get
I, = e 9" oTloed/h,
)

by = b, ¥1(z,y) = Y(z,y) —ig(w) +ig(y). (5.13)

In particular, Re ¢ (z, y) does not depend on the choice of local holomorphic
section s. The argument above gives a clear idea about the asymptotic
behaviour of the kernel of the projection onto the space of g-harmonic forms.
To justify this idea we shall consider the global resolvents.

On the full manifold X we know that the Hodge Laplacians Aq_l, ﬁq_H
have no spectrum below h/C for some C > 0 (as could easily be proved
using Theorem 3.5) and by a standard argument, we conclude that the
spectrum of ﬁq below h/C is reduced to {0}. For z in a set (4.13) we can
glue together the local operators R(z) of Section 4 to an operator R(z) (or
rather we first glue together the locally unique heat kernels to a global one
and then define R(z) as in (4.14)) in such a way that

(2= A)R(2) = R(2)(z— Ay) =1 mod O(h™) : H®(X) — H®(X).
(5.14)
Here we define the Sobolev spaces H*(X) = H*(X, L) of sections of L* with
h = 1/k in a straightforward way from the local representations (5.1), by
means of coverings and partitions of unity. The choice of such coverings and

— 751 —



Robert Berman, Johannes Sjostrand

partitions will affect the H®-norm only up to an equivalence that is uniform
in k.

Since ﬁq is an elliptic operator in the classical sense, we know on the
other hand that for z in the set (4.13),

(z=A) =0 N~y HY — H5? (5.15)
for all s € R, so combining this with (5.14), we get
(z—A,) "' = R(2) mod O(h™®) : H=> — H™. (5.16)

Notice that the distribution kernel of an operator which is O(h*) : H=>° —
H®> is O(h™) together with all its derivatives. On the other hand, the

approximate global projection IT discussed earlier in this section satisfies
(cf. Proposition 4.2)

- 1 -
n=— R(z)dz mod O(h™°) : H=*° — H*>, (5.17)

211 |z|=r
while the true nullspace projection of Aq,
Iy : 1103 (A,) (5.18)

satisfies )
IIg = — —A,) Yz, 1
0=75_ . T(z q) dz (5.19)

Combining (5.16), (5.17), (5.19), (5.8), we get the main result of this
work:

THEOREM 5.1. — Let L be a Hermitian holomorphic line bundle over a
compact complex manifold X and fix a posu‘we smooth measure m(dzx) o
X, so that the Hodge Laplacian A = Aq =00+ 00 is well- deﬁned on
(0, q)-forms with coefficients in Lk k € N. Assume the curvature of L has
constant signature (n_,ny) withn_ +ny =n :=dim X. Then for k> 1,
the null-space of ﬁq,k is reduced to 0 when q # n_.

In the case ¢ = n_, let s be a non-vanishing holomorphic section of L on
the open subset X, so that (5.1) gives a unitary map between (0, q)-forms on
X and (0, q)-forms on X with coeﬁiczents in L*. If 1y denotes the orthogonal
projection onto the null-space of Aq, we put Ty u = (se?) Il (se?)*u
we L2(X, AT X ) Then the distribution kernel of Il s is of the form

K, (2,y) = R’ @/ b (2 g h) + r(x,y; h), h=1/k, (5.20)
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with 1, b as in (5.9), (5.3) , (4.23), (5.5), (5.6), (5.7), (5.8) and where
0% v = O(h™) for all a.

Remark 5.2. — Theorem 5.1 also holds for the more general situation
of (0,q)-forms with values in L* ® E, where E is a rank r holomorphic
Hermitian vector bundle over X. Indeed, locally E is isomorphic to the
trivial holomorphic vector bundle C” x X with a Hermitian metric «. The
local expression (2.14) for A, then still holds if the operators hZ; + Z;(¢)
and their adjoints are tensored by I,., the identity matrix on C". This follows
from the fact that the Hermitian metric v on E is independent of A = k1.
Moreover, globally there is still a spectral gap for the same reason (as is well-
known), giving an asymptotic expansion as before. For example, if p, is a
general volume form on X and w, is the one induced by the given Hermitian
metric on X, then the function pu,/w, defines a Hermitian metric on the
trivial line bundle E.

