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§ 0. Introduction

The main purpose of these notes is to describe analytic techniques which are use-
ful to study questions such as linear series, multiplier ideals and vanishing theorems for
algebraic vector bundles. One century after the ground-breaking work of Riemann on ge-
ometric aspects of function theory, the general progress achieved in differential geometry
and global analysis on manifolds resulted into major advances in the theory of algebraic
and analytic varieties of arbitrary dimension. One central unifying concept is the con-
cept of positivity, which can ve viewed either in algebraic terms (positivity of divisors
and algebraic cycles), or in more analytic terms (plurisubharmonicity, hermitian connec-
tions with positive curvature). In this direction, one of the most basic result is Kodaira’s
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vanishing theorem for positive vector bundles (1953-54), which is a deep consequence of
the Bochner technique and of the theory of harmonic forms initiated by W.V.D. Hodge
during the 1940’s. This method quickly led Kodaira to the well-known embedding the-
orem for projective varieties, a far reaching extension of Riemann’s characterization of
abelian varieties. Further refinements of the Bochner technique led ten years later to
the theory of L? estimates for the Cauchy-Riemann operator, (J.J. Kohn [Koh63, 64],
Andreotti-Vesentini [AV65], [Hor65]). Not only vanishing theorems can be proved of re-
proved in that manner, but perhaps more importantly, extremely precise information of
a quantitative nature is obtained about solutions of 0-equations, their zeroes, poles and
growth at infinity.

What makes the theory extremely flexible is the possibility to formulate existence
theorems with a wide assortment of different L? norms, namely norms of the form
1l < |If |2e=2¢ where ¢ is a plurisubharmonic or strictly plurisubharmonic function on the
given manifold or variety X. Here, the weight ¢ need not be smooth, and it is on
the contrary extremely important to allow weights which have logarithmic poles of the
form ¢(z) = clog_ |g;|%, where ¢ > 0 and (g;) is a collection of holomorphic func-
tions possessing a common zero zet Z C X. Following Nadel [Nad89], one defines the
multiplier ideal sheaf ¥(p) to be the sheaf of germs of holomorphic functions f such
that | f|?e~2¢ is locally summable. Then .¥(¢) is a coherent algebraic sheaf over X and
H1(X,Kx ® L ® ¥(p)) = 0 for all ¢ > 1 if the curvature of L is positive as a current.
This important result can be seen as a generalization of the Kawamata-Viehweg vanish-
ing theorem ([Kaw82], [Vie82]), which is one of the cornerstones of higher dimensional
algebraic geometry, especially in relation with Mori’s minimal model program.

In the dictionary between analytic geometry and algebraic geometry, the ideal .¥(p)
plays a very important role, since it directly converts an analytic object into an algebraic
one, and, simultaneously, takes care of the singularities in a very efficient way. Another
analytic tool used to deal with singularities is the theory of positive currents introduced
by Lelong [Lel57]. Currents can be seen as generalizations of algebraic cycles, and many
classical results of intersection theory still apply to currents. The concept of Lelong
number of a current is the analytic analogue of the concept of multiplicity of a germ
of algebraic variety. Intersections of cycles correspond to wedge products of currents
(whenever these products are defined).

Besides the Kodaira-Nakano vanishing theorem, one of the most basic “effective re-
sult” expected to hold in algebraic geometry is expressed in the following conjecture of
Fujita [Fuj87]: if L is an ample (i.e. positive) line bundle on a projective n-dimensional
algebraic variety X, then Kx + (n + 1)L is generated by sections and Kx + (n + 2)L is
very ample. In the last decade, a lot of effort has been brought for the solution of this
conjecture — and it seems indeed that a solution might finally emerge in the first years or
the third millenium — hopefully during this Summer School! The first major results are
the proof of the Fujita conjecture in the case of surfaces by Reider [Rei88] (the case of
curves is easy and has been known since a very long time), and the numerical criterion for
the very ampleness of 2K x + L given in [Dem93b], obtained by means of analytic tech-
niques and Monge-Ampere equations with isolated singularities. Alternative algebraic
techniques were developed slightly later by Kollar [Kol92], Ein-Lazarsfeld [EL93], Fujita
[Fuj93], Siu [Siu95, 96], Kawamata [Kaw97] and Helmke [Hel97]. We will explain here
Siu’s method because it is technically the simplest method; one of the results obtained by
this method is the following effective result: 2K x +mL is very ample for m > 2+ (Sng'l).
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The basic idea is to apply the Kawamata-Viehweg vanishing theorem, and to combine this
with the Riemann-Roch formula in order to produce sections through a clever induction
procedure on the dimension of the base loci of the linear systems involved.

Although Siu’s result is certainly not optimal, it is sufficient to obtain a nice construc-
tive proof of Matsusaka’s big theorem ([Siu93], [Dem96]). The result states that there
is an effective value mg depending only on the intersection numbers L™ and L" ! - K,
such that mL is very ample for m > mg. The basic idea is to combine results on the
very ampleness of 2K x +mL together with the theory of holomorphic Morse inequalities
([Dem85b]). The Morse inequalities are used to construct sections of m’L — Kx for m/
large. Again this step can be made algebraic (following suggestions by F. Catanese and
R. Lazarsfeld), but the analytic formulation apparently has a wider range of applicability.

In the next sections, we pursue the study of L? estimates, in relation with the Null-
stellenstatz and with the extension problem. Skoda [Sko72b, Sko78] showed that the
division problem f = Y gjh; can be solved holomorphically with very precise L? esti-
mates, provided that the L? norm of | f||g|~? is finite for some sufficiently large exponent
p (p > n = dim X is enough). Skoda’s estimates have a nice interpretation in terms of
local algebra, and they lead to precise qualitative and quantitative estimates in con-
nection with the Bézout problem. Another very important result is the L? extension
theorem by Ohsawa-Takegoshi [OT87, Ohs88|, which has also been generalized later by
Manivel [Man93]. The main statement is that every L? section f of a suitably posi-
tive line bundle defined on a subavariety ¥ C X can be extended to a L? section f
defined over the whole of X. The positivity condition can be understood in terms of
the canonical sheaf and normal bundle to the subvariety. The extension theorem turns
out to have an incredible amount of important consequences: among them, let us men-
tion for instance Siu’s theorem [Siu74] on the analyticity of Lelong numbers, the basic
approximation theorem of closed positive (1,1)-currents by divisors, the subadditivity
property ¥(p + ¥) C $(p).F(¢) of multiplier ideals [DEL00], the restriction formula
F(epy) C H(p)y, - ... A suitable combination of these results yields another important
important result of Fujita [Fuj94] on approximate Zariski decomposition, as we show in
section 14.

In section 15, we show how subadditivity can be used to derive an “equisingular”
approximation theorem for (almost) plurisubharmonic functions: any such function can
be approximated by a sequence of (almost) plurisubharmonic functions which are smooth
outside an analytic set, and which define the same multiplier ideal sheaves. From this, we
derive a generalized version of the hard Lefschetz theorem for cohomology with values in a
pseudo-effective line bundle; namely, the Lefschetz map is surjective when the cohomology
groups are twisted by the relevant multiplier ideal sheaves.

Section 16 explains the proof of Siu’s theorem on the invariance of plurigenera, accor-
ding to a beautiful approach developped by Mihai Paun [Pau07]. The proofs consists of
an iterative process based on the Ohsawa-Takegoshi theorem, and a very clever limiting
argument for currents.

Sections 17 and 18 are devoted to the study of positive cones in Kahler or projective
geometry. Recent “algebro-analytic” characterizations of the Kéhler cone ([DP04]) and
the pseudo-effective cone of divisors ([BDPP04]) are explained in detail. This leads to
a discussion of the important concepts of volume and mobile intersections, following
S.Boucksom’s PhD work [Bou02]. As a consequence, we show that a projective algebraic
manifold has a pseudo-effective canonical line bundle if and only if it is not uniruled.
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Section 19 presents further important ideas of H. Tsuji, later refined by Berndtsson
and Paun, concerning the so-called “super-canonical metrics”, and their interpretation in
terms of the invariance of plurigenera and of the abundance conjecture. In the concluding
section 20, we state Paun’s version of the Shokurov-Hacon-McKernan-Siu non vanishing
theorem and give an account of the very recent approach of the proof of the finiteness of
the canonical ring by Birkar-Paun [BiP09], based on the ideas of Hacon-McKernan and
Siu.

§ 1. Preliminary material

§ 1.A. Dolbeault cohomology and sheaf cohomology

Let X be a C-analytic manifold of dimension n. We denote by AP9T% the bundle of
differential forms of bidegree (p, q) on X, i.e., differential forms which can be written as

U = Z 'U/I’JdZI/\dEJ.

lI|=p,|J|=q
Here (z1, ..., 2,) denote arbitrary local holomorphic coordinates on X, I = (iy, ... ,ip),
J = (j1, - .. ,Jq) are multiindices (increasing sequences of integers in the range [1, ..., n],
of lengths |I| = p, |J| = q), and
dZ] IIdZil/\.../\dZZ'p, dEJ ::dijl/\.../\dijq.

Let ‘€P7 be the sheaf of germs of complex valued differential (p, ¢)-forms with “€°° coef-
ficients. Recall that the exterior derivative d splits as d = d’ + d” where

ou
I|=p, | J[=g.1<ksn O F
Our, g
d"u = 2 dz Ndzp A dZ

lI|=p, |J|=¢,1<k<n

are of type (p+ 1,q), (p,q + 1) respectively. The well-known Dolbeault-Grothendieck
lemma asserts that any d”’-closed form of type (p, ¢) with ¢ > 0 is locally d”-exact (this is
the analogue for d” of the usual Poincaré lemma for d, see e.g. [H6r66]). In other words,
the complex of sheaves (‘€P:* d") is exact in degree ¢ > 0; in degree ¢ = 0, Kerd" is the
sheaf QF of germs of holomorphic forms of degree p on X.

More generally, if F'is a holomorphic vector bundle of rank r over X, there is a natural
d"” operator acting on the space € (X, AP9T% ® F') of smooth (p, g)-forms with values
in F; if s = E1g>\<r sxex is a (p, g)-form expressed in terms of a local holomorphic frame
of F, we simply define d’s := " d"s\ ® ey, observing that the holomorphic transition
matrices involved in changes of holomorphic frames do not affect the computation of d”.
It is then clear that the Dolbeault-Grothendieck lemma still holds for F'-valued forms. For
every integer p = 0,1, ... ,n, the Dolbeault Cohomology groups HP*9(X, F') are defined
to be the cohomology groups of the complex of global (p, q) forms (graded by q):

(1.1) HP(X,F) = H1(€>®(X,A"*Tx ® F)).
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Now, let us recall the following fundamental result from sheaf theory (De Rham-Weil
isomorphism theorem): let (£°,d) be a resolution of a sheaf 9 by acyclic sheaves, i.e. a
complex of sheaves (£°®,4) such that there is an exact sequence of sheaves

i, po 90 cp1 pa O, cpa+l
0— A —: — L — — — —

bl

and H*(X,Z?) =0 for all ¢ > 0 and s > 1. Then there is a functorial isomorphism
(1.2) HY(D(X,%%) — HI(X, ).

