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Bergman bundles and applications to the geometry
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Abstract: We introduce the concept of Bergman bundle attached
to a hermitian manifold X, assuming the manifold X to be com-
pact — although the results are local for a large part. The Bergman
bundle is some sort of infinite dimensional very ample Hilbert bun-
dle whose fibers are isomorphic to the standard L? Hardy space
on the complex unit ball; however the bundle is locally trivial only
in the real analytic category, and its complex structure is strongly
twisted. We compute the Chern curvature of the Bergman bundle,
and show that it is strictly positive. As a potential application, we
investigate a long standing and still unsolved conjecture of Siu on
the invariance of plurigenera in the general situation of polarized
families of compact Kahler manifolds.
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0. Introduction

Projective varieties are characterized, almost by definition, by the existence
of an ample line bundle. By the Kodaira embedding theorem [10], they are
also characterized among compact complex manifolds by the existence of a
positively curved holomorphic line bundle, or equivalently, of a Hodge metric,
namely a Kéahler metric with rational cohomology class. On the other hand,
general compact Kéahler manifolds, and especially general complex tori, fail
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to have a positive line bundle. Still, compact Kahler manifolds possess topo-
logical complex line bundles of positive curvature, that are in some sense
arbitrary close to being holomorphic, see e.g. [11] and [18]. It may neverthe-
less come as a surprise that every compact complex manifold carries some
sort of very ample holomorphic vector bundle, at least if one accepts certain
Hilbert bundles of infinite dimension. Motivated by geometric quantization,
Lempert and Szdke [12] have introduced and discussed a more general concept
of “field of Hilbert spaces” which is similar in spirit.

0.1 Theorem. Every compact complexr manifold X carries a locally tri-
vial real analytic Hilbert bundle B. — X of infinite dimension, defined for
0 <e<eg, equipped with an integrable (0,1)-connection & = V%' (in a
generalized sense), that is a closed densely defined operator in the space of
L? sections, in such a way that the sheaf B. = Or2(B.) of d-closed locally
L? sections is “very ample” in the following sense.

(a) HI(X,B. @0 F) =0 for every (finite rank) coherent sheaf F on X and
every q > 1.

(b) Global sections of the Hilbert space H = HY(X,B.) provide an embed-
ding of X into a certain Grassmannian of closed subspaces of infinite
codimension in H.

(¢) The bundle B. carries a natural Hilbert metric h such that the
curvature tensor i©p_ 1, is Nakano positive (and even Nakano positive
unbounded!).

Parts (a) and (b) are proved by considering the (pre)sheaf structure of B.,
and observing that there is a related L? Dolbeault complex on which Hérman-
der’s L? estimates [8] can be applied. The case of Stein manifolds is sufficient,
and the corresponding Hilbert bundle B, is not involved in the arguments.
Technically, the proof is given in Proposition 2.5 and Remark 2.6. Part (c)
deals with the geometry of B., and is treated in section 3.

We start by explaining a little bit more the relationship between the
“Hilbert bundles” involved here, and the more familiar concept of locally
trivial holomorphic Hilbert bundle: such a bundle £ — X is required to be
trivial on sufficiently small open sets V' C X, and such that Ejy ~ V x H
where H is a complex Hilbert space. The gluing transition automorphism
with another local trivialization Ejy» ~ V' x 3 should then be of the form
(2,8) — (2,9(2) - £) where g is a holomorphic map from V' NV’ to the open
set GL(H) of invertible continuous operators in End(J). Smooth and real
analytic locally trivial Hilbert bundles can be defined in a similar manner
by requiring g to be in C*°, resp. in C¥. A smooth hermitian structure on
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E is a smooth family of hermitian metrics h(z) on the fibers, given in the
trivializations by smooth maps hy € C*°(V,Herm (H)), where Herm  (H)
is the set of positive definite (coercive) hermitian forms on H. The usual
formalism of Chern connections still applies: one gets a unique connection
Vi = V}l’o + V%l acting on C*(X, E) in such a way that h is V), paral-
lel and V%l = 0; moreover, the kernel of Vg’l coincides with the sheaf of
holomorphic sections Ox (F). This connection is given by exactly the same
formulas as in the finite dimensional case, namely V,IL’O ~ h‘_/1 odohy over V,
with a curvature tensor Vi = Op, given by O, ~ g(h‘;l(‘)hv) (if one views
hy (z) as an endomorphism of H); locally, O j, can thus be seen as a smooth
(1,1)-form with values in the space of continuous endomorphisms End(H).
In general, if E is a smooth Hilbert bundle (defined as above, but with gluing
automorphisms g € C*(V, GL(H))), a smooth (0, 1)-connection V' is an
order 1 linear differential operator that is locally of the form 0 + Ay where
Ay € C=(V,A%'T% @ End(H)). Tt is said to be integrable if (V5")2 = 0, i.c.
0Ay + Ay A Ay = 0 on each trivializing chart V. The following equivalence of
categories is well known, and follows e.g. from Malgrange [13, chap. X, The-
orem 1], although the statement is expressed there in more concrete terms.

0.2 Theorem (Malgrange [13]). The category of holomorphic vector bundles
on X s equivalent to the category of smooth bundles equipped with smooth
integrable (0, 1)-connections Vgéx’l, the holomorphic structure being obtained
by taking the kernel sheaf of VA’l,

Notice that the usual finite dimensional proofs apply essentially unchanged
to the case of locally trivial Hilbert bundles. For instance, one can adapt
Malgrange’s inductive proof [13] based on the Cauchy formula in one vari-
able (for holomorphic functions with values in a Banach space, depending
smoothly on some other parameters), or use a Nash—-Moser process along
with the Bochner—Martinelli kernel (see e.g. [23]), or an infinite dimensional
version of Hormander’s L? estimates (the latter do not depend on the rank
of bundles and are thus valid for Hilbert bundles equipped with integrable
smooth (0, 1)-connections; the solution of minimal L? norm can be used to
find local V A’l—closed sections generating fibers of the bundle). The result is
also valid for the category of real analytic Hilbert bundles, assuming £ and
V%’l to be real analytic; the resulting holomorphic structure on E is then
compatible with the originally given real analytic structure. Now, when X is
compact hermitian, the standard L? techniques of PDE theory lead to con-
sidering the space L?(X, E) of L? sections. A smooth (0, 1)-connection then
gives rise to a closed densely defined operator

(0.3) Vi LA(X,E) — LA(X,A%'T% @ E)
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that is never continuous. In our situation, the bundles come in a natural
way as a family of smooth (and even real analytic) Hilbert bundles E.,
0 < e < gg, associated with a family H. of Hilbert spaces which form a
“scale”, in the sense that there are continuous injections with dense image
Ho — H,, 0 < e <&’ <egg. The transition automorphisms defining the F.’s
are supposed to come from invertible automorphisms of Hg = J.~ o He pre-
serving each H, (here H is just an inductive limit of Hilbert spaces). Then
it makes sense to consider generalized (0, 1)-connections that are locally of
the form

(0.4) V'~ 0+ Ay, Ay € C®°(AYTE ® End(Hso)),

where we actually have Ayg, € C®(A™T% ® Hom(H.,H.)) for all
0 < e < &’ < ¢p. By our assumptions, such connections still induce densely
defined operators on each of the spaces L?(X, E.), and we declare them to
be integrable when (V%")2 = 0. The usual algebraic formalism for extending
the connection to higher degree forms and calculating the curvature tensor
still applies in this setting.

However, it may happen, and this will be the case for the Chern connec-
tion matrices of our bundles B, of Theorem 0.1, that the Ay do not induce
continuous endomorphisms of H. (for any value of £ > 0), although the kernel
of V%! in L?(X, B.) looks very much like a space of holomorphic sections.
In this context, the associated curvature tensor ©p_j need not either take
values in the continous endomorphisms. Then Malgrange’s theorem implies
that such bundles do not correspond to locally trivial holomorphic bundles
as defined above, even under the integrability assumption. At the end of Sec-
tion 3 we will briefly discuss in which sense B, can still be considered to be
some sort of infinite dimensional complex space, in a way that the projection
map B. — X becomes holomorphic.

The construction of B, is made by embedding X diagonally in X x X and
taking a Stein tubular neighborhood U, of the diagonal, according to a well
known technique of Grauert [6]. When U, is chosen to be a geodesic neigh-
borhood with respect to some real analytic hermitian metric, one can arrange
that the first projection p : U — X is a real analytic bundle whose fibers
are biholomorphic to hermitian balls. One then takes B. to be a “Bergman
bundle”; consisting of holomorphic n-forms f(z,w)dw; A ... A dw, that are
L? on the fibers p~1(2) ~ B(0,¢). The fact that U, is Stein and real analyti-
cally locally trivial over X then implies Theorem 0.1, using the corresponding
Bergman type Dolbeault complex.