6. Change of complex structure

In this section we will investigate some relations to [44] (see also [12]).
Let us first recall the setting in [44]. Assume given a symplectic manifold
(X,w) such that 7w represents an integral cohomology class. Then there
exists a Hermitian line bundle L over X with a unitary connection V whose
curvature satisfies 20 = w (compare Section 6.2 for notation). Take an
almost complex structure J’ on X (i.e. J' € End(TX), J'? = —I) such that

(1) w(J'v,Jw)

= w(v,w)
(i1) w,J'v) > 0

(6.1)

for all v,w in T X. We decompose
TX®C=T"X,J)e T (X,J),

so that J' ® C = i @® —i (then 6.1 means that w is a positive (1,1)—form
with respect to J’). Then we get an operator V%! := 9 acting on sections
of L. Furthermore, a Riemannian metric g is said to be compatible with J’
if

g(J'v, J'v) = g(v,v), (6.2)
i.e. g corresponds to the real part of a Hermitian metric on 79°(X, J’).

In [44] Shiffman and Zelditch, motivated by the work [20] of Donald-
son, define a sequence of spaces imitating H 0()2, LF) in the usual integrable
case. A naive choice would be the kernel of 0y acting on L*, but if J’
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is non-integrable then these spaces are too small. Instead, Shiffman and
Zelditch, following Boutet de Monvel and Guillemin [12], introduce a se-
quence of spaces of so called asymptotically almost holomorphic sections.
The main result in the present section (theorem 6.5) says that the dimen-
sion of the null-space of A,, studied in the previous sections, coincides with
the dimension of a space of asymptotically almost holomorphic sections.
The latter space is defined with respect to a new almost complex structure
on the original complex manifold X. It would be very interesting to know
if this correspondence could be extented to the level of Bergman kernels in
a suitable sense, in particular in view of the results in [35] on lower order
terms of generalized Bergman kernels. It should finally be pointed out that
in [44] the analysis is reduced to the homogenous theory in [12] by adding a
varible dual to k, i.e. by embedding X in the unit circle bundle in L* (this
is a global version of the reduction used in proposition 3.3). But since we
work directly in a semiclassical inhomogenous setting we have developped
some of the material in [44] from our point of view.

6.1. The pair (J,J')

We now return to the situation in the previous chapters, i.e. we take L to
be a Hermitian line bundle which is also holomorphic over (X, J) where J
denotes the integrable complex structure. Then it has a canonical connection
V (see Section 6.2). The curvature © of V is assumed to be of signature
(n_,ny) = (¢,n — ¢q) and we will call ¢ the index of ©. Hence, w := %@
is not positive with respect to J, unless ¢ = 0. However, given a Hermitian
metric H on T19(X, J) as in Section 2 (so that its real part corresponds to
g in (6.2)) we can define an almost complex structure J' making w positive,
in the following way. Split the real tangent bundle T X as

TX =(TX)_ & (TX), (6.3)

according to the positive and negative eigenspaces of w(-,J-) with respect
to the metric g. Then J splits as Jy @ J_ by restriction. Now define J' by
the splitting

J=(=J)® J,. (6.4)

Then, clearly, w(v,J'v) > 0. Equivalently, let ¢ be a local frame for
T*%1(X,J), orthonormal with respect to H, such that

©=> Ne e, (6.5)
Where)\i<Oforz'§qand)\i>()fori>q.Lete’i:gforiggand
e’ = ¢! for i > g. Then T*%1 (X, J') is spanned by all ¢’ and © = |\;| e’* Ae”?
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satisfies (6.1). The canonical connection V on the Hermitian line bundle L
induced by J now gives an operator V%! := 9 (decomposing with respect
to J').

In the sequel X and X’ will denote the almost complex manifolds (X, J)
and (X, J’) respectively and in general a prime on an object will indicate
that it is defined with respect to the almost complex structure J'.

Remark 6.1. — Even though the pair (w, J’) fits into the setup of [44] it
should be pointed out that the Riemannian metric w(v, J'w) on X was used
in [44], but we will use the the Riemannian metric g induced by the given
Hermitian metric H instead. It should be pointed out that the results in this
paper are independent of the metric, but the metric may be important in a
more refined study involving Bergman kernels. Also, in [44] the asymptotics
of projection operators acting on L* were studied, but as mentioned there,
the case L* ® E where E is a complex vector bundle is similar. In Section
6.5 we will study L* ® E for a certain complex line bundle £ = K&, .