We apply this to the following situation: let ‘€(F")P*? be the sheaf of germs of “€>° sections
of AP9T%®F. Then (‘€(F)P*,d") is a resolution of the locally free @ x-module Q% ®O(F)
(Dolbeault-Grothendieck lemma), and the sheaves €(F)P? are acyclic as modules over
the soft sheaf of rings “€>°. Hence by (1.2) we get

(1.3) Dolbeault Isomorphism Theorem (1953). For every holomorphic vector bundle
F on X, there is a canonical isomorphism

HP(X,F) ~ HY(X, 0% @ O(F)). 0

If X is projective algebraic and F' is an algebraic vector bundle, Serre’s GAGA the-
orem [Ser56] shows that the algebraic sheaf cohomology group H?(X, Q% ® O(F)) com-
puted with algebraic sections over Zariski open sets is actually isomorphic to the analytic
cohomology group. These results are the most basic tools to attack algebraic problems via
analytic methods. Another important tool is the theory of plurisubharmonic functions
and positive currents originated by K. Oka and P. Lelong in the decades 1940-1960.

§ 1.B. Plurisubharmonic functions

Plurisubharmonic functions have been introduced independently by Lelong and Oka
in the study of holomorphic convexity. We refer to [Lel67, 69] for more details.

(1.4) Definition. A function u: Q — [—o00, +00| defined on an open subset Q@ C C" is
said to be plurisubharmonic (psh for short) if

(a) w is upper semicontinuous ;

(b) for every complex line L C C", uyonr, is subharmonic on QN L, that is, for all a €
and & € C™ with |¢| < d(a,C), the function u satisfies the mean value inequality

1
< —
u(a) = o

27
/ u(a + € &) do.
0
The set of psh functions on § is denoted by Psh(f2).

We list below the most basic properties of psh functions. They all follow easily from
the definition.

(1.5) Basic properties.
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(a) Every function u € Psh(Q) is subharmonic, namely it satisfies the mean value in-
equality on euclidean balls or spheres:

1
) €~ /B D)

for every a € Q and r < d(a,(€). Either u = —o0o or u € L\ on every connected
component of €.

(b) For any decreasing sequence of psh functions uy € Psh(2), the limit v = limuy is
psh on €.

(¢) Let u € Psh(Q) be such that u Z —oo on every connected component of Q. If (p.)
is a family of smoothing kernels, then u x p. is “€>° and psh on

Q. = {m € Q; d(z,0Q) > 8},

the family (u * pc) is increasing in € and lim._,g u x p. = u.

(d) Let uq,...,u, € Psh(Q2) and x : R® — R be a convex function such that
x(t1, ... ,tp) is increasing in each ¢;. Then x(ui, ... ,up,) is psh on . In par-
ticular w; + - -+ + up, max{uy, ... ,up}, log(e"* + - -+ e"r) are psh on Q. O

(1.6) Lemma. A function u € C?(2,R) is psh on  if and only if the hermitian form

Hu(a)(€)= ) 0°u/0z0z(a) &,

1<,k <n

18 semi-positive at every point a € €.
Proof. This is an easy consequence of the following standard formula

L et @) db — u(a) = 2 / B Hula+ce)©) aro),

2m 0 71' t |C|<t

where d\ is the Lebesgue measure on C. Lemma 1.6 is a strong evidence that plurisub-
harmonicity is the natural complex analogue of linear convexity. U

For non smooth functions, a similar characterization of plurisubharmonicity can be
obtained by means of a regularization process.

(1.7) Theorem. If u € Psh(Q2), u # —oo on every connected component of ), then for
all £ € C"
Pu ,
Hu(®)= Y 5 ——&& €2 (Q)

02;0Z
1< ksn A7k

is a positive measure. Conversely, if v € D' (Q) is such that Hv(§) is a positive measure
for every & € C™, there exists a unique function u € Psh(Q) which is locally integrable
on ) and such that v is the distribution associated to w. U
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In order to get a better geometric insight of this notion, we assume more generally that
u is a function on a complex n-dimensional manifold X. If & : X — Y is a holomorphic
mapping and if v € C?(Y,R), we have d'd” (v o ®) = &*d’d"v, hence
H(vo®)(a,§) = Hv(®(a), ' (a).£).
In particular Hu, viewed as a hermitian form on T, does not depend on the choice

of coordinates (21, ..., z,). Therefore, the notion of psh function makes sense on any
complex manifold. More generally, we have

(1.8) Proposition. If ® : X — Y is a holomorphic map and v € Psh(Y), then
vod € Psh(X). O

(1.9) Example. It is a standard fact that log|z| is psh (i.e. subharmonic) on C. Thus
log | f| € Psh(X) for every holomorphic function f € H°(X,@x). More generally
log ([f1]** + - 4| f4|**) € Psh(X)

for every f; € H°(X,0Ox) and a; > 0 (apply Property 1.5d with u; = a; log|f;|). We
will be especially interested in the singularities obtained at points of the zero variety
fi =...= fqy =0, when the «; are rational numbers. U

(1.10) Definition. A psh function u € Psh(X) will be said to have analytic singularities
if u can be written locally as

«
u=glog (|fif* +---+|/nf) +v,

where o € Ry, v is a locally bounded function and the f; are holomorphic functions. If
X s algebraic, we say that u has algebraic singularities if u can be written as above on
sufficiently small Zariski open sets, with o € Q4 and f; algebraic.

We then introduce the ideal ¥ = ¥(u/a) of germs of holomorphic functions h such
that |h| < Ce®/® for some constant C, i.e.

Bl < C(Ifl+- -+ fn]).

This is a globally defined ideal sheaf on X, locally equal to the integral closure .¥ of
the ideal sheaf .¥ = (f1, ..., fn), thus ¥ is coherent on X. If (g1, ...,gn/) are local
generators of ¥, we still have

a
u=g log (|g1|2 4+ |gN/|2) +O(1).

If X is projective algebraic and u has analytic singularities with @ € Q., then u auto-
matically has algebraic singularities. From an algebraic point of view, the singularities
of u are in 1:1 correspondence with the “algebraic data” (¥, «). Later on, we will see
another important method for associating an ideal sheaf to a psh function.

(1.11) Exercise. Show that the above definition of the integral closure of an ideal .7 is
equivalent to the following more algebraic definition: .¥ consists of all germs h satisfying
an integral equation

R+ ah¥ '+ .. +ag_1h+aq=0, ap € I*.

Hint. One inclusion is clear. To prove the other inclusion, consider the normalization of
the blow-up of X along the (non necessarily reduced) zero variety V (.%). O
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§ 1.C. Positive currents

The reader can consult [Fed69] for a more thorough treatment of current theory. Let
us first recall a few basic definitions. A current of degree ¢ on an oriented differentiable
manifold M is simply a differential g-form © with distribution coefficients. The space
of currents of degree ¢ over M will be denoted by %'?(M). Alternatively, a current of
degree q can be seen as an element © in the dual space %7, (M) := (QLP(M))/ of the space
9P(M) of smooth differential forms of degree p = dim M — g with compact support; the
duality pairing is given by

(1.12) (©,a) = /M ONa, o€ PP(M).

A basic example is the current of integration [S] over a compact oriented submanifold S
of M :

(1.13) ([9], ) = /Sa, dega = p = dimg S.

Then [S] is a current with measure coefficients, and Stokes’ formula shows that d[S] =
(=1)271[9S], in particular d[S] = 0 if S has no boundary. Because of this example, the
integer p is said to be the dimension of © when © € &}, (M). The current © is said to
be closed if dO = 0.

On a complex manifold X, we have similar notions of bidegree and bidimension; as
in the real case, we denote by

GDPYUX) =D (X), n = dim X,

n—p,n—q

the space of currents of bidegree (p, ¢) and bidimension (n — p,n — ¢) on X. According
to [Lel57], a current © of bidimension (p,p) is said to be (weakly) positive if for every
choice of smooth (1, 0)-forms a4, ..., ®, on X the distribution

1.14 O Niog Ay A ... Nia, A& is a positive measure.
p p

(1.15) Exercise. If © is positive, show that the coefficients ©; ; of © are complex
measures, and that, up to constants, they are dominated by the trace measure

1 . .
U@:@/\ﬁﬂPIQ_pZ@[,], 5:%d/d//‘2‘2: % Z dzj N dz;,

1<j<n

which is a positive measure.
Hint. Observe that ) ©j s is invariant by unitary changes of coordinates and that the
(p,p)-forms iay A@y A ... Ny, ATy, generate APPTE, as a C-vector space. O

A current © =17, ;o Ojkdz; Adzyg of bidegree (1,1) is easily seen to be positive

if and only if the complex measure ) Aij@jk is a positive measure for every n-tuple
(A, ..., \p) €C™

(1.16) Example. If u is a (not identically —co) psh function on X, we can associate
with u a (closed) positive current © = i00u of bidegree (1,1). Conversely, every closed
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positive current of bidegree (1,1) can be written under this form on any open subset
Q2 C X such that H%,(2,R) = H' (2, @) = 0, e.g. on small coordinate balls (exercise to
the reader). O

It is not difficult to show that a product ©; A... A ©, of positive currents of bidegree
(1,1) is positive whenever the product is well defined (this is certainly the case if all ©;
but one at most are smooth; much finer conditions will be discussed in Section 2).

We now discuss another very important example of closed positive current. In fact,
with every closed analytic set A C X of pure dimension p is associated a current of
integration

(1.17) ([A], o) = /A a, ae€YPP(X),

reg

obtained by integrating over the regular points of A. In order to show that (1.17) is a
correct definition of a current on X, one must show that A,e; has locally finite area in a
neighborhood of Agine. This result, due to [Lel57] is shown as follows. Suppose that 0 is
a singular point of A. By the local parametrization theorem for analytic sets, there is a
linear change of coordinates on C™ such that all projections

(21, ooy 2n) = (Zagy ooy 20,)

define a finite ramified covering of the intersection A N A with a small polydisk A in C”
onto a small polydisk A; in CP. Let n; be the sheet number. Then the p-dimensional
area of AN A is bounded above by the sum of the areas of its projections counted with
multiplicities, i.e.

Area(ANA) < Z nrVol(Ar).

The fact that [A] is positive is also easy. In fact
g A@y AL Ay AT, = | det(agp) [P iwg ATy A ... Adw, AT,

if o;j = ) ajpdwy in terms of local coordinates (wy, ... ,wp) on Aes. This shows that
all such forms are > 0 in the canonical orientation defined by iw; Aw; A ... Aiw, AW,
More importantly, Lelong [Lel57] has shown that [A] is d-closed in X, even at points of
Aging. This last result can be seen today as a consequence of the Skoda-El Mir extension
theorem. For this we need the following definition: a complete pluripolar set is a set
E such that there is an open covering (€2;) of X and psh functions u; on §; with
ENQ; = uj_l(—oo). Any (closed) analytic set is of course complete pluripolar (take u;
as in Example 1.9).