In [1], given a holomorphic fibration 7 : X — Y and a positive hermi-
tian holomorphic line bundle L — X, Berndtsson has introduced a formally
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similar L? bundle Y > ¢ — A?, whose fibers consist of sections of the adjoint
bundle Kx/y ® L on the fibers X; = 771(t) of 7, equipped with the cor-
responding Bergman metric. In the situation considered by Berndtsson, the
major application is the case when 7 is proper, so that A? is finite dimen-
sional, and is the holomorphic bundle associated with the direct image sheaf
T.(Ox(Kx/y ® L)). The main result of [1] is a calculation of the curvature,
and a proof that the direct image is a Nakano positive vector bundle. On
the other hand, when 7 : X — Y is non proper, and especially when (X})
is a smooth family of smoothly bounded Stein domains, the corresponding
spaces A? are infinite dimensional Hilbert spaces. The curvature of the corre-
sponding Hilbert bundle has been obtained by Wang Xu [22] in this general
setting. Our curvature calculations can be seen as the very special case where
the fibers are smoothly varying hermitian balls and the centers vary anti-
holomorphically. The calculation can then be made in a very explicit way, by
first considering the model case of balls of constant radius in C”, and then
by using an osculation and suitable Taylor expansions, in the case of varying
hermitian metrics (a similar osculating technique has been used in [24] for
the study of Bargmann—Fock spaces). As a consequence, we get

0.5 Proposition. The curvature tensor of (Be, h) admits an asymptotic ex-
pansion

(©p.1 &) (v, Jv), Ze 2PQ, (2, @),

where, in suitable mormal coordinates, the leading term Qo(z,§ ® v) is ex-
actly equal to the curvature tensor of the Bergman bundle associated with the
translation invariant tubular neighborhood

U.={(z,w) e C" x C"; |z —w| < ¢},

in the “model case” X = C™. That term Qg is an unbounded quadratic her-
mitian form.

The potential geometric applications we have in mind are for instance
the study of Siu’s conjecture on the Kéhler invariance of plurigenera (see
4.1 below), where the algebraic proof ([20], [17]) uses an auxiliary ample line
bundle A. In the Kéhler case at least, one possible idea would be to replace
A by the infinite dimensional Bergman bundle B.. The proof works to some
extent, but some crucial additional estimates seem to be missing to get the
conclusion, see §4. Another question where Bergman bundles could potentially
be useful is the conjecture on transcendental Morse inequalities for real (1, 1)-
cohomology classes a in the Bott—Chern cohomology group Hé’é(X ,C). In
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that situation, multiples ka can be approximated by a sequence of integral
classes aj, corresponding to topological line bundles Ly — X that are closer
and closer to being holomorphic, see e.g. [11]. However, on the Stein tubular
neighborhood Ug, the pull-back p*Lj can be given a structure of a genuine
holomorphic line bundle with curvature form very close to k p*a. Our hope
is that an appropriate Bergman theory of “Hilbert dimension” (say, in the
spirit of Atiyah’s L? index theory) can be used to recover the expected Morse
inequalities. There seem to be still considerable difficulties in this direction,
and we wish to leave this question for future research.

The author addresses warm thanks to the referees for a number of use-
ful suggestions and observations that led to substantial improvements of the
original presentation.

1. Exponential map and tubular neighborhoods

Let X be a compact n-dimensional complex manifold and Y € X a smooth
totally real submanifold, i.e. such that Ty N JTy = {0} for the complex
structure J on X. By a well known result of Grauert [6], such a Y always
admits a fundamental system of Stein tubular neighborhoods U C X (this
would be even true when X is noncompact, but we only need the compact
case here). In fact, if (€,) is a finite covering of X such that Y N Q, is a
smooth complete intersection {z € Qn; z4j(2) = 0}, 1 < j < ¢ (where
g = codimp Y > n), then one can take U = U, = {¢(z) < €} where

(1.1) p(2) =D 0a(2) D (2a4(2))* 20

1<j<q

where (6,) is a partition of unity subordinate to (€2,). The reason is that ¢
is strictly plurisubharmonic near Y, as

100¢yy =20 0a(2) > Oxaj A0z

1<j<q

and (0z,); has rank n at every point of Y, by the assumption that Y is
totally real.

Now, let X be the complex conjugate manifold associated with the in-
tegrable almost complex structure (X, —J) (in other words, O = Ox); we
denote by x + T the identity map Id : X — X to stress that it is conjugate
holomorphic. The underlying real analytic manifold X® can be embedded di-
agonally in X x X by the diagonal map § : x — (z,7), and the image §(X¥)
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is a totally real submanifold of X x X. In fact, if (z4,/)1<j<n is a holomor-
phic coordinate system relative to a finite open covering (€2,) of X, then the
Za,; define holomorphic coordinates on X relative to Qq, and the “diagonal”
§(X™) is the totally real submanifold of pairs (z,w) such that w, ; = Z,; for
all a,j. In that case, we can take Stein tubular neighborhoods of the form
U. = {p < e} where

(1'2) @(sz) = Zea(z)ea(w) Z ‘wa,j - Za,j’2'

1<j<q

Here, the strict plurisubharmonicity of ¢ near §(X®) is obvious from the fact
that

[Waj — Zaj|* = 2ayl” + [Wa;]” — 2Re(2q jwa,;)-

For ¢ > 0 small, the first projection pr; : Us — X gives a complex fibration
whose fibers are C'*°-diffeomorphic to balls, but they need not be biholomor-
phic to complex balls in general. In order to achieve this property, we proceed
in the following way. Pick a real analytic hermitian metric v on X ; take e.g.
the (1,1)-part v = gttb) = 3(9+ J*g) of the Riemannian metric obtained as
the pull-back g = 6*(3_; idf; A dfj), where the (f;)1<j<n provide a holomor-
phic immersion of the Stein neighborhood U, into CV. Let exp : Tx — X,
(2,€) — exp,(&) be the exponential map associated with the metric v, in
such a way that R 3 t — exp,(t{) are geodesics £ (24) = 0 for the the Chern
connection D on Tx (see e.g. [4, (2.6)]). Then exp is real analytic, and we
have Taylor expansions

exp,(§) = Y aap(2)€7€%, e Tx.

a,feN"

with real analytic coefficients a,s, where exp,(£) = z + £ + O(|¢]?) in local
coordinates. The real analyticity means that these expansions are convergent
on a neighborhood |{|, < ¢¢ of the zero section of Tx. We define the fiber-
holomorphic part of the exponential map to be

(1.3) exph: Ty — X, (z,€) — exph, (&) = Z ano(2)E°.

aeN?

It is uniquely defined, is convergent on the same tubular neighborhood
{l¢]y < eo}, has the property that £ — exph, (&) is holomorphic for z € X
fixed, and satisfies again exph,(§) = z + & + O(£2) in coordinates. By the
implicit function, theorem, the map (z,&) — (z,exph,(£)) is a real analytic
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diffeomorphism from a neighborhood of the zero section of T'x onto a neigh-
borhood V' of the diagonal in X x X. Therefore, we get an inverse real ana-
lytic mapping X x X D V — Ty, which we denote by (z,w) — (z,£),
¢ =logh, (w), such that w — logh,(w) is holomorphic on V' N ({z} x X), and
logh, (w) = w — 2z + O((w — 2)?) in coordinates. The tubular neighborhood

Uye ={(z,w) € X x X; [logh,(@)], < ¢}

is Stein for € > 0 small; in fact, if p € X and (z1, ..., z,) is a holomorphic co-
ordinate system centered at p such that y, = i 3_ dzjAdz;, then |logh, (w)|? =
[ — z|* + O(|w — z|*), hence 19| logh,,(w)|2 > 0 at (p,p) € X x X. By con-
struction, the fiber pry*(z) of pr; U, — X is biholomorphic to the e-ball
of the complex vector space Tx . equipped with the hermitian metric +.. In
this way, we get a locally trivial real analytic bundle pr, : U, . whose fibers
are complex balls; it is important to notice, however, that this ball bundle
need not — and in fact, will never — be holomorphically locally trivial.

2. Bergman bundles and Bergman Dolbeault complex

Let X be a n-dimensional compact complex manifold equipped with a real
analytic hermitian metric v, U. = U,. C X x X the ball bundle considered
in §1 and

p= (pr1>\U5 : U8 - X7 D= (pr2)\U5 : UE — X

the natural projections. We introduce what we call the “Bergman direct image
sheaf”

(2.1) B. = p- (5" O0(Kx)).

By definition, its space of sections B. (V') over an open subset V' C X consists
of holomorphic sections f of p*O(K+) on p~ (V) that are in L?(p~!(K)) for
all compact subsets K € V, i.e.

(2.2) / " FATAY < 400, VK EV.
p1(K)

Then B, is clearly a sheaf of infinite dimensional Fréchet Ox-modules. In
the case of finitely generated sheaves over Ox, there is a well known equiv-
alence of categories between holomorphic vector bundles G over X and lo-
cally free Ox-modules §. As is well known, the correspondence is given by
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G — G := Ox(G) = sheaf of germs of holomorphic sections of G, and the
converse functor is § — G, where G is the holomorphic vector bundle whose
fibers are G, = G./m.SG. = G. ®o. Ox,./m. where m,; C Ox . is the maxi-
mal ideal. In the case of B., we cannot take exactly the same route, mostly
because the desired “holomorphic Hilbert bundle” B, will not even be locally
trivial in the complex analytic sense. Instead, we define directly the fibers
B, . as the set of holomorphic sections f of K+ on the fibers U, , = p~(2),
such that

(2.2.) /U AT < 4o0.