6.2. Connections and commutation relations

Let us first recall some basic facts about connections [50],[24]. A connec-
tion V on a complex line bundle L over a real manifold X is an operator

V:C®X;L) - C*(X;LeT"X)

satisfying Leibniz rule: V(fs) = df ® s+ fVs for f a function and s a section
of L. Given a vector field v on X the contracted operator V., on sections of
L is called the covaraint derivative along v. The curvature two-form © of V
can be defined by

O(v,w) = [Vu, V] = Vip,ul, (6.6)

where v and w are vector fields on X. If L has a Hermitian metric (-, ),
then a connection V is called unitary if

d(s,t) = (Vs,t) + (s, Vt) (6.7)

and if L is a holomorphic line bundle over a complex manifold X, then V
is called holomorphic if _
vol=9 (6.8)

ie. VOs = 0 if s is a holomorphic section. There is a unique unitary
holomorphic connection (see below) on a Hermitian holomorphic line bundle
L. If (X,J) is only an almost complex manifold, any given connection V
defines an operator 9 := V%! acting on sections with values in L, but there
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is no canonical operator d; on L. In the following we will only consider
unitary connections V on L over an almost complex manifold (X, J).

The local situation is as follows. Let ¢ be a local unitary trivializing
section of L and let A be the local one form defined by Vi = A ® t. Note
that V is unitary (i.e. (6.7) holds) precisely when A is an imaginary one
form. Now we get the local representation V = d + A, i.e.

V(fs)=(d+Af)s, (6.9)
and the curvature two-form © of V is locally given by
0 = dA. (6.10)

If t = e%9¢ is another unitary frame for L over U, then, using Leibniz rule,
the corresponding one form is given by

A= A+idg, (6.11)

confirming that the curvature two-form (6.10) is independent of the local
frame. Take local dual orthonormal frames Z; and e; for T%1 (X, J) and
T*%1(X, J), respectively as in Section 2. Splitting V = V10 4+ V%! we may
then write

V=) (eV;+€'Vy), (6.12)

(2

where V; := Vz, and V; are the corresponding covariant derivatives along
Z; and Z; respectively. Let us now consider some local commutation rela-
tions. Write

2i,Z;] = Zp(“szp_@zz) (6.13)
Zi,Z;) = >,(f52p + NiZp)

where the bracket denotes the commutator between the corresponding dif-
ferential operators. Then NZ is identically zero precisely when T19(X J) is
closed under the bracket, which in turn is equivalent to J being integrable
[27, 44]. In general the NZ define the so called Nijenhuis tensor of the al-
most complex structure J. Now, using formulas (6.6) and (6.13) we get the
following commutation relations:

Vi, V5l = O(Zi7Z) + X, (a};V, — a}, V) (6.14)
Vi, V3] = 05+ NjVy),

where we have used that © vanishes on T%'X ® T%! X, by the assumption
(6.1) (i) on J.
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Let us now specialize to our original situation (compare Section 6.1),
where J is integrable and © has index ¢ and take a local frame e’ diagonal-
izing ©. Recall (Section 2) that |s|> = e~2¢ where s is a local holomorphic
trivializing section of L so that t :=: e®s is a local unitary section. Then if
V denotes a connection satisfying (6.7) and (6.8) we see that V is unique
since the local one form A is given by

A= —0¢+0¢, ©=dA=2000 (6.15)

Indeed, the assumption (6.8) gives as in Section 2 that V%! is locally rep-
resented (with respect to t) by

0+ ¢ = Z (Zi + Zid)

and since A is imaginary (by (i7)) we get (6.15). Moreover, we get that
0ij = Aidij and Nj; = 0 in (6.14). Next, introducing the complex structure
J’ defined above corresponds to letting

V,=Vsi<q and V; =V, i>q (6.16)

since the decomposition (6.12) of V changes in the corresponding way.

6.3. Symbols and ideals

We will now consider an arbitrary almost complex structure J again and
replace L by L* and consider semiclassical symbols as in Section 2 (setting
h = k=1). The discussion will be local on U, given a unitary trivializing
section ¢ over U and dual orthonormal frames Z; and e; for T%(U, J) and
T*%1(U, J), respectively. Any given connection V on L induces a connection
on L* that we also denote by V (i.e. locally A in (6.9) is replaced by kA). We
denote by o the semiclassical principal symbol map (compare the discussion
about semiclassical principal symbols following the proof of proposition 2.1)
and let

q; = o(hV;)

in terms of the decomposition (6.3) (i.e. ¢; is the principal symbol of the
1th component of hd ;). We will call 7 = (q¢1, ..., qn) the symbol ideal of 9.
Since V is unitary, i.e. it satifies (6.7), integration by parts gives

o(=hV;) = o(hV]) =G, (6.17)

also using the general fact that o(D*) = o(D) in the last equality. Recall
the following general relation between the operator bracket and the Poisson
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bracket:
O'[Dl, DQ] = 77,h {J(Dl), J(Dg)} ;