(1.18) Theorem (Skoda [Sko82], El Mir [EM84], Sibony [Sib85]). Let E be a closed
complete pluripolar set in X, and let © be a closed positive current on X ~ E such that
the coefficients ©r j of © are measures with locally finite mass near E. Then the trivial

extension © obtained by extending the measures Op 5 by 0 on E is still closed on X.

Lelong’s result d[A] = 0 is obtained by applying the Skoda-El Mir theorem to © =
[Areg] on X N Aging-
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Proof of Theorem 1.18. The statement is local on X, so we may work on a small open
set  such that ENQ = v~} (—oc0), v € Psh(Q2). Let x : R — R be a convex increasing
function such that x(t) = 0 for t < —1 and x(0) = 1. By shrinking Q and putting
v = x(k~tvxpe, ) with e — 0 fast, we get a sequence of functions vy € Psh(Q)N€>(Q)
such that 0 < v < 1, vy = 0 in a neighborhood of E N Q and limwvg(z) = 1 at every
point of @\ E. Let 6 € €°°([0,1]) be a function such that # = 0 on [0,1/3], 0 = 1 on
[2/3,1] and 0 < 0 < 1. Then ovy, =0 near ENQ and § o vy — 1 on Q \ E. Therefore

© = limg_, 1 oo (0 0 v;)O and

dO©= lim OAd(0ouv)

k—+oo

in the weak topology of currents. It is therefore sufficient to verify that © A d'(6 o vy,)
converges weakly to 0 (note that d”© is conjugate to d’'©, thus d’© will also vanish).

Assume first that © € F~5"=1(X). Then O Ad' (fovy) € D™ 1(Q), and we have
to show that

(OAd(0ouv), @) = (0,0 (vp)dvy A@) — 0, VYaeB0(Q).

k——+oco

As v — (0,iy A7) is a non-negative hermitian form on %1.%(Q), the Cauchy-Schwarz
inequality yields

(©,i8 A7) < (0,iBAB) (©,iy A7), V8,7 € FQ).
Let ¢ € 9(2), 0 < ¢ < 1, be equal to 1 in a neighborhood of Supp a. We find
(0,0 (vi,)d vy, A @) 12 < (O, Yidv, A d"vg) (0,0 (v) i A @).

By hypothesis [, ,© Al A@ < 400 and #'(vx) converges everywhere to 0 on €, thus

(0,0 (vi,)%ia AN@) converges to 0 by Lebesgue’s dominated convergence theorem. On the

other hand
id'd"vi = 2uyid'd" vy, + 2id' vy, A d"vy, = 2id vy A d" v,

2(0, Yid'vy A d"vi) < (0, pid' d"v3).
As ¢ € F(Q), vp =0 near E and dO© = 0 on Q \ F, an integration by parts yields

(0, 9id'd"vi) = (8, vjid'd"¢) < C e < +o0
Q\FE
where C' is a bound for the coefficients of id’d"”tp. Thus (O, ¥id'vy A d”vi) is bounded,
and the proof is complete when © € /n-1n=1,

In the general case © € U'PP p < n, we simply apply the result already proved to
all positive currents © Ay € D11 where v = iy A, Ao Aiy—po1, A Vn—p—1
runs over a basis of forms of A”_p_l’”_p_ngi with constant coefficients. Then we get
d(© A~) =dO A~ =0 for all such ~, hence d© = 0. O

(1.19) Corollary. Let © be a closed positive current on X and let E be a complete
pluripolar set. Then 1p© and 1x. 5O are closed positive currents. In fact, © = 1x. g©
is the trivial extension of O1x g to X, and 1p© = O — 6. ]
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As mentioned above, any current © = id'd”u associated with a psh function u is a
closed positive (1,1)-current. In the special case u = log|f| where f € HY(X,Ox) is a
non zero holomorphic function, we have the important

(1.20) Lelong-Poincaré equation. Let f € HY(X,@x) be a non zero holomorphic
function, Zy => m;Z;, m; € N, the zero divisor of f and [Z¢] =Y m;[Z;] the associ-
ated current of integration. Then

i
~0910g || = (7).

Proof (sketch). Tt is clear that id’d”log|f| = 0 in a neighborhood of every point x ¢
Supp(Z¢) = |JZ;, so it is enough to check the equation in a neighborhood of every
point of Supp(Z¢). Let A be the set of singular points of Supp(Zy), i.e. the union of the
pairwise intersections Z; N Z and of the singular loci Z; ing; we thus have dim A < n—2.
In a neighborhood of any point € Supp(Zy) ~\ A there are local coordinates (z1, ..., 2y)
such that f(z) = 27 where m; is the multiplicity of f along the component Z; which
contains z and z; = 0 is an equation for Z; near x. Hence

Ld'd" log |f| = mjid'd” log |21 = m;[Z;]
7r 7r

in a neighborhood of z, as desired (the identity comes from the standard formula
1d'd"log|z| = Dirac measure dy in C). This shows that the equation holds on X \ A.
Hence the difference 1d’d”log|f| — [Z;] is a closed current of degree 2 with measure
coefficients, whose support is contained in A. By Exercise 1.21, this current must be 0,
for A has too small dimension to carry its support (A is stratified by submanifolds of
real codimension > 4). O

(1.21) Exercise. Let © be a current of degree ¢ on a real manifold M, such that both ©
and d© have measure coefficients (“normal current”). Suppose that Supp © is contained
in a real submanifold A with codimg A > ¢. Show that © = 0.

Hint: Let m = dimg M and let (z1, ... ,z,,) be a coordinate system in a neighborhood
Q of a point a € A such that ANQ = {x; = ... =z, = 0}, £ > ¢q. Observe that
;0 = 2;d® = 0 for 1 < j < k, thanks to the hypothesis on supports and on the
normality of ©, hence dx; A O = d(z;0) — 2;d© =0, 1 < j < k. Infer from this that all
coefficients in © = E|I|:q Ordx vanish. O

We now recall a few basic facts of slicing theory (the reader will profitably consult
[Fed69] and [Siu74] for further developments). Let o : M — M’ be a submersion of
smooth differentiable manifolds and let © be a locally flat current on M, that is, a
current which can be written locally as © = U + dV where U, V have L] . coefficients.
It is a standard fact (see Federer) that every current © such that both © and dO© have
measure coefficients is locally flat; in particular, closed positive currents are locally flat.

Then, for almost every ' € M’, there is a well defined slice ©,., which is the current on

the fiber o~!(2’) defined by

Ou = Ujg-1(a) + dVio-1(ar)-
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The restrictions of U, V to the fibers exist for almost all 2’ by the Fubini theorem.
The slices O,/ are currents on the fibers with the same degree as © (thus of dimension
dim © — dim (fibers)). Of course, every slice O, coincides with the usual restriction of ©
to the fiber if © has smooth coefficients. By using a regularization ©. = © % p., it is easy
to show that the slices of a closed positive current are again closed and positive: in fact
U. . and V., converge to U, and V,s in L (07! (2’)), thus O, ,» converges weakly to
O, for almost every x’. Now, the basic slicing formula is

(1.22) / ONaANc* = (/ 0, (z") /\ar(,_l(x,)(x”))ﬁ(:v’)
M x’'eM’ z'€o—(a")

for every smooth form o on M and 8 on M’, such that « has compact support and
dega = dim M — dim M’ — deg ©, deg § = dim M’. This is an easy consequence of the
usual Fubini theorem applied to U and V' in the decomposition © = U+dV, if we identify
locally o with a projection map M = M’ x M" — M’ x = (2/,2") — 2/, and use a
partitition of unity on the support of a.

To conclude this section, we discuss De Rham and Dolbeault cohomology theory in the
context of currents. A basic observation is that the Poincaré and Dolbeault-Grothendieck
lemmas still hold for currents. Namely, if (%9, d) and (%' (F)P?,d") denote the complex
of sheaves of degree ¢ currents (resp. of (p, ¢)-currents with values in a holomorphic vector
bundle F), we still have De Rham and Dolbeault sheaf resolutions

0—>R— D", 0— Q% @ O(F) = D' (F)P°.
Hence we get canonical isomorphisms
(1.23) HEp(M,R) = Hq((F(M,Ql"),d)),
HP9(X,F) = Hq((F(X, 9L’(F)p’°>7d”)).

In other words, we can attach a cohomology class {©} € H{. (M, R) to any closed current
© of degree ¢, resp. a cohomology class {0} € HPY(X, F) to any d”-closed current of
bidegree (p,q). Replacing if necessary every current by a smooth representative in the
same cohomology class, we see that there is a well defined cup product given by the
wedge product of differential forms

H(M,R) % ... x H(M,R) — HOHF0n (M R),
({01}, ... . {101} — {O1} A ... A {On).

In particular, if M is a compact oriented variety and ¢q; + ...+ ¢, = dim M, there is a
well defined intersection number

(01} {0} --- - {0} :/M{@l}/\.../\{@m}.

However, as we will see in the next section, the pointwise product ©; A ... A ©,, need
not exist in general.
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§ 2. Lelong numbers and intersection theory

§ 2.A. Multiplication of currents and Monge-Ampeére operators

Let X be a n-dimensional complex manifold. We set

1
dc — —(d/ _ d//>.
2im
It follows in particular that d° is a real operator, i.e. d°u = d°u, and that dd® =
~d'd”. Although not quite standard, the 1/2im normalization is very convenient for
many purposes, since we may then forget the factor 7 or 27 almost everywhere (e.g. in

the Lelong-Poincaré equation (1.20)).

Let u be a psh function and let © be a closed positive current on X. Our desire is to
define the wedge product dd“u A © even when neither u nor © are smooth. In general,
this product does not make sense because dd°u and © have measure coefficients and
measures cannot be multiplied; see Kiselman [Kis84] for interesting counterexamples.
Even in the algebraic setting considered here, multiplication of currents is not always
possible: suppose e.g. that © = [D] is the exceptional divisor of a blow-up in a surface;
then D-D = —1 cannot be the cohomology class of a closed positive current [D]?. Assume
however that u is a locally bounded psh function. Then the current u© is well defined
since u is a locally bounded Borel function and © has measure coefficients. According to
Bedford-Taylor [BT82] we define

dd‘u N\ © = dd°(u®)
where dd°( ) is taken in the sense of distribution theory.

(2.1) Proposition. If u is a locally bounded psh function, the wedge product dd“u N\ ©
1 again a closed positive current.