Since U, . is biholomorphic to the unit ball B,, C C", the fiber B, . is isomor-
phic to the Hilbert space 32(B,,) of L? holomorphic n-forms on B,,. In fact,
if we use orthonormal coordinates (wq,...,w,) provided by exph acting on
the hermitian space (T'x.,7.) and centered at Z, we get a biholomorphism
B, — p !(z) given by the homothety 1. : w + ew, and a corresponding
isomorphism

(2.3) B..— 3*B,), fr—g=n'f ie withl=/{1,...,n},
(2.3) frw)dwy A ... A dwy — " fr(ew) dwy A ... Adw,, w € By,

2.3 |gl? = /E 2 g NG, g = glw)dwi A ... Adw, € H(B,).

As U; — X is real analytically locally trivial over X, it follows immediately
that B. — X is also a locally trivial real analytic Hilbert bundle of typical
fiber 3%(B,,), with the natural Hilbert metric obtained by declaring (2.3)
to be an isometry. Since Aut(B,) is a real Lie group, the gauge group of
B. — X can be reduced to real analytic sections of Aut(B,) and we have
a well defined class of real analytic connections on B.. In this context, one
should pay attention to the fact that a section f in B.(V') does not necessarily
restrict to L? holomorphic sections fy. . € B. . for all z € V, although this is
certainly true for almost all z € V' by the Fubini theorem; this phenomenon
can already be seen through the fact that one does not have a continuous
restriction morphism p,, : H?(B,,) — H?*(B,_1) to the hyperplane z, = 0. In
fact, the function (1 — z1)~% is in H?(B,,) if and only if & < (n+1)/2, so that
(1 — 21)~™? is outside of the domain of p,. As a consequence, the morphism
B. . — B., (stalk of sheaf to vector bundle fiber) only has a dense domain
of definition, containing e.g. B, , for any ¢ > e. This is a familiar situation
in Von Neumann’s theory of operators.
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We now introduce a natural “Bergman version” of the Dolbeault complex,
by introducing a sheaf F¢ over X of (n, ¢)-forms which can be written locally
over small open sets V C X as

(2.4) f(z,w) = Z fr(z,w)dwy A ANdw, ANdZg,  (z,w) € U.N(V x X),

|l=q
where the f;(z,w) are L?_ smooth functions on U N (V x X) such that
f7(z,w) is holomorphic in w (i.e. 9, f = 0) and both f and df = 0. f are in
L%(p~1(K)) for all compact subsets K € V (here 0 operators are of course
taken in the sense of distributions). By construction, we get a complex of
sheaves (F2,0) and the kernel Kerd : FY — F! coincides with B.. In that
sense, if we define Oz2(B.) to be the sheaf of L2 . sections f of B. such that
df = 0 in the sense of distributions, then we exactly have Or2(B.) = B. as
a sheaf. For z € V| the restriction map B.(V) = Op2(B:)(V) — B.. is an
unbounded closed operator with dense domain, and the kernel is the closure
of m,B.(V), which need not be closed. If one insists on getting continuous
fiber restrictions, one could consider the subsheaf

Ock(B)(V) := Op2(B) (V) N e¥(B)(V)

where C¥(B,) is the sheaf of sections f such that V‘f is continuous in the
Hilbert bundle topology for all real analytic connections V on B, and all
¢=0,1,...,k. For these subsheaves (and any k& > 0), we do get continuous
fiber restrictions Ocr(B:)(V) — Be,, for z € V. In the same way, we could
introduce the Dolbeault complex JF N €> and check that it is a resolution
of O N E>®(B.), but we will not need this refinement. However, a useful ob-
servation is that the closed and densely defined operator O2(B.)(V) — B. .
is surjective, in fact it is even true that HY(X,Or2(B.)) — B., is surjec-
tive by the Ohsawa—Takegoshi extension theorem [16] applied on the Stein
manifold U.. We are going to see that B, can somehow be seen as an infi-
nite dimensional very ample sheaf. This is already illustrated by the following
result.

2.5 Proposition. Assume here that € > 0 is taken so small that ¢¥(z,w) :=
|logh, (w)|? is strictly plurisubharmonic up to the boundary on the compact
set U. C X x X. Then the complex of sheaves (F2,0) is a resolution of B.
by soft sheaves over X (actually, by C¥-modules), and for every holomorphic
vector bundle E — X and every q > 1 we have

HI(X,B.® O(F)) = HI(['(X,F: ® O(E)),d) = 0.
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Moreover the fibers B., ® E, are always generated by global sections of
HO(X,B. ® O(E)), in the sense that H*(X,B. ® O(E)) = B.,® E, is a

closed and densely defined operator with surjective image.

Proof. By construction, we can equip U, with the the associated Kéahler met-
ric w = 100y which is smooth and strictly positive on U.. We can then take
an arbitrary smooth hermitian metric hg on E and multiply it by e ¥,
C > 1, to obtain a bundle with arbitrarily large positive curvature tensor.
The exactness of F? and cohomology vanishing then follow from the standard
Hormander L? estimates applied either locally on p~! (V) for small Stein open
sets V' C X, or globally on U.. The global generation of fibers is again a con-
sequence of the Ohsawa-Takegoshi L? extension theorem. O

2.6 Remark. The same result holds for an arbitrary coherent sheaf € instead
of a locally free sheaf O(FE), the reason being that p*E admits a resolution

by (finite dimensional) locally free sheaves O%EN on a Stein neighborhood U,/

of U..

’

2.7 Remark. A strange consequence of these results is that we get some
sort of “holomorphic embedding” of an arbitrary complex manifold X into a
“Hilbert Grassmannian”, mapping every point z € X to the closed subspace
S, in the Hilbert space H = B.(X), consisting of sections f € H such that
f(z) = 0in B.., ie. fj-1z) = 0. However, the fact that the restriction
morphisms f > f,-1(;) are not continuous in L? norm implies that the map
z +— S, is not even continuous in the strong topology, i.e. the metric topology
for which the distance of two fibers S,,, S, is the Hausdorff distance of their
unit balls in the L? norm of B.(X).

3. Curvature tensor of Bergman bundles
3.1. Calculation in the model case (C™, std)

In the model situation X = C" with its standard hermitian metric, we con-
sider the tubular neighborhood

(3.1) Us i ={(z,w) e C"x C"; |w— z| <&}
and the projections

= (pr1)|U6 U - X =C" (z,w)w z,
= (pro)ju. : Ue = X =C", (2,w) — w.
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If one insists on working on a compact complex manifold, the geometry is
locally identical to that of a complex torus X = C"/A equipped with a
constant hermitian metric .

3.2 Remark. We check here that the Bergman bundle B. is not holomor-
phically locally trivial, even in the above situation where we have invariance
by translation. However, in the category of real analytic bundles, there is a
global trivialization of B, — C" given by the map

7:B. = C" x 9{2(183")7 B..> for—7(f) = (2,9:),

where g,(w) := f.(cw+Z), w € B, in other words, for any open set V" C C"
and any k € NU {oo,w}, we have isomorphisms

CH(V,B:) = CH(V,3(B")),  frrg, g(z,w) = f(z,ew+7),

where f,g are C* in (z,w), holomorphic in w, and the derivatives z +
D%g(z, ), |a| <k, define continuous maps V' — 3?(B,,). The complex struc-
tures of these bundles are defined by the (0, 1)-connections 9, of the associated
Dolbeault complexes, but obviously 9, f and d.¢ do not match. In fact, if we
write

g(z,w) = u(z,w)dwy A ... Adw, € C®(V,H*B,)) = C*(V)&H*(B,)
where ® is the € or m-topological tensor product in the sense of [7], we get

flzyw) =g(z,(w—2)/e) = e "u(z, (w=2)/e) dwi A ... A dwp,
9:f(z,w) =
n(E _ _1 ou _ _
5 "(8zu(2, (w=2)/e) —¢ Z %(zz, (w—2)/e) dzj) Adwy A ... A dw,,.

1<j<n 7

Therefore the trivialization 7, : f — u yields at the level of O-connections an
identification
Ty ' @fli@U%—Au

where the “connection matrix” A € I'(V,A"'T% @c End(H?(B,,))) is the
constant unbounded Hilbert space operator A(z) = A given by

A:FCPB,) = AT @c FP(B,), u— Au=—c' Y ——dz;
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We see that the holomorphic structure of B is given by a (0, 1)-connection
that differs by the matrix A from the trivial (0, 1)-connection, and as A
is unbounded, there is no way we can make it trivial by a real analytic

gauge change with values in Lie algebra of continuous endomorphisms of
FH2(B,,). O

We are now going to compute the curvature tensor of the Bergman bundle
B.. For the sake of simplicity, we identify here H?(B,,) to the Hardy space of
L? holomorphic functions via u — g = u(w) dwiA. . .Adw,. After rescaling, we
can also assume € = 1, and at least in a first step, we perform our calculations
on Bj rather than B.. Let us write w” = [[1<;<, w?j for a multiindex o =
(a1,...,0,) € N* and denote by A the Lebesgue measure on C". A well
known calculation gives

arl. .oy

m, la) = a1 + -+ + .