Hence, the commutator relations (6.14) become:
ilan ) = ©(2i.Z)) + 3, (afjap — afay)
i{gi,q;} = Zp(fz%'qP + Ni@'%)’

Let now J and J’ be as in Section 6.1. Note that when V is the canonical
connection determined by J, the local expression (6.15) shows that

(6.18)

hV; =hZ; + hZ;¢

and note that (6.18) is consistent with the formula (2.23). Now (6.18) and
(6.17) give ¢ = —q; for i < g and ¢} = ¢; for i > ¢. In particular, the zero
varieties in T*U defined by the symbol ideals 7 and 7' coincide and are
equal to the real characteristic variety ¥ = {po. := o(4A,) = 0}, where pg is
as in formula (2.15). In Section 3 the local almost holomorphic manifold J*
in the almost complexification of 7% X was introduced. It corresponds to a
local ideal J T of local smooth functions on the symplectic manifold T*X
such that for all f in J+

0f+(w) = O(Imz)*,

where f denotes an almost holomorphic extension of f from 7*X. The
properties of J*, reviewed in (3.15), when formulated in terms of the ideal
J T, can be stated as the following lemma [12],[44],[40], where Zx. denotes
the ideal of elements in C*°(X, C) vanishing on X.

LEMMA 6.2. — There exists a unique positive Poisson ideal J+ with
respect to X3 containing po. That is, there exists a unique ideal J+ C Ix, with
common zero set X satisfying (i) JT is closed under the Poisson bracket
and (ii) there are generators q; of J* such that the matriz 1 {q;7q;} is
positive definite on ¥ and pg € J .

Note that by (6.18) the ideal J fails to satisfy the positivity condition (i7)
above, since © is assumed to have index ¢q. On the other hand, the positive
ideal J’ only satisfies condition (i) mod Zs, (compare Proposition 6.5). By
the uniqueness of J T, we then deduce that 7+ = J’ mod ZZ. In fact, the
ideal JT can be constructed from J’ by induction with respect to N on
the vanishing order Z& [44] so that J7 is unique mod Z& for each N.

Remark 6.3. — The uniqueness mod Z2 in Lemma 6.2 is equivalent to
the well-known fact that given a Riemannian metric g on a symplectic man-
ifold (X,w) there is a unique almost complex structure J such that (6.2)
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and (6.1) hold. The point is that given (X, w, g, J) we get a map
(T°'X,J) - JT/TE, Ziv o(hVz,) = ¢

By (6.18) the conditions (6.1) on w correspond to the conditions in Lemma
6.2 on the Poisson brackets when restricted to 3 and the condition (6.2) on
g corresponds to the condition on py = o(A). However, Lemma 6.2 applies
to a more general situation where pg is a general function on a symplectic
manifold Y (replacing T*X with its usual symplectic form) vanishing to
second order on ¥ := {pg = 0} . Then one gets a complex structure on the
normal bundle TY/TY of ¥ in Y [12].

One final

Remark 6.4. — In Section 3 JT was only locally defined, but it corre-
sponds to a global submanifold of the almost complexification of the affine
bundle AX defined in Section 8.

6.4. J' is generically non-integrable

We will call a function f on T*X fiber affine if it is affine on each fixed
fiber of T*X. Equivalently, f is fiber affine if it is the semiclassical principal
symbol of a first order h—differential operator on X. Consider C? with its
standard complex structure and metric and let L be the trivial holomorphic
line bundle with fiber metric ¢. We will also assume that the index of the
curvature © = 200¢ is one.

PROPOSITION 6.5. — The almost complex structure J' is non-integrable
for generic fiber metrics ¢. More precisely, J' is non-integrable if

9%

—_— 1
8221822 75 0 (6 9)

at 0. In particular, the ideal JT has no fiber affine generators then.