Proof. The result is local. Use a convolution u, = ux p;,, to get a decreasing sequence
of smooth psh functions converging to u. Then write

dd°(u®) = lim dd°(u,©) = dd°u, \ O

v—+00

as a weak limit of closed positive currents. Observe that u,© converges weakly to u©
by Lebesgue’s monotone convergence theorem. U

More generally, if uq, ... ,u,, are locally bounded psh functions, we can define
dd®uy A ... A dd®um A © = dd°(urdd®ug A ... A dd®uy, A ©)

by induction on m. Chern, Levine and Nirenberg [CLN69] noticed the following useful
inequality. Define the mass of a current © on a compact set K to be

el = [ Y ler|
K1

whenever K is contained in a coordinate patch and © = > Oy ;dzy A dz;. Up to
seminorm equivalence, this does not depend on the choice of coordinates. If K is not
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contained in a coordinate patch, we use a partition of unity to define a suitable seminorm
[19||k. If © > 0, Exercise 1.15 shows that the mass is controlled by the trace measure,

ie. |0k < C [, ©ABP.

(2.2.4) Chern-Levine-Nirenberg inequality. For all compact subsets K, L of X with
L C K°, there exists a constant Ck 1, > 0 such that

Hddcul Ao oA ddUgy, /\@HL < CK,L ||U1HLOO(K) ...HumHLoo(K) H@HK

Proof. By induction, it is sufficient to prove the result for m = 1 and u; = u. There is a
covering of L by a family of open balls B;- CC B; C K contained in coordinate patches
of X. Let/(p,p) be the bidimension of ©, let 3 = 1d'd"|z|?, and let x € U (B;) be equal
to 1 on B;. Then

|dd°u A O, 5 gc/_l ddu AN O A P71 <C/ xdduA© ABPL

J BJ

As © and ( are closed, an integration by parts yields

ldd“u A Ol i < C [ wbnddx A < e €]l

Bj

where C’ is equal to C' multiplied by a bound for the coefficients of the smooth form
ddx N BP~L. O

Various examples (cf. [Kis84]) show however that products of (1,1)-currents dd‘u;
cannot be defined in a reasonable way for arbitrary psh functions u;. However, functions
u; with —oo poles can be admitted if the polar sets are sufficiently small.

(2.3) Proposition. Let u be a psh function on X, and let © be a closed positive current
of bidimension (p,p). Suppose that u is locally bounded on X \ A, where A is an analytic
subset of X of dimension < p at each point. Then dd“u A © can be defined in such a way
that dd“u N © = lim,_, ; oo ddu, A © in the weak topology of currents, for any decreasing
sequence (u,),>0 of psh functions converging to u.

Proof. When u is locally bounded everywhere, we have limu, ©® = u © by the monotone
convergence theorem and the result follows from the continuity of dd® with respect to
the weak topology.

First assume that A is discrete. Since our results are local, we may suppose that X
is a ball B(0, R) C C™ and that A = {0}. For every s < 0, the function u”>* = max(u, s)
is locally bounded on X, so the product © A dd“u>® is well defined. For |s| large, the
function u>? differs from u only in a small neighborhood of the origin, at which u may
have a —oo pole. Let 7 be a (p — 1,p — 1)-form with constant coefficients and set
s(r) = liminf|,;|_,_o u(z). By Stokes’ formula, we see that the integral

(2.4) I(s) := / ddu”® N© Ay
B(0,r)

does not depend on s when s < s(r), for the difference I(s) — I(s’) of two such integrals
involves the dd° of a current (u”* —u>* ) AO A~ with compact support in B(0, 7). Taking
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v = (dd°|z|*)P~!, we see that the current dd“u A © has finite mass on B(0,7) . {0} and
we can define (1o} (dd“u A ©),7) to be the limit of the integrals (2.4) as r tends to zero
and s < s(r). In this case, the weak convergence statement is easily deduced from the
locally bounded case discussed above.

In the case where 0 < dim A < p, we use a slicing technique to reduce the situation
to the discrete case. Set ¢ = p — 1. There are linear coordinates (z1, ..., z,) centered
at any point of A, such that 0 is an isolated point of AN ({O} X C”_q). Then there are
small balls B’ = B(0,r’) in C?, B” = B(0,7") in C"~7 such that AN (B’ x 0B") = 0,
and the projection map

7:C" = C%  z=(21,...,20) =2 = (21, ..., 2)

defines a finite proper mapping A N (B’ x B”) — B’. These properties are preserved
if we slightly change the direction of projection. Take sufficiently many projections m,,
associated to coordinate systems (277, ... ,2/"), 1 < m < N, in such a way that the family
of (g, q)-forms

ide" NdETN L NG dZD A dED
defines a basis of the space of (g, ¢)-forms. Expressing any compactly supported smooth
(¢, q)-form in such a basis, we see that we need only define

(2.5) / dduNO N f(2',2")idzr Ndzy N ... Nidzg Ndzg =
B/><B//
/ { f(Z,0) ddcu(z’,o)/\@(z’,o)}idzl NdzZy N .. Nidzg A dzZ,
/ B//

where f is a test function with compact support in B’ x B”, and ©(z’,e) denotes the
slice of © on the fiber {2’} x B” of the projection m : C* — C?. Each integral [, in
the right hand side of (2.5) makes sense since the slices ({z'} x B"”") N A are discrete.
Moreover, the double integral f = f g 18 convergent. Indeed, observe that u is bounded
on any compact cylinder

Ky = B((1-0)') x (E(ﬂ’) ~B((1- 5)r"))
disjoint from A. Take ¢ < 0 < 1 so small that
Supp f C B((1—0)r'") x B((1 —¢)r").
For all 2/ € B((1 — 6)r’), the proof of the Chern-Levine-Nirenberg inequality (2.2) with

a cut-off function x(z”) equal to 1 on B((1 — ¢)r”") and with support in B((1 —&/2)r")
shows that

/ ddu(z',e) N O(Z,e)
B((1—&)r'")

< Culful| e i) / O/, ") A dd|" 2.
2 €B((1—¢/2)r")

This implies that the double integral is convergent. Now replace u everywhere by wu,
and observe that lim, _, | fB,, is the expected integral for every 2z’ such that ©(z’,e)
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exists (apply the discrete case already proven). Moreover, the Chern-Levine-Nirenberg
inequality yields uniform bounds for all functions u,, hence Lebesgue’s dominated con-
vergence theorem can be applied to [ g~ We conclude from this that the sequence of
integrals (2.5) converges when u, | u, as expected. O

(2.6) Remark. In the above proof, the fact that A is an analytic set does not play an
essential role. The main point is just that the slices ({z’} x B”) N A consist of isolated
points for generic choices of coordinates (z/,2”). In fact, the proof even works if the
slices are totally discontinuous, in particular if they are of zero Hausdorff measure #';. It
follows that Proposition 2.3 still holds whenever A is a closed set such that #Hs,_1(A) = 0.

O

§ 2.B. Lelong numbers

The concept of Lelong number is an analytic analogue of the algebraic notion of
multiplicity. It is a very useful technique to extend results of the intersection theory of
algebraic cycles to currents. Lelong numbers have been introduced for the first time by
Lelong in [Lel57]. See also [Lel69], [Siu74], [Dem82a, 85a, 87] for further developments.

Let us first recall a few definitions. Let © be a closed positive current of bidimension
(p, p) on a coordinate open set 2 C C" of a complex manifold X. The Lelong number of
© at a point x € () is defined to be the limit

v(©,2) = lim v(O,z,7), where v(0,z,r) = M
r0+ P3P [pl

measures the ratio of the area of © in the ball B(z,r) to the area of the ball of radius r
in CP. As o9 =0 A I%(dec|z|2)p by 1.15, we also get

1
2.7 v(O,z,r) = — O(z dd®|z|?)P.
(2.7) (©,2,7) /BW) (2) A (dd|2]2)

r2p

The main results concerning Lelong numbers are summarized in the following theorems,
due respectively to Lelong, Thie and Siu.

(2.8) Theorem ([Lel57]).

(a) For every positive current ©, the ratio v(©, x, 1) is a nonnegative increasing function
of r, in particular the limit v(©,x) as r — 0+ always exists.

(b) If © = dd°u is the bidegree (1, 1)-current associated with a psh function u, then
v(0,2) =sup {vy = 0; u(z) <~vloglz —z| + O(1) atz}.
In particular, if u = log | f| with f € HY(X,O0x) and © = dd°u = [Z;], we have
v([Z¢],x) = ord,(f) = max{m € N; D*f(z) =0, |o|] < m}.

(2.9) Theorem ([Thi67]). In the case where © is a current of integration [A] over an
analytic subvariety A, the Lelong number v([A], x) coincides with the multiplicity of A at



§2. Lelong numbers and intersection theory 17

x (defined e.q. as the sheet number in the ramified covering obtained by taking a generic
linear projection of the germ (A,x) onto a p-dimensional linear subspace through x in
any coordinate patch ().

(2.10) Theorem ([Siu74]). Let © be a closed positive current of bidimension (p,p) on
the complexr manifold X .

(a) The Lelong number v(O, x) is invariant by holomorphic changes of local coordinates.

(b) For every ¢ > 0, the set E.(0) = {z € X ; v(0,z) > ¢} is a closed analytic subset
of X of dimension < p.

The most important result is 2.10 b), which is a deep application of Hérmander L?
estimates (see Section 5). The earlier proofs of all other results were rather intricate in
spite of their rather simple nature. We reproduce below a sketch of elementary arguments
based on the use of a more general and more flexible notion of Lelong number introduced
in [Dem87]. Let ¢ be a continuous psh function with an isolated —oo pole at x, e.g.
a function of the form ¢(2) = log >, ;cn19i(2)["7, v; > 0, where (g1, ... ,gn) is an
ideal of germs of holomorphic functions in @, with g=1(0) = {z}. The generalized Lelong
number v(0, p) of © with respect to the weight ¢ is simply defined to be the mass of
the measure © A (dd°p)P carried by the point = (the measure © A (dd°p)? is always
well defined thanks to Proposition 2.3). This number can also be seen as the limit
v(0, ) =lim,_ (0, ¢, t), where

(2.11) v(O,p,t) = / O A (dd°p)P.
p(z)<t

The relation with our earlier definition of Lelong numbers (as well as part a) of Theo-
rem 2.8) comes from the identity

(212> V(G)?x?T) = V(@,QO,IOgT), 90(Z> = 10g|2 - CE|7

in particular v(©,x) = v(©,log| e —z|). This equality is in turn a consequence of the
following general formula, applied to x(t) = e* and t = logr:

(2.13) / O A (dd®x o )P = X' (t — O)p/ O A (ddp)P,
p(z)<t

p(z)<t

where x is an arbitrary convex increasing function. To prove the formula, we use a
regularization and thus suppose that ©, ¢ and x are smooth, and that ¢ is a non critical
value of ¢. Then Stokes’ formula shows that the integrals on the left and right hand side
of (2.13) are equal respectively to

/ O A (ddcxogo)p_1 Ad(x o), / O A (ddcgo)p_l Ndyp,
p(z)=t p(z)=t

and the differential form of bidegree (p — 1,p) appearing in the integrand of the first
integral is equal to (X' o ¢)P (dd°@)P~! A d°p. The expected formula follows. Part (b)
of Theorem 2.8 is a consequence of the Jensen-Lelong formula, whose proof is left as an
exercise to the reader.
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(2.14) Jensen-Lelong formula. Let u be any psh function on X. Then u is inte-
grable with respect to the measure j, = (dd°p)"~* A d°p supported by the pseudo-sphere

{o(2) =71} and

— 0

o (w) :/ u(dd )" +/ v(ddu, p,t) dt. O
{o<r}

In our case, we set ¢(z) = log|z — z|. Then (dd°p)™ = J, and p, is just the unitary
invariant mean value measure on the sphere S(z,e”). For r < ro, Formula 2.14 implies

() — g () = / v(ddu, x,t) ~ (r — ro)v(ddu, x) as r — —oo.