/ w® A (w) = 7
Bn

In fact, by using polar coordinates w; = r;e and writing ¢; = 7“]2», we get

/ \wo‘|2d)\(w) = (27‘()”/ 2 rydry .. rpdry, = "1 ()
Bn r24tr2<l

with
I(a) = w”/ 1 dty ... dty,
ti+-+Hin<l

Now, an induction on n together with the Fubini formula gives

1
I(a) = / ot / () dt .. dty
0 tit+ At 1<l—tp

1
= I(o/)/ (1 — tn)a1+-~~+an_1+n—1tzndtn
0

where t' = (t1,...,tp—1) and o/ = (aq,...,@p_1). As
1 alb!

"1 —pWdt = —————

/0 v =)t =

we get inductively

ar!. . .ap!
(la] +n)!
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Such formulas were already used by Shiffman and Zelditch [21] in their study
of zeros of random sections of positive line bundles. They imply that a Hilbert
(orthonormal) basis of O N L3(B,,) ~ H?(B,) is

CEI
ail.oay!

(3.3) ea(w) = 1?2

As a consequence, and quite classically, the Bergman kernel of the unit ball
B, c C"is

(3.4)
Ko(w) = Y Jeaw)P =7 3 = 'O‘H" [w?2 = nl7=(1 — [w]?) ",

aeN? aEN”

If we come back to U, for € > 0 not necessarily equal to 1 (and do not omit
any more the trivial n-form dw; A ... A dw,,), we have to use a rescaling
(z,w) = (¢712,e tw). This gives for the Hilbert bundle B. a real analytic
orthonormal frame

(o +n)!

' '(w—Z)O‘dwl/\.../\dwn
aql...0p:

(3.5) ea(z,w) = 72 laln

A germ of holomorphic section o € Op2(B:) near z = 0 (say) is thus given by
a convergent power series

Zfa ea(z,w)

aeN?

such that the functions &, are real analytic on a neighborhood of 0 and satisfy
the following two conditions:

(3.6) lo(2)|? := Z |€a(2)|* converges in L? near 0,
OéEN"
(3.7) Z azkfa ) eal(z,w) + &alz )gzkea(z,w) =0.
aeN™

Let ¢, = (0,...,1,...,0) be the canonical basis of the Z-module Z". A strai-
ghtforward calculation from (3.5) yields

0. ea(z,w) = —e N/ ap(la| +n) eqe, (2, w).

We have the slight problem that the coefficients are unbounded as |a| — +o00,
and therefore the two terms occurring in (3.7) need not form convergent series
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when taken separately. However if we take o € Op2(B.) in a slightly bigger
tubular neighborhood (¢’ > ¢), the L? condition implies that 3", (" /&)I%l|¢, |2
is uniformly convergent for every ” € Je, e[, and this is more than enough
to ensure convergence, since the growth of a — /ai(Ja| +n) is at most
linear; we can even iterate as many derivatives as we want. For a smooth
section o € C(B.), the coefficients &, are smooth, with 37 (¢’ /)21[070] €, |?
convergent for all 3,~, and we get

0,,0(z,w) = Z 0.,.60(2) ea(z, W) + €40 (2) D 0(2, W)

aeNm

= Z 5zk£a(z) ea(sz) - 5_1 ak(|a| +n> fa(z) eafac(z?w)
aeNm

= 3 (@aba(2) — e a1 (|a] + 1+ 1) Eate,(2)) ealzw),
acN”?

after replacing a by a + ¢ in the terms containing e~!. The (0, 1)-part
Vg’l of the Chern connection Vj, of (B., h) with respect to the orthonormal
frame (e,) is thus given by

(3.8) Vi'lo = Z <5§a Zs \/ (o + D)(Ja| +n 4+ 1) Eatey dzk> ® eq.

aeN?

The (1,0)-part can be derived from the identity
dlofi = (Vy o, 0)n + (0. Vi o).
However

Do =0, 3 €ala= 3 (9:,60) Eo +a (05,60)

aeN” aeN"

=Y ( 0z,6a + E_IW Ea—cj) I

aeN"

+ 3 Ea( Do — a5+ Dl + 0+ 1) Eare, ).

a€eNn

For o € C*°(B,), it follows from there that

(3.9) v, = Z <8§a +e7t Z a;(|al +n) Sa_cjdzj) ® eq-
J

aeN?
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Finally, to find the curvature tensor of (B:,h), we only have to compute
the (1,1)-form (V;°V)' + V'V, %0 and take the terms that contain no
differentiation at all, especially in view of the usual identity 90 + 00 = 0 and
the fact that we also have here (V)2 = 0, (VI'')2 = 0. As (a—¢;)x = ar—0;,
and (o + cx); = o + 0k, we are left with

(Vi*Vit + Vi vi)e
—e 2y > \/aj(|a!+n) \/(ak—éjk+1)(|a\+n) Sacjter Az NdZ ® eq

aeN" j.k

+e Yy Z\/(aj+5jk)(!a|+n+1) x

eNm 5k o
o ¢<ak+1><|a\+n+1> Camerrer A2 N dZk @ €4
=2 33 o= —dje) (ol + 11— 1) Eamey dzj A dZx @ cam,
aeN™ jk
+e2 Y Y Vagag (lal +n) Eae; dzj A dZE @ eae,.
aeN" gk
= g2 Z Z Vg Sae; dzj NdZg @ eq—g,
aeN™ jk
+e2 )Y (laf+n—1) fae, dzj A dZ; ® q—e,,
aeNm  j

where the last summation comes from the subtraction of the diagonal terms
J = k. By changing « into a4+ ¢; in that summation, we obtain the following
expression of the curvature tensor of (B, h).

3.10 Theorem. The curvature tensor of the Bergman bundle (Be,h) is
given by

<6357h0( JU —2 Z (

aeNn

2
V05 €aeyvi| + ) _(lal + 1) \fa\2|vj!2>
i

J
foreveryo =3, &nea € B, £ > ¢, and every tangent vector v =Y v; 0/0z;.

The above curvature hermitian tensor is positive definite, and even posi-
tive definite unbounded if we view it as a hermitian form on Tx ® B, rather
than on Tx ® B.. This is not so surprising since the connection matrix was
already an unbounded operator. Philosophically, the very ampleness of the
sheaf B, was also a strong indication that the curvature of the corresponding



Bergman bundles and applications 227

vector bundle B, should have been positive. Observe that we have in fact

e Y D (ol +n) &l vl

aceN?  j
(3.11) < {Op.po(v, Jv),0)n <2672 37 ) (lal+n) [&llul?,
aeN" j
thanks to the Cauchy—Schwarz inequality
2
Z Z V& ga*ijj
aeN"' g
< ZIWI2 > > ailéae —ZIWI > ajléaygl?
aeNn j j aeNn
= Z\W\ > > (gDl = Z\W!Q > (lal +n)l&al*.
j a€eNm aeN?

3.2. Curvature of Bergman bundles on compact hermitian
manifolds

We consider here the general situation of a compact hermitian manifold (X, )
described in §1, where + is real analytic and exph is the associated partially
holomorphic exponential map. Fix a point xy € X, and use a holomorphic
system of coordinates (21, ..., 2,) centered at xg, provided by

exph, 1 Tx 2 DV — X,

If we take 7,, orthonormal coordinates on T’x ;,, then by construction the fiber
of p: U. = X over zg is the standard e-ball in the coordinates (w;) = (Z;).
Let Tx — V x C" be the trivialization of T’x in the coordinates (z;), and

XxX =Ty, (z,w)—¢&=logh,(w)

the expression of logh near (zo, Tp), that is, near (z, w) = (0,0). By our choice
of coordinates, we have logh,(w) = w and of course logh,(z) = 0, hence we
get a real analytic expansion of the form

logh,(w) =w — 2z + Z zia;(w —z) + ZEja;(w -
+ Z ijkbjk(w — Z) + szzkb;k(w — Z) + Z Z]Ekcjk(w — Z) + O(|Z|3)

with holomorphic coefficients a;, a;, bk, b;k, c;r vanishing at 0. In fact by

[4], we always have da}(0) = 0, and if v is Kéhler, the equality da;(0) =0
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also holds; we will not use these properties here. In coordinates, we then have
locally near (0,0) € C" x C"

Us, = {(z,w) e C" x C"; |¥,(w)| < e}
where U, (w) = logh, (W) has a similar expansion

(3.12) U.(w)=w—Z+Y zaj(w—72)+ > Za;(w
+ Z ijkbjk(w — 5) + szikb;k(w — ?) + Z ijijk(w —5) -+ O(|Z|3)