Proof. — We will identify © with a Hermitian matrix: ©;; := @(%, %)

2
= —2-22  yith respect to the standard orthogonal frame % and we may

aZ]'aii
assume that ©(0) is diagonal. Denote by Z; an orthonormal frame diago-
nalizing © close to z = 0, i.e. D;; = O(Z;,Z;) =: —0;;\;. Equivalently,

Z; =U % where the matrix valued function U satisfies
() U'U = 1 () U*OU = D, (6.20)
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denoting by U* the Hermitian adjoint . By the definition (6.4) of J’
and the subsequent discussion we may take Z] = Z; and Z) = Z,. In
particular, J' is non-integrable if a;, defined with respect to J in (6.13), is
non-vanishing at the origin. Now observe that at z = 0,

— 0
—a%l = <[Zl,Z2LZ1> = (8—11,21)(0) (621)
21
Indeed, 77 = 7 at z = 0 and when calculating
— 0 0] 0 0
(21, Z5] = [Una - + U128 - ;U215 o7 + u22 82’2}

we can use Leibniz rule for the bracket to expand the right hand side and
get terms of the form

—0 0 0
U , U + ..
(u1[5— oo 21]) 5 e
But since, u;;(0) = d;; the other term proportional to 5% vanishes at z = 0,

proving (6.21). Hence, we Just have to show that (az ugl)( ) # 0, if (6.19)
holds. To this end, apply -2 5. to (6.20) and use that U(0) = I and ©(0) =
to get at z =10

0 0 0 0 0
) —(U*) = ——— 1) —— D, — —D. 22
(1) 9 (U*) = U, (1) 5o O + [D, 5o Ul = 5o (6.22)

In particular,

0 0
8_21621 (/\1 - )\2)8—21“21 =0,
i.e. at z = 0 we have
1o} Fat0)
92,12 = 252505, Ve — M)

By (6.21) this proves first part of the proposition about the non-integrabili-
ty of J'.

The second part is a direct consequence of the first part, by the way
J+ is constructed in [12]. Indeed, by the uniqueness property mod Z2 in
Lemma 6.2 we have, since J T is assumed to be generated by fiber affine
functions, that J+ = (¢, 4y, ...,¢,). But then the assumption that J7 is
a Poisson ideal forces Nilf = 0 in the relations corresponding to (6.18) for
the almost complex structure J’. But this contradicts the first part of the
proposition. O

- 760 —



Asymptotics for Bergman-Hodge kernels for high powers of complex line bundles

6.5. Partial Serre duality

In this section J and J’ (and X and X') will be as in Section 6.1. More-
over, we will consider globally defined symbol ideals etc (compare Remark
6.4). Denote by H%4(X, L¥) the global null space of A, and denote in this
section by II% the orthogonal projection on H*4(X, L¥). In simple cases,
e.g. when X is a product of complex curves and L is the product of pulled
back line bundles one can show that that, for k sufficiently large, any element
o in H%9(X, L¥) may be written locally as

a=fel A Nel

with respect to a frame as in formula (6.5). Moreover f is holomorphic with
respect to a new integrable complex structure of the form J'. In fact, this
follows from “partial Serre duality”, i.e. Serre duality along the negative
directions of the line bundle in the product case. In this section we will
show that a version of this phenomenon, with .J’ possibly non-integrable,
persists for general X.

Denote by Kx the canonical line bundle on X = (X, J), i.e. Kx is the
holomorphic line bundle A™°(T* X, J) (considering (T*X,.J) as a holomor-
phic vector bundle). The splitting (6.3) then induces a decomposition of
complex line bundles

Kx =Ky ® K} (6.23)

where Ky = A®°((T*X)_,J) and K := A"~ %0((T*X),,J). Note that
the bundles K )j? are not holomorphic in general. Now

Ky, =Ky = A(T*X)_,.J')

is a complex line bundle on X’ with a connection induced by the canonical
connection on (T'X,J) determined by the metric g and the complex struc-
ture J. Given a sufficiently large integer k the complex line bundle LF @ Ky,
over X’ has positive curvature with respect to J’ and fits into the setup in
the beginning of Section 6. Denote by H°(X', LK® K y,) the space of asymp-
totically almost holomorphic sections defined in [44] (see Remark 6.1) We
will just recall that HO(X’, L* @ K,) is defined as the range of a global
projection operator 11%,, which is a Fourier integral operator with complex
phase and its canonical relation can be described in the following way. Let
¥ be the real characteristic variety of 97 and let 7' be the ideal obtained
from Lemma 6.2 applied to ¥/. Then the canonical relation may be written
asC'= T xs J '+ which is to be interpreted in terms of bicharacteristic
strips as in the expression for C (the canonical relation of IT%) in Section
3. But since ¥’ = X, as observed in Section 6.3, the uniqueness in Lemma
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6.2 gives J'T = J* and hence C' = Co. The construction in [44] actually
only determines I1%, mod O(k~°) i.e. the asymptotics of its distribution
kernel is only determined up to terms of order O(k~>°). But this means
that the dimension of H(X’, L¥ ® Ky,) is independent of the construction
for k sufficiently large. We will now prove the following

THEOREM 6.6. — Assume that the index of © is q. Then, for k suffi-
ciently large,

dim H*(X, L*) = dim H*(X', L* ® K¥,). (6.24)
Furthermore, if Kx has a square root K)l(m, then

dimH9(X, LF @ KY/?) = dim HO(X', LF @ KY/?), (6.25)

where the right hand side is defined using the induced connection on KY2.