To

From this, using the Harnack inequality for subharmonic functions, we get

lim inf _uz) lim pr(u) v(ddu, x).
z—z log|z — z r——oco T
These equalities imply statement 2.8 b).

Next, we show that the Lelong numbers v(T), ¢) only depend on the asymptotic be-
havior of ¢ near the polar set ¢ ~!(—o0). In a precise way:

(2.15) Comparison theorem. Let © be a closed positive current on X, and let @, :
X — [—00,+00[ be continuous psh functions with isolated poles at some point © € X.

Assume that
¢ :=lim sup ¥(z)
e P(2)

Then v(0,1) < (Pv(0O, ¢), and the equality holds if £ =lim/p.

< 4o00.

Proof. (2.12) shows that v(©, Ap) = NPv (0, ¢) for every positive constant A. It is thus
sufficient to verify the inequality v(©, ) < v(0©, ¢) under the hypothesis limsup ¢ /¢ < 1.
For any ¢ > 0, consider the psh function

u. = max(y) — ¢, ).

Fix r < 0. For ¢ > 0 large enough, we have u. = ¢ on a neighborhood of ¢ ~!(r) and
Stokes’ formula gives
V(®7 (;077“) = V(@, UC,T) 2 V(®7uc)-

On the other hand, the hypothesis limsup /¢ < 1 implies that there exists tg < 0 such
that u. =9 — c on {u. < to}. We thus get

v(0,u.) =v(0,Y —c) =v(0,9),

hence v(0,9) < v(0, p). The equality case is obtained by reversing the roles of ¢ and
Y and observing that lim ¢ /¢ = 1/1. O

Part (a) of Theorem 2.10 follows immediately from 2.15 by considering the weights

o(z) = log|T(z) — 7(x)|, ¥(z) = log|7'(2) — 7/(x)| associated to coordinates systems
7(z) = (21, - .. y2n), T'(2) = (2], ..., 2},) in a neighborhood of z. Another application is

’rn
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a direct simple proof of Thie’s Theorem 2.9 when © = [A] is the current of integration
over an analytic set A C X of pure dimension p. For this, we have to observe that
Theorem 2.15 still holds provided that z is an isolated point in Supp(©) N~ (—oc) and
Supp(©) N ~1(—o0) (even though x is not isolated in ¢~1(—o0) or ¢~!(—oc0)), under
the weaker assumption that lim supg,,,(e)5:—s ¥(2)/¢(2) = £. The reason for this is
that all integrals involve currents supported on Supp(©). Now, by a generic choice of
local coordinates 2’ = (21, ..., %) and 2" = (zp41, ..., 2,) on (X, z), the germ (A, x) is
contained in a cone |2”| < C|2/|. If B" C CP is a ball of center 0 and radius r’ small, and
B"” ¢ C"? is the ball of center 0 and radius " = Cr’, the projection

pr: AN(B'x B") — B’

is a ramified covering with finite sheet number m. When 2z € A tends to x = 0, the
functions
p(2) = log|z| = log(|2']* + |2"[)/2, (2) =log|?|.

satisfy lim,_,, ¥(2)/p(z) = 1. Hence Theorem 2.15 implies
v([A],z) = v([A], @) = v([A], ).

Now, Formula 2.13 with x(t) = e* yields

v([A], 4, logt) = t‘2p/ [A] A (%ddcew)p

{y<logt}
1 P
= t_zp/ (—pr*ddc\z'|2>
An{|2/|<t} N2

1 P
_ mt_Zp/ (—ddc\z’|2) —m,
crnflz|<t} 2

hence v([A],4) = m. Here, we have used the fact that pr is an étale covering with m
sheets over the complement of the ramification locus S C B’, and the fact that S is of
zero Lebesgue measure in B'.

(2.16) Proposition. Under the assumptions of Proposition 2.3, we have
v(ddu N O, z) > v(u,z)v(0, )
at every point xr € X.

Proof. Assume that X = B(0,r) and z = 0. By definition

v(dd“u N ©,z) = lim dd°u A © A (dd®log |z|)P~ 1.

r—0 |z\§r

Set v = v(u, ) and
u, (z) = max (u(z), (v — €) log|z| — v)
with 0 < € < 7 (if v = 0, there is nothing to prove). Then u, decreases to u and

/ dd°u A © A (dd°log |z|)P~! > lim sup/ ddu, A © A (dd®log |z])P~?
| \

z|<r v—+o00 J|z|<r
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by the weak convergence of dd®u, A ©; here (dd®log]|z|)P~! is not smooth on B(0,r),
but the integrals remain unchanged if we replace log|z| by x(log|z|/r) with a smooth
convex function x such that x(¢) =t for t > —1 and x(¢) = 0 for t < —2. Now, we have
u(z) < vlog|z| + C near 0, so u,(z) coincides with (v — )log|z| — v on a small ball
B(0,7,) C B(0,r) and we infer

/ ddu, A © A (dd®log|z|)P~t > (’y—e)/ O A (dd€log |z|)?
|2l<r

|z|<""u

z (v —e)v(0, ).
As r €10, R and ¢ € ]0, y[ were arbitrary, the desired inequality follows. O

We will later need an important decomposition formula of [Siu74]. We start with the
following lemma.

(2.17) Lemma. If © is a closed positive current of bidimension (p,p) and Z is an
irreducible analytic set in X, we set

myz =inf{z € Z; v(0,2)}.

(a) There is a countable family of proper analytic subsets (Z;) of Z such that
v(©,2) =my foralx € Z \ UZ; We say that mz is the generic Lelong number
of © along 7.

(b) If dim Z = p, then © > mz[Z] and 10 = mz[Z].

Proof. (a) By definition of mz and E.(©), we have v(©,x) > myz for every x € Z and

v(©,) =myz on Z\ U ZNE[(0).

ceQ,c>myz

However, for ¢ > my, the intersection Z N E.(O) is a proper analytic subset of A.

(b) Left as an exercise to the reader. It is enough to prove that © > mZ[Zreg] at
regular points of Z, so one may assume that Z is a p-dimensional linear subspace in C™.
Show that the measure (© — mz[Z]) A (dd°|z|?)P has nonnegative mass on every ball
|z — a| < r with center a € Z. Conclude by using arbitrary affine changes of coordinates
that © —mgz[Z] > 0. O

(2.18) Decomposition formula ([Siu74]). Let © be a closed positive current of bidi-
mension (p,p). Then © can be written as a convergent series of closed positive currents

—+o00
©=> M\|Z+R,
k=1

where [Zi] is a current of integration over an irreducible analytic set of dimension p,
and R is a residual current with the property that dim E.(R) < p for every ¢ > 0. This
decomposition is locally and globally unique: the sets Zy, are precisely the p-dimensional
components occurring in the upperlevel sets E.(©), and A\, = mingez, v(0,z) is the
generic Lelong number of © along Zj,.
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Proof of uniqueness. If © has such a decomposition, the p-dimensional components of
E.(©) are (Zj)x,>c, for v(0,2) = > \ju([Z;], 2) + v(R, ) is non zero only on |J Z; U
UE:(R), and is equal to A; generically on Z; (more precisely, v(0,x) = A; at every
regular point of Z; which does not belong to any intersection Z; U Zy, k # j or to
UE:(R)). In particular Z; and \; are unique.

Proof of existence. Let (Z;);>1 be the countable collection of p-dimensional components
occurring in one of the sets E.(0O), ¢ € Q% , and let A; > 0 be the generic Lelong number of
© along Z;. Then Lemma 2.17 shows by induction on N that Ry = © — 3, . Aj[Z;]
is positive. As Ry is a decreasing sequence, there must be a limit R = limy_, o, Ry in
the weak topology. Thus we have the asserted decomposition. By construction, R has
zero generic Lelong number along Z;, so dim E.(R) < p for every ¢ > 0. O

It is very important to note that some components of lower dimension can actually
occur in E.(R), but they cannot be subtracted because R has bidimension (p,p). A typi-
cal case is the case of a bidimension (n—1,n—1) current © = dd°u with
u=log(|f;|"* +...|fn|") and f; € H°(X,@x). In general |J E.(©) = ﬂfj_l(()) has

dimension < n — 1.

(2.19) Corollary. Let ©; = dduj, 1 < j < p, be closed positive (1,1)-currents on
a complex manifold X. Suppose that there are analytic sets Ay O ... D Ay, in X with
codim A; > j at every point such that each uj;, j > 2, is locally bounded on X \ Aj;. Let
{Ap k}e=1 be the irreducible components of A, of codimension p exactly and let v; ) =
mingea, , ¥(0;,x) be the generic Lelong number of ©; along Ap . Then ©1 A ... A6,
1s well-defined and

+oo
@1 /\.../\@p 2 Zyl,k-~-yp,k [Ap,k]~
k=1

Proof. By induction on p, Proposition 2.3 shows that ©; A ... A ©, is well defined.
Moreover, Proposition 2.16 implies

V(O A...ANOp,x) 2 1(01,2)...0(0p, ) >V k.. . Vpk

at every point x € A, ;. The desired inequality is then a consequence of Siu’s decompo-
sition theorem. ]

§ 3. Hermitian vector bundles, connections and curvature

The goal of this section is to recall the most basic definitions of hemitian differential

geometry related to the concepts of connection, curvature and first Chern class of a line
bundle.

Let F be a complex vector bundle of rank r over a smooth differentiable manifold M.
A connection D on F is a linear differential operator of order 1

D:€>*(M,\NT}; @ F) — €°(M,\N1 T3, @ F)
such that

(3.1) D(fAu)=df ANu+ (1) f A Du
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for all forms f € € (M,APT},), u € € (X, AT}, ® F'). On an open set Q C M where
F admits a trivialization 6 : F|q =4 Q x C", a connection D can be written

Du~ydu+T Au

where I' € €>°(Q, A'T;; ® Hom(C",C")) is an arbitrary matrix of 1-forms and d acts
componentwise (the coefficents of I' are called the Christoffel symbols of the connection).
It is then easy to check that

D*u g (dT +T AT)Au on Q.
Since D? is a globally defined operator, there is a global 2-form
(3.2) Op € € (M, A*T;, ® Hom(F, F))

such that D?u = ©p A u for every form u with values in F.