(when going from logh to W, the coefficients a;, a and b;, b] get twisted, but
we do not care and keep the same notation for \I/ as we will not refer to logh
any more). In this situation, the Hilbert bundle B. has a real analytic normal

frame given by e, = U*e, where

(la] + n)!

w® dwy A ... A dwy,
ar! ..y

3.13 eq(w) = 72 lel-n
(0%

and the pull-back ¥*e, is taken with respect to w — U,(w) (z being consid-
ered as a parameter). For a local section o = Y, {464 € C°(By), € > ¢, we
can write

0.0(z,w) = Z 02,.80(2) €a(z, W) + €a(2) D 80(2, w).

aeN”
Near z = 0, by taking the derivative of ¥*e,(z,w), we find

0.,Ca(z,w) = —e 1y ar(la| + 1) Ea_e (2, W)

+et Z \ am(la] +n) <a§€7m(w -Z)+ Z 2iCjkm (W —2)) Cae, (2, W)
+ Z(

v T 5 Gt D) alew) + O ),

8wm Owy,

where the last sum comes from the expansion of dwy A ... A dw,, and a}cvm,
Cjk,m are the m-th components of aj, and ¢;j. This gives two additional terms
in comparison to the translation invariant case, but these terms are “small”
in the sense that the ﬁrst one vanishes at (z,w) = (0,0) and the second
one does not involve ¢~ ". If Vho is the O-connection associated with the
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standard tubular neighborhood |w — z| < ¢, we thus find in terms of the local
trivialization o ~ £ = 3" £,€, an expression of the form

Vg’la ~ V?L’})ﬁ + Ao’lﬁ,

where
ARSI
o a€ENm &
( IZ\/am la| + n) (akm —I—Zz]c]km )dzk®ea o
8 !
+3 (Ge + S s w) ) 05 + 0Lz 1:7),

The corresponding (1, 0)-parts satisfy
V}L’OJ ~ V;ll:%f 4 AMOg, ALO — (401
and the corresponding curvature tensors are related by
(3.14) Op.n = Op.po + O0AY 4 9A0 + ALO A AOL 4 AOL A ALO,

At z = 0 we have

A%l = Z Z§a<5 12\/04,” la| +n) ay,,,(w) dzZy @ €,
aeN" k
Z 8 dzk®ea>
9AME = Z£a<5 IZ\/am la| + 1) cjem(w) dzj A dZ ® €q—e,,

aeN™ k

+Zac]km ) dz; /\dzk®ea>

and A0 9AM0 are, up to the sign, the adjoint endomorphisms of A% and
0A%!. The unboundedness comes from the fact that we have unbounded
factors /(am + 1)(Ja| +n +1); it is worth noticing that multiplication by
a holomorphic factor u(w) is a continuous operator on the fibers B, ., whose
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norm remains bounded as € — 0. In this setting, it can be seen that the
only term in (3.14) that is (a priori) not small with respect to the main term
Op. 1o is the term involving e 72 in ABOA A%+ A%T A ALY "and that the other
terms appearing in the quadratic form (0 p_ &, &) are O(e™' 3 (|a] +n)|¢a|?)
or smaller. In order to check this, we expand cji ,(w) into a power series

Zu Cikmop 9pu(w) where

(3.15)

N\ M2 I Hj /2
— s luh wi _ n — 1 s
gu(w) = s, w', with s, = sup |w"| = (—) ,
: a : lw|<1 13;1_‘[91 |l W‘“W

so that sup,|<. |gu(w)| = eltl, We get from the term (QA%'¢, €) a summation

— 5_1 Z Z am(’a| -+ n) Z Cjk?ym7N dZ] A dzlg ® <§O¢ gugOMf)'

J,k;m  aEN? peN?

At 2 =0, g,€q = gueq is proportional to eq4,, and by (3.15) and the definition
of the L? norm, we have ||g,é.|| < el and |(£4 gu€a,€)| < el |€0[€arpl. We

infer
O <e Y S Vamllal+1) Y lejtmul € lall€atnl-

7.k;m  a€ENm pneN?

Let r be the infimum of the radius of convergence of w +— W, (w) over all
z € X. Then for ¢ < r and " € |e, r[, we have a uniform bound |cjg .| <
C(1/r")M ] hence

2O < e Y Y (5)" anlol 1) lalléasl

a€Nm yeNn

If we write

1
yam(lal +n) [€alléaral < 5 (ol + 1) ([€al* + [éasrul)

1
5 ((lal + n)[€al? + (o + pl +n)l€arul®),

IN

the above bound implies

=) < O 120 S (al+ il =0( E (al +mleal?).

acNn aeNn
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We now come to the more annoying term A0A A%+ A%IA ALO and especially
to the part containing e=2 (the other parts can be treated as above or are
smaller). We compute explicitly that term by expanding aj, ,, (w) into a power
series 3, aj, ., , gu(w) as above. Let us write g, (w) = s, w”. As a},,,,(0) =0,
the relevant term in A%! is

-1 / -1 4= o
e Y sy dB@ W'Dy
km peNm~{0}

where D,, and W#=W{".. . W}n are operators on the Hilbert space H?(B. ),

defined by
Do =\ am(la] +n) eac,, Wn(f)=wnf.

The corresponding term in A is the opposite of the adjoint, namely

-1 ! -1 A
—E& Z Z ak%)\S)\ dZ] ® D;VV'),<
5,6 AeNm~ {0}

and the annoying term in A0 A A% + A0 A ALO g
(316) Q=—¢c7 ) > Sy G Sy dz A dZ ®
g,k lm A\ pueN"~ {0}
(DWW D,,, — WrD,, DFI™).
We have here ||[WW#|| < s, el#l (as W* is the multiplication by w* = s, g,(w),
and |g,| < elul on B. ). The operators D; and D,, are unbounded, but the

important point is that their commutators have substantially better continu-
ity than what could be expected a priori. We have for instance

Do = \Jam(la] + 1) e, Di(Ea) = /(e + D] + 1+ 1) Tater.
(D} D) (7o) = (\/ (@t + 1 = Bm)atm (fa] + 1)

— (ae+ 1) (m +0mm) (o] +1+1) ) Carer e,

and the coefficient between braces is controlled by 2(]a| + n), as one sees

by considering separately the two cases ¢ # m, where we get —/(ap + 1)y,
and ¢ = m, where we get ay(|a]+n)— (az+1)(|a| +n+1). Therefore
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\[D7, Dim](€a)]| < 2(Jar] + n). We obtain similarly

- am+1 s ap
Wm(ea) = |a|$7n+1 €a+cms We (ea) =& m €a—cys
[W 52< ch + (5gm am + 1)

& la] +n+1
_ \/Oég Oém—|-l—5gm)) =
‘a’+n Oz—Cg—‘rCm)

and it is easy to see that the coefficient between large braces is bounded for

£ mby Ja(am +1)/((Jal+n)(|al +n+1)) < (Ja| +n)~!, and for £ =m

we have as well

'(ag + 1) (laf +n) —ap(ja) +n + 1)

(ol + m(al +n+ 1) ’ < (o} +n)7

Therefore ||[W;, Wn](€4)]| < €(Ja] 4+ n)~t. Finally

[Wg*7Dm](€a) = 5(\/(06Z - (ng)amGa’ + n)

la| +n—1

B \/ozg(ozm — 6um)(Jaf +1n — 1) ) .
Qa—Cp—Cm

la] +m

with a coefficient between braces less than 1, thus ||[W/, Dp,,](€,)]] < €. By ad-
junction, the same is true for [D}, W,,,], and we can summarize our estimates
as follows:

IWH] < el W] < sxel,
I1D;(Ca)ll < laf +n+1, [[Dn(ea)ll < laf +n,

(3.17)
I[DF, Dm](€a) |l < 2(Jer| + 1), [I[W7, Win] (@)l < (Jaf +n)~H,

W7, Diml(ea)ll <&, [[[D7, Win](€a)l| < e

Now, we observe that both DfW* WHD,,(é,) and WHD,,DiW**(&,) are
multiples of €q4¢,—c,,—A+u- By considering the second product WHD,, Dy W**
and permuting successively its factors D,, Dy, D W, WHrDy, WHEW*A the
difference with D;W*AWHD,,, is expressed as a sum of 1+ |A| + |u| + |A||p|
terms involving commutators. We derive from our estimates (3.17) precise



Bergman bundles and applications 233

bounds for the image of e, by the commutators. For instance, when we arrive
at DZW“W*ADm and permute WHW** we go through intermediate steps
DZW*XW#/WkW;W‘u”W*)\HDm with \ = )\/ 4 A” + Cj, o= M/ _|_,u// + Ch»
Al = N[+ N |+1, |u| = ||+ || +1, and have to evaluate the commutators

DWNWH W, Wi ]WH W' Dy, (E,).
By (3.17), the norm of these |\||y| terms is bounded by

(o] = A+ ul = Dy + 7+ 1) sye s et x

(o = N[+ 11"])+ +n) s lse™ (o] +n)

(o = AL+ |1l = Dy + 7+ 1)(Jo] +n)
(Jof = A+ +n

//|

(318) S S)‘/S/\”SN’SH” gl)‘H‘IP’l

The remaining commutators are easier, they lead to bounds

sasu €A 2((laf = A+ +n) (once),
(319) S)\/S/\”SN €|)\|+|#| (|OZ‘ — |A| — 1)+ +n 4+ 1 (|>\‘ times),
sx8u sy €M (Ja| 4 n) (|pe| times).