Proof.— In the proof we will identify TX := (TX,J) with T1°(X, J)
as complex vector bundles, so that A™?(T* X, J) is identified with A" (T*X)
(in particular Kx = A"(T*X) and similarly for TX’ := (T'X,J’). Let us
first prove (6.24). Observe that for k sufficiently large, the left hand side of
(6.24) is given by

dim H* (X, LF) = (—1)¢ / Td(TX) A eke (5, (6.26)

X
where T'd(TX) is the Todd class of the complex vector bundle (T'X, J). In-
deed, for any line bundle L the Riemann-Roch theorem [24],[23] applied to
the complex (£%*(X, LF),d) gives that the alternating sum of the dimen-
sions of the spaces H%7(X, LF) is given by the right hand side in (6.26).
Moreover, if L has index ¢, then the dimensions of all H%7 (X, L*) such that
j # q vanish for k sufficiently large (as follows from Proposition 2.4) giving
(6.26). Similarly, it was shown in [12] that the right hand side of (6.24) is
given by

dim HO (X', LF @ Ky,) = / T(TX') A el EHe Ky, (6.27)

’

now using the Todd class of the complex vector bundle (T'X,J"). Using
(6.26) and (6.27) and the fact that [X’] = (—1)?[X] as integration currents
(since the orientation depends on the almost complex structure) it is enough
to show that

TA(TX) A e E) = Td(TX') A et I+ (K, (6.28)
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to prove the theorem. To this end, we first recall the following basic prop-
erties of the Todd class. Let F' be a complex line bundle and F; and Fs
complex vector bundles over a real manifold X. Then

(1) Td(F) () /(1= e (7))
(ZZ) Td(El D EQ) = Td(El) A Td(EQ) ’

(6.29)

where the expression in (i) is to be interpreted as a formal power series in
c}(F), yielding a polynomial in ¢! (F'), since ¢! (F)7 vanishes if j > n. In fact,
by the “splitting principle” the properties (6.29) determine T'd uniquely [10].
Next, we will show that the following universal identity holds

Td(E) A e B) = TA(E). (6.30)

To prove a universal identity between characteristic classes it is, by the
“splitting principle” enough to prove it when FE is a direct sum of line
bundles over a manifold Y. Moreover, by (6.29) (i) and the multiplicativity
of e¢' we may then assume that E is a line bundle. By (6.29) (i) the identity
(6.30) is then equivalent to the function identity

x -z

l—e? l1—eCn €

which clearly holds. Let us now finish the proof of the identity (6.28). By
the definition of J’ the splitting (6.3) gives

TX' =TX_&TX,

as complex vector bundles. Substituting this into the right hand side of
(6.28) and using the multiplicative property (6.29) (i7) we see that it is
enough to show that

Td((TX)_) = Td((TX)_) A e Kxr).
Finally, since cl(K)_( )= (AI((T*X)_) = ' ((TX)_), the identity (6.28)
follows from the identity (6.30) applied to E = (TX)_. This finishes the
proof of (6.24). To prove (6.25), note that the previous argument also shows
that (6.24) remains true after replacing L* by L* ® F' in both sides of (6.24),
where F' is a complex vector bundle. In particular, letting F' = K)l(/ % we get,
using the decomposition (6.12), that F' ® K, is given by
(KM@ (K e (Kx) ™ = K2 o K2 = K7

where we have used that £ ~ E* := E~! for any complex line bundle E.
This proves (6.25). O
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Remark 6.7. — To prove the second part of the previous theorem one
could also use that any almost complex structure whose canonical line bun-
dle has a square root determines a spin structure on X. Then the use of
the Riemann-Roch theorem may be replaced by the index theorem for the
correponding Dirac operator. In this context it is well-known that the index
only depends on the induced orientation of the real manifold X. See [23].

7. Examples: Flag manifolds

In this section we will recall (without giving proofs) the construction of
flag manifolds and their homogeneous line bundles, emphasizing the complex
analytical aspects. It turns out that the new almost complex structures J'
(defined by (6.4)) in this context are actually integrable and we show that
Theorem 6.6 corresponds to a weak version of the Borel-Weil-Bott theorem.
For general references on flag manifolds see [7][29][22][1]. See also [31] and
[28] where they are also studied from an asymptotic point of view.