Assume now that F' is endowed with a €>° hermitian metric h along the fibers and
that the isomorphism Fjo ~ Q x C" is given by a ‘€ frame (e)). We then have a
canonical sesquilinear pairing

(33)  €°(M,APT}, @ F) x € (M, AT}, ® F) —s € (M, APHIT}, @ C)
(’LL, U) — {’LL, v}h

given by

{u,v}h:ZuA/\Eu<e>\,eu)h, u:ZuA@)e)\, U:Z%@eu-

A p

The connection D is said to be hermitian (with respect to h) if it satisfies the additional
property
d{u, v}, = {Du, v}y + (—1) “{u, Dv}y,.

Assuming that (ey) is orthonormal, one easily checks that D is hermitian if and only if
['* = —TI". In this case ©}, = —Op, thus

i0p € €°(M,AN*Ty; ® Herm(F, F)).
(3.4) Special case. For a bundle F of rank 1, the connection form I" of a hermitian
connection D can be seen as a 1-form with purely imaginary coefficients I' = iA (A real).

Then we have Op = dI' = idA. In particular iOf is a closed 2-form. The first Chern
class of F' is defined to be the cohomology class

e (F)a = {%@F} € H2(M,R).

The cohomology class is actually independent of the connection, since any other connec-
tion D; differs by a global 1-form, Diu = Du + B A u, so that ©p, = ©p + dB. It is
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well-known that c; (F)g is the image in H*(M,R) of an integral class c¢;(F) € H*(M,Z) ;
by using the exponential exact sequence

0—-7Z—€— € —0,

¢1(F) can be defined in Cech cohomology theory as the image by the coboundary map
H'(M,€*) — H?(M,Z) of the cocycle {g;r} € H'(M, €*) defining F'; see e.g. [GrHT8|
for details. U

We now concentrate ourselves on the complex analytic case. If M = X is a complex
manifold X, every connection D on a complex € vector bundle F' can be splitted in
a unique way as a sum of a (1,0) and of a (0, 1)-connection, D = D"+ D”. In a local
trivialization 0 given by a “€>° frame, one can write

(3.5) D'u ~ d'u+T" Au,
(3.5//) D//u 29 d//u—l_F///\u,
with I' = IV + I'. The connection is hermitian if and only if I = —(I')* in any

orthonormal frame. Thus there exists a unique hermitian connection D corresponding
to a prescribed (0, 1) part D”.

Assume now that the bundle F itself has a holomorphic structure, and is equipped
with a hermitian metric A. The unique hermitian connection for which D" is the d”
operator defined in § 1 is called the Chern connection of F'. In a local holomorphic frame
(ex) of Ejq, the metric is given by the hermitian matrix H = (hxy), hay = (ex, eu). We
have

{u,v}p = thuu% ANV, = ul A HT,
A p

where u' is the transposed matrix of u, and easy computations yield

d{u, v} = (du)" A HT + (—=1)%&“y" A (dH AT + Hdv)

= (du+ H dHA u)T AHT + (—=1)%8 Uyt A (do+ T d’H Av)

using the fact that dH = d’H + d’H and HT = H. Therefore the Chern connection D
coincides with the hermitian connection defined by

Du ~¢ du + H 'dHA u,
(3.6)

D' ~gd +H dHNe=H 'd(He), D'=4d"
It is clear from this relations that D'? = D"? = 0. Consequently D? is given by to
D? = D'D"+ D"D’, and the curvature tensor Op is of type (1,1). Since d'd” +d"d' = 0,
we get
(D'D" +D"Ducy H dHNw+d"(H dHAu)
= d"(H 'd'H) A
(3.7) Proposition. The Chern curvature tensor ©pj, := ©p of (F,h) is such that

10p; € €°(X,AY' T ® Herm(F, F)).
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If 0 : Fio — Q x C" is a holomorphic trivialization and if H is the hermitian matriz
representing the metric along the fibers of Fiq, then

i@F,h ~p id//(ﬁ_ldlﬁ) on 2.

In case there cannot be any confusion on which hermitian mtric h is used, we also some-
times simply write O, = OF. U

Let (21, ..., 2,) be holomorphic coordinates on X and let (ex)1<a<r be an orthonor-
mal frame of F'. Writing

i@F,h = E Cjk:)xudzj ANdzp ® 6; X e,
1<j,k<n, 1<, pu<r

we can identify the curvature tensor to a hermitian form

(3.8) Opn(E®@v) = Z Citanéi€RvATL

1<g, k<, IS, pusr

on Tx ® F. This leads in a natural way to positivity concepts, following definitions
introduced by Kodaira [Kod53], Nakano [Nak55] and Griffiths [Gri69].

(3.9) Definition. The hermitian vector bundle (F,h) is said to be

(a) positive in the sense of Nakano if we have éRh(T) > 0 for all non zero tensors
T:ET]')\ 6/82’]’@6)\ ETx(X)F.

(b) positive in the sense of Griffiths if @)Fﬁ(f ®v) > 0 for all non zero decomposable
tensors E Qv eTx ® F';

Corresponding semipositivity concepts are defined by relaxing the strict inequalities.

(3.10) Special case of rank 1 bundles. Assume that F is a line bundle. The
hermitian matrix H = (hy1) associated to a trivialization 6 : Fiq ~  x C is simply a
positive function. It is often convenient to denote it as an exponential, namely e 2% (and
also sometimes e~ ¥ simply, if we do not want to stress that H is a quadratic form), with
p € €*°(Q,R). In this case the curvature form ©p ) can be identified to the (1,1)-form
d'd"p, and .
i
2
is a real (1,1)-form. Hence F' is semi-positive (in either the Nakano or Griffiths sense)
if and only if ¢ is psh, resp. positive if and only if ¢ is strictly psh. In this setting, the
Lelong-Poincaré equation can be generalized as follows: let 0 € H(X, F) be a non zero
holomorphic section. Then

Op) = %d’d”g@ — dd°p

i

A1 ! =\Z
(3.11) dd®log ||oln = |Zo] — 5

OFh-

Formula (3.11) is immediate if we write ||o|| = |0(c)|e”% and if we apply (1.20) to the
holomorphic function f = (o). As we shall see later, it is very important for the
applications to consider also singular hermitian metrics.
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(3.12) Definition. A singular (hermitian) metric h on a line bundle F is a metric
which is given in any trivialization 0 : Fiq =5 Q0 xC by

Ielln =16©) e ¥, z€Q, (€ F,
where p € Li _(Q) is an arbitrary function, called the weight of the metric with respect
to the trivialization 6.

If ¢ : Fioo — ' x C is another trivialization, ¢’ the associated weight and g €
@*(QNQY) the transition function, then §'(§) = g(x) 6(§) for € € F,, and so ¢’ = ¢p+log |g|
on 2N Q. The curvature form of F' is then given formally by the closed (1, 1)-current
%@F,h = dd®p on §; our assumption @ € Llloc(Q) ‘guarantees that ©p ) exists in the
sense of distribution theory. As in the smooth case, 5-©p is globally defined on X and
independent of the choice of trivializations, and its De Rham cohomology class is the
image of the first Chern class ¢ (F) € H*(X,Z) in H3 (X, R). Before going further, we

discuss two basic examples.

(3.13) Example. Let D = ) «a;D; be a divisor with coefficients a; € Z and let
F = @(D) be the associated invertible sheaf of meromorphic functions w such that
div(u) + D > 0; the corresponding line bundle can be equipped with the singular metric
defined by |lu|| = |u|. If g; is a generator of the ideal of D; on an open set 2 C X
then 0(u) = u]] g?j defines a trivialization of @(D) over €2, thus our singular metric is
associated to the weight ¢ = > a;log|g;|. By the Lelong-Poincaré equation, we find

i
L Oup) = dd°p = (D,
27r@((D) ¢ = [D]

where [D] = )" a;[D;] denotes the current of integration over D. O

(3.14) Example. Assume that og, 01, ... ,on are non zero holomorphic sections of F'.
Then we can define a natural (possibly singular) hermitian metric A* on F* by

= Z ‘5*.aj(x)‘2 for £ € F.

0<j<N

1€7]

The dual metric A on F'is given by

" 10(00(2) 2 + [0(01(2)) ]2 + .. + 00w (@)

with respect to any trivialization §. The associated weight function is thus given by

pl@) =log (3 10l (@))?) V2.

0<j<N

In this case ¢ is a psh function, thus iOfy, is a closed positive current. Let us denote
by ¥ the linear system defined by oq, ... ,on and by By, = ﬂaj_l(O) its base locus. We
have a meromorphic map

dy : X \ By — PV, x> (oog(z) s o1(x) s o2(x) ...t on(T)).
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Then %@ r.n is equal to the pull-back over X \ By of the Fubini-Study metric wpg =
7= log(|z0|* + [z1|* + ... + |2n|?) of PV by Py, O

(3.15) Ample and very ample line bundles. A holomorphic line bundle F over a
compact complex manifold X is said to be

(a) very ample if the map ®p| : X — PN associated to the complete linear system
|F| = P(HY(X, F)) is a reqular embedding (by this we mean in particular that the
base locus is empty, i.e. Bjp| = 0).

(b) ample if some multiple mE, m > 0, is very ample.

Here we use an additive notation for Pic(X) = H!(X,@*), hence the symbol mF
denotes the line bundle F'®™. By Example 3.14, every ample line bundle F' has a smooth
hermitian metric with positive definite curvature form; indeed, if the linear system |mF|
gives an embedding in projective space, then we get a smooth hermitian metric on F®™,
and the m-th root yields a metric h on F' such that ﬁ@ Fh = %(I)rm F|WFS- Conversely,
the Kodaira embedding theorem [Kod54] tells us that every positive line bundle F' is
ample (see Exercise 5.14 for a straightforward analytic proof of the Kodaira embedding

theorem).