In the final estimates, we will have to bound some combinatorial factors of
the form

Sy S\ S,/S,,/
(3.20) NN optopt

(worst case),
S S

and we want the ratios sy sy//sx to be as small as possible (clearly they are
at least equal to 1). For this, we try to keep the proportions \}/|X'|, A7 /|\”|
as close as possible to A;/|A| by selecting carefully which factor W (and
W,,) we exchange at each step. After a permutation of the coordinates, we
may assume than )\, > max;<, A;, hence A, > LA If ¢ = |X|/|)| and
th = |N/IA =1 =t = 1/]A[, we take X} = [t'A;], AT = [t"A\;] for j <n —1
and compensate by taking ad hoc values of X/, A and ¢, = A — (N + \).
Then #'A; — 1 < X; <t'A; for j <n and

Ay =X =N

j<n

{< VN =t +n—1 =t +n—1,

> VI = X en A = A
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Therefore

N, i bV N, +n—1 A n—1

I <L for g < <L ——ﬂ;——————-::—ll< —————) if A, > 0.
WS N S T U, )

These inequalities imply respectively

X, N /2 y (t'A;—1)/2
w) =)
() =
VA2 ' An/2 (t'An+n—1)/2
) = () ( W)

In the last inequality we have t'\,, > ﬁ > L unless N = 0. Thus, if N # 0,
we get

(' An+n—1)/2
n—1 1n—1

< exp (%(n —1+n(n— 1)2)),

and by taking the product over all j € {1,...,n} we find

Ai/2 1/2
e T ()" % o e
RY Aj -

j<n j<n

(notice that for A; = 0 we also have )\;- = 0, and the corresponding factors
are then equal to 1). Notice also that

Al Ai/2|Al
) < T AP/ = a2,

(s3) YN = T (A_

Jj<n J Jjsn
For N, A" 0, this implies
(321)  sysar < € (s)F T AT = e ()Y AP < sy AT
and our combinatorial factor (3.20) is less than €2 |\|"|u|™. When X = 0 or

N"=0 (say A" =0), we have \' = A — ¢; for some j and sy» = 1, thus

< 61/2 sy ‘)\|1/2

Al— -
Al (1Al 1)/2|)\’1/2 (/\j _ 1)(>\; 1)/2
Al =1 A/

J

SxS\ = Sy = Sy (
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and inequality (3.21) still holds. We now put all our bounds together. For all
7’ < r = radius of convergence of w + W.(w), the coefficients a;, ,  satisfy

ko] < Co(1/rN with Cy = Co(r') > 0, and for every & = 3, aCa,
(3.16)—(3.21) imply a bound of the form

QEO.8/<e2Y Y (5w I+ D <

a€eN™ \ pneNm~ {0}
((lof = A+ [l = Dy +n + D(la] +n)
(laf = 1A+ + 7

’A|n|U|n |§a”5a7>\+u|'

Here |A| + |u| > 2, and for § > 0 arbitrary, there exists Cy = Co(d) such that
(24 A+ [l + I l) AP Ll™ < Ca (14 §)AFI=2,

thus

(Q(€), &) < C;,SQ D ((1 +/5)€)I>\I+|u|72 )

aeN" X\ peN"~ {0} "
((af = Al + leDy £+ n) (ol +n)
(laf =D+ +n

‘ga‘|£a—)\+ﬂ|'

Now, we split the summation with respect to (A, x) between the two subsets
Al + |1 < (Jo| +n)/2 and |A| + |p| > (Ja| +n)/2. We find respectively

((lof = AL+ 1D+ +n) (o] +n) _ V6ol +n)((Jal = AT+ [+ +n)
(Il = [A)+ +n TSN+ )

In the first case, we use the inequality

2y/lal +n)((lal = X + |u)+ + 1) [€al[€a—rsul
< (laf +n)I&al® + (Jaf = X[+ [pl)+ +n)l€arrul®,

and in the second case we content ourselves with the simpler bound

2|§a”§a—)\+u| S ‘50:’2 + ‘ga—)\-&-/t’Q'

For € € ]0,7[, the series

> ((1+6)5>|/\\+|u|*2 and Y ((1+5)€)|M+lu|72(\k!+\u!)2

! !
A,ueNn~ {0} A,peNT~ {0}
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can be made convergent by choosing 1’ = (r+¢)/2 € Je,r[and 14+ = \/17/e,
thus there exists a positive continuous and increasing function ¢ — C(e) on
10, r[ such that

Q). < Ce) Y- (Jol +n)|&l? forall € € B,
aeNm

which is what we wanted. This bound, together with Theorem 3.10 and the
estimates from the preliminary discussion yield the following result.

3.22 Theorem. Let (X,7) be a compact hermitian manifold equipped with
a real analytic metric, and let r we the supremum of the radii v’ of the ball
bundles {||C||y < 7'} on which the related exponential map

exph = exph,, : {||¢[l, <"} CTx - X x X

defines a real analytic diffeomorphism (z,() — (z,exph,(C)). Then, for all
e < r, the curvature tensor of the Bergman bundle (Be, h) satisfies an estimate

((©p.n &), Jv), O
=<7 ) (Z@ﬁam +(1+0()) Y (lal +n) |§al2!’vj!2>

aeN? J

forevery & =3, aea € B, €' > ¢, and every tangent vector v =Y v; 0/0%;,
where O(e) = ¢ C(e) for a continuous increasing function ¢ — C(g) on
10,7[. In particular ©p. p, is positive definite (and even coercive unbounded)
for e < eg small enough.

3.23 Remark. Under our real analyticity assumptions, the proof makes clear
that there exists an asymptotic expansion

“+oo

<(®Bs,h 5) (’U, ‘]v)v §>h = Z 572+pr(27£ ® U)a

p=0

where

Qo(z, £ @v)=Qo(§ @ v)= Y (

aeN”?

+> (al+n) !é“alzlva?)

J

Z \/07] Sa—cj' vy
J

corresponds to the model case X = C". The terms (); can be derived from
the Taylor expansion of exph associated with the metric ~, and they a pri-
ori depend on the coefficients of the torsion and curvature tensor and their
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derivatives. In the Kéhler case, cf. for instance [3, (8.5)], one has exph, (&) =
2+ &+ O(z€?) and one can check from the above calculations that Q = 0.
It would be interesting to identify more precisely ()7 and @2 in general. It
is very likely that ()7 involves the torsion form dw and that ()o is strongly
related to the curvature tensor of (T’x,w).

3.24 Remark. Although we have already observed that B. cannot be a
locally trivial holomorphic Hilbert bundle, as follows from Remark 3.2 and the
discussion made in the introduction, one can still endow the total space of B,
and of its Hilbert dual BY with some sort of weird infinite dimensional complex
space structure, for which the projections 7 : B, — X and 7¥ : BY — X are
holomorphic. Let us start with BY. This space has a lot of global “holomorphic
functions”, that actually separate all points of BY except those of the zero
section. In fact, every global holomorphic function F' € B./(X), ¢’ > ¢, gives
rise to a function {p : BY — C where (r(§) = Fip_, -§ for { € B!, C B..
More generally, one can define a presheaf Opy of “holomorphic functions” on
BY as follows: if V' C BY is an open set, we take Opy(V') to be the closure
in locally uniform topology in V' of the algebra generated by the pull-backs
uom¥, u € Ox(m¥(V)), and by the functions ¢, F' € B.(7¥(V)), which are
linear on the fibers of BY. One then gets a genuine sheaf Opv by sheafifying
the above presheaf. The construction of Op, is made by reversing the roles of
B. and BY (the 0 operator of BY being the Von Neumann adjoint of the (1,0)
part of the Chern connection of V** on B., and the sheaf of “holomorphic
sections” of B! being its kernel).

4. On the invariance of plurigenera for polarized Kihler
families

An important unsolved problem of Kéhler geometry is the invariance of pluri-
genera for compact Kéhler manifolds, which can be stated as follows.

4.1 Conjecture. Let m : X — S be a proper holomorphic map defining a
family of smooth compact Kihler manifolds over an irreducible base S. Assume
that m admits local polarizations, i.e. every point tg € S has a neighborhood V
such that 7=1(V) carries a Kihler metric w. Then the plurigenera py,(X;) =
hO(X;,mKx,) of fibers are independent of t for all m > 0.