Let K be a compact semi-simple real Lie group and take a maximal
connected Abelian subgroup T of K (i.e. a mazimal torus of K). The
K —homogenous manifold X := K/T is called a flag manifold. Recall that
the complexification of the Lie algebra £ of K decomposes as

tc =tc P Ea (7.1)

aEA

diagonalizing the adjoint action of t on ¢ (acting by the Lie bracket). The
label « of the eigen space E, is called a root and it defines a non-zero
element of tg :

[t, Zo) = (a,t) Z o

for any element Z,, called a root vector, of the root space E,. From (7.1)
and a consistent choice of positive roots A} one gets a decomposition at
the identity element e of K :

T.X ® C = ( D Ea) = THOX @ TO' X (7.2)
acAy | |-ay

inducing an invariant integrable complex structure on X. In fact, exponen-
tiating the (1,0) part of (7.2) expresses X as a holomorphic quotient,

X :=K/T = G/B, (7.3)

where B is a Borel group in the complexification G of K. We fix a Hermitian
invariant metric on K /T making the decomposition (7.2) orthogonal.
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The Hermitian holomorphic line bundles on X may be identified with the
weight lattice in t*, i.e. the elements A\ of t* that exponentiate to characters
on the torus T, with values in U(1). To see this, recall that in general a
hermitian line bundle over a manifold X can be considered as the vector
bundle associated to a principal U(1)—bundle over X. In our situation K is
a principal T—bundle over X (= K/T) and since A induces a homomorphism
of the fiber T into U(1) it determines a Hermitian line bundle Ly over X.
The curvature two form ©, of L) is determined by

@)\(7,1, Zg) = (5a5ca </\, a) (7.4)

using the Killing form (-,-) on t&, where Z,, is a normalized root vector in
E, and ¢, is a certain positive number. Formula (7.4) shows that the index
of ©, is equal to the index of A, where the latter is defined as the number of
positive roots « such that (A, a) < 0. The hyper planes ker a divide t* into
so called Weyl chambers and the index is constant for all A in the interior
of a chamber. In the following we will assume that the curvature of Ly is
non-degenerate i.e. that \ is in the interior of a chamber.

Ezample 7.1. — Let K = SU(n+1). Then T =U(1)" and G = SL(n+
1, C) with B the subgroup of upper triangular matrices and X is the man-
ifold of all complete flags in C™*!, i.e. the set of all n—tuples of linear sub-
spaces (V4,...V,,) such that V;C V;;; For example, if n = 1, then X = P!
and the conjugate complex manifold P! is obtained by letting B be defined
by lower triangular matrices. Moreover, t = iR, the weight lattice is, under
proper normalization, iZ and the Weyl chambers are the positive and nega-
tive half-axes. The element ¢im corresponds to the line bundle O(m), whose
sections are the homogoneous polynomials of degree m. If n = 2, then X
may be identfied with the three dimensional manifold

(Z,W) e P2 x P? . ZyWy + ZyWy + ZoWy = 0, (7.5)

in terms of homogenous coordinates and the action of SU(3) is given by the
action

(45 (Z,W)) = (AZ,(A)”'W).

The weight lattice is now iZ? and there are six Weyl chambers. This follows
from the representation theory of SU(3) but using the realization (7.5)
it is straight forward to see that all line bundles on X are obtained as
73 (O(m)) ® 75(O(n)) in terms of the projections on the factors in (7.5).
Moreover, by homogenity it is, using the fiber metric induced by the Fubini-
Study metric, enough to calculate the index at a given point. Then one sees
that there are six chambers determined by linear conditions on m and n.
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7.1. Change of complex structure - The Weyl group

The Weyl group is the group generated by the reflections in the hyper
planes ker o determined by the roots. It preserves the weight lattice and acts
transitively and simply on the set of Weyl chambers. In particular, if A has
index ¢ there is an element w of the Weyl group such that w(X) is positive.
Dualy, the action of the Weyl group may be interpreted as a change of the
complex structure J. Indeed, since

(wA),a) >0« (\w H(a)) >0 (7.6)

the weight w(A) is in the positive Weyl chamber if and only if the line
bundle L) is positive with respect to .J,,, where J,, is the complex structure
determined by the positive roots w™!(a). Hence, Ly determines a unique
invariant complex structure on X, making L, positive. More concretely,
assume that the positive roots a; are labeled so that

<>‘7ai> <072’<q7 <)\,Ck7;> >0ai>q

This means that the functional defined by X is positive precisely on the
subset

{—01,..., —ag, qg41,...} (7.7)
of the set the roots. By (7.6) this set must then be the image of the positive

roots under w~! (which is known to permute the roots). Furthermore, the
action of w induces an isomorphism of holomorphic line bundles:

Ly, = L)
! Lo (7.8)
G/B, — G/B

where G/B,, is the holomorphic quotient corresponding to (X, .J,). The
point is that w can be identified with an element of K, acting on G by the
adjoint action.