§ 4. Bochner technique and vanishing theorems

8§ 4.A. Laplace-Beltrami operators and Hodge theory

We first recall briefly a few basic facts of Hodge theory. Assume for the moment that
M is a differentiable manifold equipped with a Riemannian metric g = ) g;;dz; ® dz;
and that (F, h) is a hermitian vector bundle over M. Given a ¢-form u on M with values
in F', we consider the global L? norm

Jul® = /M () 2V (x)

where |u| is the pointwise hermitian norm and dVj, is the Riemannian volume form (we
omit the dependence on the metrics in the notation, but we should really put |u(z)|g,»
and ||ul|4,n here). The Laplace-Beltrami operator associated to the connection D is by
definition

A =DD*+ D*D

where
D*: € (M,NTy;, @ F) = €°(M,A"'T}, ® F)

is the (formal) adjoint of D with respect to the L? inner product. Assume that M is
compact. Since
A€ (M, NTy; @ F) — €°(M,\NTy; @ F)

is a self-adjoint elliptic operator in each degree, standard results of PDE theory show
that there is an orthogonal decomposition

€ (M, AT, © F) = #9(M, F) & Tm A
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where #9(M, F) = Ker A is the space of harmonic forms of degree ¢; #9(M, F) is a
finite dimensional space. Assume moreover that the connection D is integrable, i.e. that
D? = 0. It is then easy to check that there is an orthogonal direct sum

ImA =ImD ®Im D*,
indeed (Du, D*v) = (D?u,v) = 0 for all u,v. Hence we get an orthogonal decomposition
€ (M, AT}, @ F) = #9(M, F) @ Im D & Im D*,

and Ker A is precisely equal to #7(M, F') ®Im D. Especially, the ¢g-th cohomology group
Ker A/Im A is isomorphic to #9(M, F'). All this can be applied for example in the case
of the De Rham groups Hp) . (M, C), taking F' to be the trivial bundle F = M x C (notice,
however, that a nontrivial bundle F' usually does not admit any integrable connection):

(4.1) Hodge Fundamental Theorem. If M is a compact Riemannian manifold, there
s an 1somorphism

HY. (M, C) ~ #9(M,C)

from De Rham cohomology groups onto spaces of harmonic forms. U

A rather important consequence of the Hodge fundamental theorem is a proof of
the Poincaré duality theorem. Assume that the Riemannian manifold (M, g) is oriented.
Then there is a (conjugate linear) Hodge star operator

*: NTy;, @ C— A" 9Ty, @ C, m = dimg M

defined by u A xv = (u,v)dVj, for any two complex valued g-forms u, v. A standard
computation shows that x commutes with A, hence *u is harmonic if and only if wu is.
This implies that the natural pairing

(4.2 R (OL.0) % HEZ'OLO), (o) = [ wno

is a nondegenerate duality, the dual of a class {u} represented by a harmonic form being
{xu}.
§ 4.B. Serre duality theorem

Let us now suppose that X is a compact complex manifold equipped with a hermitian
metric w = Y w;,dz; A dZj. Let F' be a holomorphic vector bundle on X equipped with
a hermitian metric, and let D = D’ + D" be its Chern curvature form. All that we said
above for the Laplace-Beltrami operator A still applies to the complex Laplace operators

A/ — D/D/* + D/*D/ A// — D//D//* + D//*D//

with the great advantage that we always have D2 = D"? = (. Especially, if X is a
compact complex manifold, there are isomorphisms

(4.3) HP(X, F) ~ #P9(X, F)
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between Dolbeault cohomology groups H?4(X, F) and spaces HP9(X,F) of A”-har-
monic forms of bidegree (p, q) with values in F'. Now, there is a generalized Hodge star

operator
*: APITE @ F — A" PITE @ F* n = dimc X,

such that u A xv = (u, v)dVj, for any two F-valued (p, q)-forms, when the wedge product
u Axv is combined with the pairing F' x F* — C. This leads to the Serre duality theorem
[Ser55]: the bilinear pairing

(4.4) HPUX,F) x H™P =X, F*),  ({u},{v}) > /X uAv

is a nondegenerate duality. Combining this with the Dolbeault isomorphism, we may
restate the result in the form of the duality formula

(4.4') HI(X, 0% @ O(F))* ~ H" (X, Q% @ G(F*)).

§ 4.C. Bochner-Kodaira-Nakano identity on Kahler manifolds

We now proceed to explain the basic ideas of the Bochner technique used to prove
vanishing theorems. Great simplifications occur in the computations if the hermitian
metric on X is supposed to be Kdhler, i.e. if the associated fundamental (1,1)-form

w= iijkdzj A dzp,

satisfies dw = 0. It can be easily shown that w is Kéahler if and only if there are holo-
morphic coordinates (z1, ... ,z,) centered at any point zy € X such that the matrix of
coeflicients (wjy) is tangent to identity at order 2, i.e.

wik(z) = 8k + O(|2]*)  at zo.

It follows that all order 1 operators D, D', D” and their adjoints D*, D'*, D”* admit at
xo the same expansion as the analogous operators obtained when all hermitian metrics on
X or F are constant. From this, the basic commutation relations of Kahler geometry can
be checked. If A, B are differential operators acting on the algebra €= (X, A**T% ® F),
their graded commutator (or graded Lie bracket) is defined by

[A,B] = AB — (-1)*BA

where a,b are the degrees of A and B respectively. If C is another endomorphism of
degree c, the following purely formal Jacobi identity holds:

(=1 [A,[B,Cl] + (-1)*[B,[C, A]] + (-1)"[C. [A, B]] = 0.

(4.5) Basic commutation relations. Let (X,w) be a Kdhler manifold and let L be
the operators defined by Lu = w Au and A = L*. Then

[D"*, L) =iD’, [D'"*, L] = —iD",
[A,D"] = —iD"*, [A,D'] =iD"*.
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Proof (sketch). The first step is to check the identity [d"*, L] = id’ for constant metrics
on X = C" and F = X x C, by a brute force calculation. All three other identities
follow by taking conjugates or adjoints. The case of variable metrics follows by looking
at Taylor expansions up to order 1. 0

(4.6) Bochner-Kodaira-Nakano identity. If (X,w) is Kdihler, the complex Laplace
operators A’ and A" acting on F-valued forms satisfy the identity

A" = A +[iOp, Al.

Proof. The last equality in (4.5) yields D"* = —i[A, D'], hence
A" =[D",§") = =i[D", [A, D']].
By the Jacobi identity we get
(D7, [A, D] = [A[D, D"]]+ [D', [D", A]] = [A, ©pn] +i[D', D"],
taking into account that [D’, D"] = D? = ©p},. The formula follows. O

§ 4.D. Vanishing theorems

Assume that X is compact and that u € ‘€ (X, AP9T*X ® F) is an arbitrary (p, q)-
form. An integration by parts yields

(A'w,u) = | D'ull* + [|D"™ul* > 0
and similarly for A”, hence we get the basic a priori inequality
(4.7) ID"ull? + | D"*u|* > / ([©p,n, Alu, u)dV,,.
X

This inequality is known as the Bochner-Kodaira-Nakano inequality (see [Boc48|,
[Kod53], [Nak55]). When u is A”-harmonic, we get

/X (([{©F,n, A, w) + (T, u))dV < 0.

If the hermitian operator [i©p, A] acting on AP9T% ® F' is positive on each fiber, we
infer that u must be zero, hence

HP(X,F) = #P4(X,F) =0

by Hodge theory. The main point is thus to compute the curvature form ©r; and find
sufficient conditions under which the operator [i©p 5, A] is positive definite. Elementary
(but somewhat tedious) calculations yield the following formulae: if the curvature of F
is written as in (3.8) and u = Y Jusradzr ANdZy®ex, |[J|=p, |[K|=¢ 1 <A< risa
(p, q)-form with values in F', then

(4.8) ((OFn, Au,u) = Z Cikap UJ,jS, N UT kS
7,k 1, J,S

+ E: CikAp UkR,K .\ WjR,K,u
Gk Ao, R K

- Z C]]AM u‘]7K7>\ UJ:K:IM
hau,J, K
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where the sum is extended to all indices 1 < 5,k < n, 1 < A\, < r and multiindices
|IR| =p—1,|S| = ¢—1 (here the notation u k) is extended to non necessarily increasing
multiindices by making it alternate with respect to permutations). It is usually hard to
decide the sign of the curvature term (4.8), except in some special cases.

The easiest case is when p = n. Then all terms in the second summation of (4.8)
must have j = k and R = {1, ... ,n} \ {j}, therefore the second and third summations
are equal. It follows that [i@p, A] is positive on (n, ¢)-forms under the assumption that
F is positive in the sense of Nakano. In this case X is automatically Kahler since

w = Trp(i@p,h) =i E Cjk)\)\de A dZr = 1Oget F.h
JiksA

is a Kéahler metric.

(4.9) Nakano vanishing theorem ([Nak55]). Let X be a compact complex manifold
and let F' be a Nakano positive vector bundle on X. Then

H"(X,F)=HY(X,Kx®F)=0 for every q > 1. O

Another tractable case is the case where F' is a line bundle (r = 1). Indeed, at each
point x € X, we may then choose a coordinate system which diagonalizes simultaneously
the hermitians forms w(x) and iOp (), in such a way that

w(r) =i Z dzj N\ dz;, iOpn(z) =1 Z vidz; N\ dz;

1<j<n 1< <n

with 71 < ... < ,. The curvature eigenvalues v; = 7;(x) are then uniquely defined and
depend continuously on z. With our previous notation, we have v; = ¢;;11 and all other
coefficients cji, are zero. For any (p, ¢)-form u =Y usxdz; A dZxg @ ey, this gives

(1O, Alu,u) = > (Z%‘ +> - Y %'>|UJK\2

|J|=p,|K|=q J&€J JEK 1<j<n
(4.10) zm+. 7% — n—pt — =) |ul?.
Assume that iOp, is positive. It is then natural to make the special choice w = i©p,

for the Kéhler metric. Then v; =1 for j = 1,2, ... ,n and we obtain ([i@p, AJu,u) =
(p+q —n)|u|?. As a consequence:

(4.11) Akizuki-Kodaira-Nakano vanishing theorem ([AN54]). If F is a positive
line bundle on a compact complex manifold X, then

HPUX,F)=HIX,0% ®F) =0 for p+qg=n+1. O

More generally, if F' is a Griffiths positive (or ample) vector bundle of rank r > 1,
Le Potier [LP75] proved that HP9(X,F) = 0 for p + ¢ > n + r. The proof is not a
direct consequence of the Bochner technique. A rather easy proof has been found by
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M. Schneider [Sch74], using the Leray spectral sequence associated to the projectivized
bundle projection P(F') — X, using the following more or less standard notation.

(4.12) Notation. If V is a complex vector space (resp. complex vector bundle), we let
P(V) be the projective space (resp. bundle) of lines of V', and P(V) = P(V*) be the
projective space (resp. bundle) of hyperplanes of V.

(4.13) Exercise. It is important for various applications to obtain vanishing theorems
which are also valid in the case of semi-positive line bundles. The easiest case is the
following result of Girbau [Gir76]: let (X,w) be compact Kéhler; assume that F' is a line
bundle and that i@} > 0 has at least n — k positive eigenvalues at each point, for some
integer k > 0; show that HP9(X, F)=0forp+qg>n+k+ 1.
Hint: use the Kahler metric w, =10} + ew with € > 0 small.