This conjecture has been affirmatively settled by Y.-T. Siu [19] in the
case of projective varieties of general type (in which case the proof has been
translated into a purely algebraic form by Y. Kawamata [9]), and then by
[20] and Paun [17] in the case of arbitrary projective varieties; remarkably, no
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algebraic proof of the result is known beyond the case proved by Kawamata.
Here, we wish to study such results in the Kéhler context. This requires a
priori substantial modifications of Siu’s proof, since the technique involves in
a crucial manner the use of an auxiliary ample line bundle. In the light of the
previous sections, a potential replacement would be to use the “very ample”
Bergman bundles just constructed. Conjecture 4.1 would be a consequence of
the following more technical statement.

4.2 Conjecture (Generalized version of the Claudon-Paun theorem). Let
m: X = A be a polarized family of compact Kdihler manifolds over a disc
A C C, and let (Lj,hj)o<j<n—1 be (singular) hermitian line bundles with
semi-positive curvature currents i©g, p, >0 on X. Assume that

(a) the restriction of hj to the central fiber Xo is well defined (i.e. not
identically +00).
(b) the multiplier ideal sheaf I(hjx,) is trivial for 1 < j < N — 1.

Then any section o of O(NKx + 3 L;)x, ® J(hox,) over the central fiber
Xo extends into a section & of O(NKx + > L;) over a certain neighborhood
X' =7 YA") of Xo, where A C A is a sufficienty small disc centered at 0.

The invariance of plurigenera is the special case of Conjecture 4.2 when
all line bundles £; and their metrics h; are trivial. Since the dimension
t — hO(Xy, mKx,) is always upper semicontinuous and since Conjecture 4.2
implies the lower semicontinuity, we conclude that the dimension must be
constant along analytic discs, hence along the irreducible base .S, by joining
any two points through a chain of analytic discs. O

4.3 Remark. A standard cohomological argument shows that we can in fact
take X’ = X in the conclusion of Conjecture 4.2, because the direct image sheaf
€ = m.O(mKx + > L;) is coherent, and the restriction € = € ® (0a/mpOa)
induces a surjective map at the H° level on the Stein space A, so we can
extend ¢ mod 7*my to X.

We now indicate how the technology of Bergman bundles could possibly
be used to approach the conjectures.

4.4 Lemma. Let X' = 7 }(A") — A’ be the restriction of ®# : X — A
to a disc A" €@ A centered at 0, of radius R < R. For e < gy = ¢o(R')
small enough, one can find a Stein open subset UL C X' x X, such that the
projection pry : UL — X' is a complez ball bundle over X' that is locally trivial
real analytically.



Bergman bundles and applications 239

Proof. The arguments are very similar to those of §1, except for the fact
that X is no longer compact, but this is not a problem since X — A is
proper, and since we can always shrink A a little bit to achieve uniform
bounds (would they be needed). Let v be a real analytic hermitian metric
on X, and exph : Ty — X be the corresponding real analytic and fiber-
holomorphic exponential map associated with 7, as in §1. The map exph is no
longer everywhere defined, but if we restrict it to the e-tubular neighborhood
of the zero section in Ty, we get for ¢ > 0 small enough a real analytic
diffeomorphism (z,€) — (z,exph,(£)) onto a tubular neighborhood of the
diagonal of X’ x X’. The rest of the proof is identical to what we did in §1,
taking

(4.5) U = {(z,w) € X' x X; |logh,(w)|, < &}. O

In order to study Conjecture 4.2, we first state a technical extension theo-
rem needed for the proof, which is a special case of the well-known and ex-
tremely powerful Ohsawa—Takegoshi theorem [16], see also [14], [15], [5], the
general Kahler case stated below being due to [2].

4.6 Proposition. Let m : Z — A be a smooth and proper morphism from
a (non compact) Kdhler manifold Z to a disc A C C and let (L£,h) be
a (singular) hermitian line bundle with semi-positive curvature current
i©cp > 0 on Z. Let w be a global Kdihler metric on Z, and let dVz, dVy,
the respective induced volume elements on Z and Zy = w1(0). Assume that
hz, is well defined (i.e. almost everywhere finite). Then any holomorphic sec-
tion s of O(Kz + £) ® I(hyz,) extends into a section s over Z satisfying an
L? estimate

L 15V < Co [ sl andVa
Z Zo

where Cy > 0 is some universal constant (depending on dimZ and diam A,
but otherwise independent of Z, L, ...).

4.7 Remark. The assumptions of Proposition 4.6 imply that Z is holomor-
phically convex and complete Kéhler, thus, as an alternative to the technique
used in [2], the regularization arguments explained in [3] would also apply to
yield the result. We leave motivated readers eventually complete such a proof.

Attempt of proof of Conjec_ture 4.2. Let p = pry : U, — X’ be as in Lemma
4.4, and ¢ = pry : UL — X. We take ¢ < g9 and use on Z := UL a Kéhler
metric wy defined on the Stein manifold UL . On can define e.g. wy as the 100
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of a strictly plurisubharmonic exhaustion function on U, , but we can also
take the restriction of prjw + pr Wy where w is the Kéhler metric on the

total space X, and @ = — w the corresponding Kéhler metric on the conjugate
space X.
First step: construction of a sequence of extensions on Z = UL wvia the

Ohsawa—Takegoshi extension theorem.
The strategy is to apply iteratively the special case 4.6 of the Ohsawa—
Takegoshi extension theorem on the total space of the fibration

T=mop:Z=U —-X — A,

and to extend sections of ad hoc pull-backs p*§ from the zero fiber Z; =
7 71(0) = p~'(Xo) to the whole of Z = U.. We write h; = e™%/ in terms
of local plurisubharmonic weights, and define inductively a sequence of line
bundles G,, by putting g = Oy and

9m = Gm-1+ K + L» iftm=Ng+r, 0<r<N-1L
By construction we have

Sm=mKy + L1+ -+ Ly, forl<m<N-1,
GiN —Gm =G =NKx + Lo+ ---+Ly_y, forall m>0.

The game is to construct inductively families of sections, say {fj(m) Yic1o, J(m)>
of p*G,,, over Z, together with ad hoc L? estimates, in such a way that

(4.8) form =0,...,N —1, p*G,, is generated by L? sections
(™ Yz on UL
(4.9) we have the m-periodicity relations J(m + N) = J(m) and f’}m)
is an extension of f](m) = (p*a)qu) over Z for m = Ng + r, where

f](r) — ff(r)

12 0<T <N -1

Property (4.8) can certainly be achieved since U, is Stein, and for m = 0 we
can take J(0) = 1 and TO) = 1. Now, by induction, we equip p*G,,—1 with
the tautological metric |£|?/ ", |fz(m_1)($)|27 and

Sm =p"Gm — Kz =p "G — (p*Kx' + q*Kf) =P (Gm-1 + 'C‘T) - C]*Ky
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with that metric multiplied by p*h, = e P% and a fixed smooth metric
e~¥ of positive curvature on (—q*KT)erO (remember that UL is Stein!). It
is clear that these metrics have semi-positive curvature currents on Z (by
adjusting v, we could even take them to be strictly positive if we wanted).
In this 5 setting, we apply the Ohsawa—Takegoshi theorem to the hne bundle
Kg + Sm p*G,,, and extend in this way f( ™) into a section f( over Z.
By construction the pointwise norm of that section in p*G,, 7z, in a local
trivialization of the bundles involved is the ratio

I
Selfm P

up to some fixed smooth positive factor depending only on the metric induced
by wp on Kg. However, by the induction relations, we have

e*p* or—1

)

S0
5 1P s e ferm=Ngtr 0<rSN-1,
=y v —p*cpr _ o1y
m— - 0
> DR AVRIE

lp*o?e "¢ for m = 0mod N, m > 0.

Sl

Since the sections { fjm}ggK ~ generate their line bundle on U., D UL, the
ratios involved are positive functions without zeroes and poles, hence smooth
and bounded [possibly after shrinking a little bit the base disc A’, as is per-
mitted]. On the other hand, assumption 4.2 (b) and the fact that o has coeffi-
cients in the multiplier ideal sheaf J(hg|x,) tell us that e P 1 <r<mand

[p*a|?e~P 0 are locally integrable on Zy. It follows that there is a constant
Cy = C1(e) > 0 such that
(m) 2
%Zﬁm o

for all m > 1 (of course, the integral certainly involves finitely many trivi-
alizations of the bundles involved, whereas the integrand expression is just
local in each chart). Inductively, the L? extension theorem produces sections

f}m) of p*G,, over Z such that

RTIRIE

e VAV, < Cr = CoCL
22l P
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Second step: applying the Holder inequality. Put k = Nq(k) + r(k) with 0 <
r(k) < N, and take m = N¢(m) to be a multiple of N. The Hélder inequality

|fH1§k§m updp| < H1§k§m(f |uk]mdu)1/m applied to the measure p = dV,,
and to the product of functions

~(m) 95 1/m k 1/m
<7Zj |f;0)|2> e‘%p*(soof..w]v_l)—w H ( Z |f}: )1‘2 —p*ww—w)
Sl Sl

1<k<m

in which Ze\f}o)]Q \ﬂo)\Q Land 3, ]f(m)|2 |fl(m)|2 implies that
(4.10) / | FIm e v poteten )=y, < .
z

As the functions ¢, ) and ¢ are locally bounded from above, we infer from
this the weaker inequality

(4.10") /Z |Fm P av,, < Cs.