7.2. The Borel-Weil-Bott theorem

Theorem 6.6 applied to a homogenous line bundle L over the homogenous
complex manifold X (that can be represented as in (7.3)) gives, with p :=

% Za€A+ a:

COROLLARY 7.2. — Assume that the weight X is in the interior of a
Weyl chamber and that it has index q. Then, after replacing A by a suffi-
ciently large multiple,

dim HY(G/B, Ly) = dim H(G/Bu, Lx1p—w-1(p))- (7.9)
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Equivalently, fixing the complex structure J on K/T :

dim HY(K/T, L) = dim H(K/T, Lyy(x+p)—p) (7.10)

Proof.— Assume that Ly has index ¢ and let J’ be the new invariant
almost complex structure determined by (6.4). Then J' is an almost complex
structure such that Ly is positive with respect to J’ and so is the complex
structure J,, determined by w in the Weyl group as explained in Section
7.1. By the uniqueness in Remark 6.3 we have J' = J,. Hence, Theorem
6.6 gives (7.9), but with the line bundle Ly ® K, in the right hand side.
To see that Ly ® Ky, = Ly;,_u-1(,) note that, given the ordering of the
positive roots in Section 7.1,

q
Ky, < Zai =p—w t(p) (7.11)
i=1

Indeed, from the definition (7.2) of the complex structure J on K/T

79X = P La,

a€Ay

where L, is the line bundle corresponding to the root «a, giving

Kx =A"(T"X)~ Q) L.o=L 3

aEA L

and a similar argument gives the first correspondence in (7.11). Finally,
since the image of the positive roots under w=! is given by (7.7),

gm0 = et 3w =33 ek 3 )=

i=q+1 i=q+1

Now the induced isomorphism (7.8) applied to i = A+p—w~1(p) proves
(7.10). O

The previous corollary (in the formulation (7.10)) is a weak version of
Bott’s generalization of the Borel-Weil theorem [8],[9]. The Borel-Weil-Bott
theorem may also be proved using Lie algebra cohomology [30][52].
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8. Appendix: The affine bundle AX

We will define an affine bundle AX over X with symplectic form  so
that the global sections of AX are the unitary connections of the Hermitian
line bundle L over X. Given an open set U and a local unitary frame ¢
for L over U we identify (AU, ) with (T*U,dp A dz) in terms of the usual
coordinates (z,p) on T*U. If t = €9t is another unitary section the two
identifications are assumed to be related by

( ~ ~ ) ( 0 0 )
yP1y s Pn y D1 9$1 g,y Pn 9:17»” )

Hence, 2 = dz A dp is a globally well-defined symplectic two-form on AX.
Given a global connection V represented by d+ A with respect to the frame
t the transformation property (6.11) now shows that (x,i4;(z), .., 14, (z))
defines a global section of AX.

Notice that the local characteristic variety ¥ in Proposition 2.3 corre-
sponds globally to the graph in AX of the canonical connection V on the
Hermitian holomorphic line bundle L. Indeed, by (2.17) and (2.24) we get
locally on X

pdz = Re(20¢) = i(—0¢ + 0¢)

By (6.15) the right hand side equals ¢A, where A is the local one form
associated to V with respect to t = e?s.

Finally, for comparison with [25][16] observe that any given unitary con-
nection V on L induces a global isomorphism

by : AX «T*X, (z,p) — (z,p1 —i44,...), (8.1)

The map is defined using local frames ¢ as above and it maps the graph of
the section of AX corresponding to V to the zero-section in 7% X. We get
that

(@5")"(9) = d(—) + 7" (=i©),

where 7 is the tautological 1—form on T*X and 7*(—i0) is the normalized
curvature of V pulled back from X. The bundle AX may also be defined
by symplectic reduction of (T*Y, d(—+) where Y is the unit circle bundle in
L* (compare the proof of Theorem 2.3 in [44]).
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