The last inequality is to be understood as an inequality that holds in fact
only locally over X', on sets of the form p~1(V), where V € X' are small
coordinate open sets where our line bundles are trivial, so that the section
~1(m) of g(m) p*(NKxs + Y £;) can be viewed as a holomorphic function on

p (V).

Third step: construction of singular hermitian metrics on N Ky +3_ L;. The
rough idea is to extract a weak limit of the m-th root occurring in (4.10),
(4.10"), combined with an integration on the fibers of p : Z = U, — X', to
get a singular hermitian metric on N K+ + > £;. This is the crucial step in
the proof, and the place where the Kéhler setup will require new arguments;
especially, the integration on fibers makes the weak limit argument much less
obvious than in the projective setup. Our (yet incomplete) attempt involves
the results of §2, §3 on Bergman bundles.

4.11 Proposition. Assume that the sections f}m) have been constructed on
Z=U — X', e < eo(R), and let us shrink these sections to a smaller
neighborhood u;s, p < 1. Then there exists a subsequence m € My C N
such that, with respect to local trivializations of the £; and local holomorphic
sections dw = dwy A ... N dwpyq of Ky), we have a well defined limit

1 -
0(z) = lim —log |f1(m)(z,w)|2i(”+1)2dw ANdw, zeX
meito meoJwe,
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that exists almost everywhere on X', and H = e~ N? defines a singular hermi-
tian metric on p*(NKx + Y L;) satisfying the following estimates:

(a) |ol% = |o?e™ N0 =1 on Xy C X';

(b) el N poteten-D gy < oo
xl
(c) there are constants Cy,Cs > 0 such that 6§ < Cy and

o Cs

Proof. First notice that the choice of the w local coordinates on X is irrelevant
in the definition of 6 (the L? integrals may eventually change by bounded
multiplicative factors, which get killed as m — +00). We apply the mean
value inequality for plurisubharmonic functions, applied on wp-geodesic balls
of Z centered at points (z,w) € W,_ and of radius (1 —p)e (say). As dim Z =
2(n + 1), we obtain by (4.10") a uniform upper bound

m m CG m m (n+1)2 _
sup | f1 )|2/ < (@ = )i Ji \]?} )]2/ i dw A dw

< Cr
= (1 = p)e)tntD)’

PE,Z

(4.12) Vze X

Here our sections can be seen as functions only locally over trivializing open
sets of the line bundles in X', but we can arrange that there are only finitely
many of these; hence the transition automorphisms only involve bounded
constants, after raising to power 1/m. At this point, we consider the Bergman
bundle B. — X', and write locally over X'

Mz w) dw=3 Enalz) Ealz,w) @ g(2)1™, €X', well,

aeNntl

in terms of an orthonormal frame (€4)aenn+t Of Be, of the corresponding
Hilbert space coefficients &, = (§m.a)aenn+1 as defined in §2, and of a local
holomorphic generator g of Ox(NKx + > £;). If we put dw = dwy A ... A
dwp41 in local coordinates, we get an equality

1 2
- log/ | A}m)(z, w) |2 i dw A dw

!
well), .

mep(z) :

(4.13) = %log< Z p2llal+n+1) !fm,a(Z)P)’

aeNn+l



244 Jean-Pierre Demailly

and by (4.12), we obtain an upper bound

(4.14)

1. Gy (pe)*"tD) O
. log (= p)e) ot < Cog+4(n+1)log

= ClO,p,e-

1
(1—pe

The sum 3, cpnsr p2UFHD €, L (2)]2 = emPnr(2) is nothing else than the
square of the norm of the section flm), expressed with respect to the natu-
ral hermitian metric (e,s), of the Bergman bundle B,.. The inequalities
(4.12) show that the series converges uniformly over the whole of X'. As
VO%1¢ = 0, a standard calculation with respect to the Bergman connection
V = V0 4+ VO of B, implies

Y _ i 1,0 1,0 _ _
1889m,p = 7m Hme% <<v £m7 \% £m>p <@Bpg£m7£m>p

(V1% Em)p A VIO, Em)p )
1€mll3

(4.15) o 1 (i95,.8m.&m)p

mo [&mll3

by the Cauchy—Schwarz inequality. On the other hand, as the orthonormal
coordinates expressed in B, are the (p|“|+"+1§mya), the curvature bound ob-
tained in §2 yields

(108,.6m:&m)p < (2+0(p2))(pe) > Y (o +n+1) P10 g, (P w.

aeNn+1

The last two inequalities imply the fundamental estimate

1000,
21 002 Do e DA
aeNn+l1
(4.16) Z - m 2(|af+n+1) 2
Z p |€m.al
aeNn+1

1+ O(pe) ( 0 >
4.16 >—— =0, .
( 6 ) — €2p ap 3P w

From its definition, we see that 0,, , is a convex function of log p. Therefore,
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for p < p1 < 1, we have

p ngyp < emml — Hm,p < 09,;?1,6 - ‘L)m,ﬂ
dp log p1 — log p log p1

by (4.14), and (4.16") implies

- Ci
1000y, > _W(Clo,pl,ﬁ — Omp) W

A straightforward calculation yields

_ C
—10010g(Chopyc + 1 — O ) > ——=w,

22
hence the functions u, = —1og(Cigp,c +1 — bpm,p) < 0 have Hessian forms
that are uniformly bounded from below. Also, by construction (cf. 4.9), 6,, ,
converges to % log|o| on X. Standard results of pluripotential theory imply
that we can find a subsequence of (u,,) that converges in LP topology (for
every p € [1,400[) and pointwise almost everywhere. Therefore we can find
a limit 6, , — 0 satisfying the Hessian estimates

11 Cll

- C -
008 > —W(Cw,phg —0)w, —i001log(Chop e +1—0) > _W w

Proposition 4.11 is proved, as estimate (b) follows from (4.10).

Fourth step: applying Ohsawa—Takegoshi once again with the singular hermi-
tian metric produced in the third step. Assume that we can replace estimate
4.11 (c) by the stronger fact that the curvature form of H = e~"% is positive
in the sense of currents, i.e.

(4.17) —i0d1log H = Ni9d0 > 0.

This means that NKy + > £; possesses a hermitian metric A such that
llollg <1 on Xy and O > 0 on X'. In order to conclude, we proceed as Siu
and Paun, and equip the bundle

&=(N—-1Ky+> L

with the metric n = H!=V/N Hh}/N, and NKx: + > L; = Ky + € with the
metric w ® n. It is important here that X possesses a global Kéhler polariza-
tion w, otherwise the required estimates would not be valid. Clearly n has a



246 Jean-Pierre Demailly

semi-positive curvature current on X’ and in a local trivialization we have

1 1/N
HU”w®n < Clo|* exp ( (N-1)0 — N Z%) < C(|0|2 He‘%‘)

on Xj. Since |o|?¢7%° and e~#r, r > 0 are all locally integrable, we see that
lo]12., is also locally integrable on Xo by the Holder inequality. A new (and
final) application of the L? extension theorem to the hermitian line bundle
(€,n) implies that o can be extended to X'. Conjecture 4.2 would then be
proved.

Fifth step: final discussion. Unfortunately, estimate (4.17) will a priori hold
only in the case where £ can be taken arbitrarily large (in the sense that the
exponential map is at least everywhere an immersion — one can then argue on
the “unfolded neighborhood” U. diffeomorphic to the e-tubular neighborhood
of the 0 section in T, equipped with the complex structure obtained by
pulling back the complex structure of X x X via exph. This condition is met
e.g. when X is a complex torus or a ball quotient. However, it is doubtful that
all compact Kéhler manifolds with Ky pseudo-effective satisfy this property.
The main issue is that the unboundedness of © g_ j, does not a priori imply that
the right hand side of (4.15) converges weakly to 0, while this is obviously true
in the algebraic situation where we use instead a given ample line bundle A
on X. One possible way to circumvent this difficulty is to observe that the
term (i©p,.&m, §m), is controlled by (|6 |l[€ml];, where

Hme;;Q = Z (Jaf +n+ 1)2 P2(|a‘+n+l) |§m7a’2
aeNn+1

~ L™ (z,w) + Do 1™ (2,0) 2,

well, .
and it would be sufficient to find extensions f}m) satisfying the additional
estimate

@is) [ e <K [ e
wel’ well, .

pE,Z

where K, grows subquadratically, i.e. #Km — 0. Getting such an estimate,
e.g. a bound K,, = O(m) in the general situation, does not appear to be
completely implausible, since the main inductive step consists of extending a
section multiplied by p*o(z,w) = o(z), which is therefore independent of w
on X{. In this process, one might hope to obtain an appropriate L? extension
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theorem taking care of “vertical derivatives” with respect to a given morphism
Y — X — A (namely, UL — X’ — A’ in this circumstance). We will try to
investigate these questions in the near future.
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