A stronger and more natural “algebraic version” of this result has been obtained by
Sommese [Som78]: define F' to be k-ample if some multiple mF is such that the canonical
map

@‘mF| X N B|mF\ — ]P)N_l

has at most k-dimensional fibers and dim B),, | < k. If X is projective and F is k-ample,
show that HP9(X, F)=0forp+q¢>n+k+1.

Hint: prove the dual result HP4(X, F~!) =0 for p+ ¢ < n — k — 1 by induction on k.
First show that F' 0-ample = F' positive; then use hyperplane sections ¥ C X to prove
the induction step, thanks to the exact sequences

00— @F'RO(-Y) — OF @ F7' — (0% ®F—1)rY — 0,
0— e Fyt — (9% QF )y — Qe Fy — 0. O

§ 5. L? estimates and existence theorems

§ 5.A. Basic L? existence theorems

The starting point is the following L? existence theorem, which is essentially due to
Hormander [Hor65, 66], and Andreotti-Vesentini [AV65], following fundamental work by
Kohn [Koh63, 64]. We will only present the strategy and the main ideas and tools, refer-
ring e.g. to [Dem82b] for a more detailed exposition of the technical situation considered
here.

(5.1) Theorem. Let (X,w) be a Kdhler manifold. Here X is not necessarily compact,
but we assume that the geodesic distance d,, is complete on X. Let F be a hermitian
vector bundle of rank r over X, and assume that the curvature operator A = AR5 =
[1©F n, Aw] is positive definite everywhere on APITY & F', ¢ > 1. Then for cmgj form
g € L*(X,APIT% @ F) satisfying D"g = 0 and [, (A" 'g,g)dV,, < +o0, there exists
feL*(X, AP 1T% @ F) such that D" f = g and

/ \f\Qdeé/ (A 1g, g)dV,,.
X X
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Proof. The assumption that d,, is complete implies the existence of cut-off functions ),
with arbitrarily large compact support such that |di, | < 1 (take 1, to be a function of the
distance x +— 4, (o, ), which is an almost everywhere differentiable 1-Lipschitz function,
and regularize if necessary). From this, it follows that very form u € L?(X, AP9T% ® F)
such that D”u € L? and D"*u € L? in the sense of distribution theory is a limit of
a sequence of smooth forms w, with compact support, in such a way that u, — u,
D"u, — D"u and D"*u,, — D"*u in L? (just take u, to be a regularization of 1, u). As
a consequence, the basic a priori inequality (4.7) extends to arbitrary forms u such that
w, D"u, D" u € L? . Now, consider the Hilbert space orthogonal decomposition

L?(X,A\P9T% @ F) = Ker D" @ (Ker D")*,
X

observing that Ker D" is weakly (hence strongly) closed. Let v = v +vy be the decompo-
sition of a smooth form v € UP1(X, F') with compact support according to this decom-
position (v;, vo do not have compact support in general!). Since (Ker D)+ C Ker D™*
by duality and ¢g,v; € Ker D” by hypothesis, we get D"*v, = 0 and

(g, o)) = (g, o) 2 < /X (A~1g, g) VL, / (Avr, v1) dV.,
X

thanks to the Cauchy-Schwarz inequality. The a priori inequality (4.7) applied to u = vy
yields

X<Avlav1> Vi, < ||D"vi|]? + | D" 01| = || D" w1 ||* = | D"*v]%.

Combining both inequalities, we find

(g0 < ([ (400 avz)|pmo?
X

for every smooth (p,q)-form v with compact support. This shows that we have a well
defined linear form

w=D"v— (v,g), L*X,APT'T% ®F)> D" (I"F)) — C

on the range of D’"*. This linear form is continuous in L? norm and has norm < C with

C= (/X<A—1g,g> de)m.

By the Hahn-Banach theorem, there is an element f € L2?(X,AP971T% ® F) with
||f]| < C, such that (v,g) = (D"*v, f) for every v, hence D”f = g in the sense of

distributions. The inequality ||f|| < C is equivalent to the last estimate in the theorem.
U

The above L? existence theorem can be applied in the fairly general context of weakly
pseudoconvex manifolds. By this, we mean a complex manifold X such that there exists
a smooth psh exhaustion function ¢ on X (1 is said to be an exhaustion if for every
¢ > 0 the upperlevel set X. = ¢~ !(c) is relatively compact, i.e. 1(z) tends to +oo
when z is taken outside larger and larger compact subsets of X). In particular, every
compact complex manifold X is weakly pseudoconvex (take 1» = 0), as well as every
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Stein manifold, e.g. affine algebraic submanifolds of CV (take 1(z) = |z|?), open balls
X = B(zo,7) (take ¥(z) = 1/(r — |z — 20|?)), convex open subsets, etc. Now, a basic
observation is that every weakly pseudoconvex Kéhler manifold (X, w) carries a complete
Kahler metric: let 1) > 0 be a psh exhaustion function and set

we = w+eid'd"Y? = w+ 2e(2ipd' d" Y + id'p A d"Y).
Then |di],. < 1/ and |¢(x) —(y)| < e 16, (z,y). It follows easily from this estimate
that the geodesic balls are relatively compact, hence §,_ is complete for every ¢ > 0.
Therefore, the L? existence theorem can be applied to each Kihler metric w,, and by

passing to the limit it can even be applied to the non necessarily complete metric w. An
important special case is the following

(5.2) Theorem. Let (X,w) be a Kihler manifold, dim X = n. Assume that X is weakly
pseudoconvex. Let F' be a hermitian line bundle and let

(@) <o < aa)

be the curvature eigenvalues (i.e. the eigenvalues of iI© g 5, with respect to the metric w) at
every point. Assume that the curvature is positive, i.e. y1 > 0 everywhere. Then for any
form g € L*(X, AT QF) satisfying D"g =0 and [ ((y1 + ... +74) tg]* dV,, < 400,
there exists f € L*(X,AP971T% ® F) such that D" f = g and

/ |f|2de</(71—|—...—|—fyq)_1|g|2de.
X X

Proof. Indeed, for p = n, Formula 4.10 shows that
(Au,u) = (71 + -+ g lul?,
hence (A7 u,u) = (1 + ...+ 74) " Hul?. O

An important observation is that the above theorem still applies when the hermitian
metric on F is a singular metric with positive curvature in the sense of currents. In
fact, by standard regularization techniques (convolution of psh functions by smoothing
kernels), the metric can be made smooth and the solutions obtained by (5.1) or (5.2) for
the smooth metrics have limits satisfying the desired estimates. Especially, we get the
following

(5.3) Corollary. Let (X,w) be a Kdhler manifold, dim X = n. Assume that X is weakly
pseudoconvex. Let F' be a holomorphic line bundle equipped with a singular metric whose
local weights are denoted ¢ € Ll _, i.e. H = E~%. Suppose that

loc?
iOp, =id'd"¢ > ew

for some € > 0. Then for any form g € L*(X,AN™T% ® F) satisfying D"g = 0, there
ezists f € L*(X,AP4'T% ® F) such that D" f = g and

1
/ |f|26—%0de<—/ lg|?e~%dV,,. O
X 9 Jx

Here we denoted somewhat incorrectly the metric by |f|?e~%, as if the weight ¢ was
globally defined on X (of course, this is so only if F' is globally trivial). We will use this
notation anyway, because it clearly describes the dependence of the L? norm on the psh
weights.
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§ 5.B. Multiplier ideal sheaves and Nadel vanishing theorem

We now introduce the concept of multiplier ideal sheaf, following A. Nadel [Nad89].
The main idea actually goes back to the fundamental works of Bombieri [Bom70] and
H. Skoda [Sko72a].

(5.4) Definition. Let ¢ be a psh function on an open subset Q C X ; to ¢ is associated
the ideal subsheaf ¥(p) C Cq of germs of holomorphic functions f € Oq ., such that
|fI?e72% is integrable with respect to the Lebesque measure in some local coordinates
near x.

The zero variety V(.¥(¢)) is thus the set of points in a neighborhood of which e=2%
is non integrable. Of course, such points occur only if ¢ has logarithmic poles. This is
made precise as follows.

(5.5) Definition. A psh function ¢ is said to have a logarithmic pole of coefficient v at
a point x € X if the Lelong number

e P(2)
v(p,x) = lliIi)lgIglf log |z — 7]

is non zero and if v(p,x) = 7.

(5.6) Lemma (Skoda [Sko72a]). Let ¢ be a psh function on an open set Q and let x € Q.

(a) If v(p, ) < 1, then e 2% is integrable in a neighborhood of =, in particular .$(p), =

(b) If v(p,x) = n+ s for some integer s > 0, then e 2% > Clz — z|72"72% in a neigh-
borhood of x and ¥(p), C mffml, where mg , is the mazimal ideal of Ogq 4.

(¢) The zero variety V($(p)) of F(p) satisfies

En(p) CV(H(p)) C Eily)

where E.(¢) ={x € X ; v(p,x) > c} is the c-upperlevel set of Lelong numbers of ¢.

Proof. (a) Set © = dd°p and v = v(0,z) = v(p,x). Let x be a cut-off function with
support in a small ball B(x,r), equal to 1 in B(z,7/2). As (dd®log |z|)" = do, we get

o) = [ L Q@ og =)
- /B( )ddc(X(O‘P(O) Alog ¢ — z|(dd®log |¢ — Z|)n—1

for z € B(x,r/2). Expanding dd°(xy) and observing that dx = dd°x = 0 on B(z,r/2),
we find

o(z) = /B( )X(C)@(C) Alog |¢ — z|(dd®log|¢ — 2|)™ ! 4 smooth terms
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on B(xz,r/2). Fix r so small that

[, X(QBO A i log ¢ ! < v(©,2.1) < 1.
By continuity, there exists §,e > 0 such that

1= [ X8 A @ loglc 2l <10

for all z € B(x, ). Applying Jensen’s convexity inequality to the probability measure

dp=(¢) = 1(2)"'x(Q)O(¢) A (dd°log [¢ — 2[)"

we find
p(z) = / I(2)1og ¢ — 2| dun(C) + O(1) —>
B(z,r)

e < C 1= 27" dp.(Q).
B(z,r)

As
dp-(¢) < C1l¢ — 2|2 O(0) A (dd°|¢?)" ™ = Cal¢ — 2|~ P doe (),

we get

8—24,0(z) < CS/ |<- _ Z|_2(1_6)_(2n_2)d0'@(<>,
B(xz,r)

and the Fubini theorem implies that e=2#(*) is integrable on a neighborhood of z.

(b) If v(p,x) = =, the convexity properties of psh functions, namely, the convexity of
log 7+ sup|,_, =, ¢(2) implies that

¢(z) < vloglz —x|/ro + M,

where M is the supremum on B(z,ro). Hence there exists a constant C' > 0 such that
e~2#(2) > C|z—xz|~? in a neighborhood of . The desired result follows from the identity

« 2 T0
/ 7‘ 2 azz ‘ dV(z) = Const/ (Z |6La|27‘2|0‘|)7"271_1_2’y dr,
BOro) 2?7 0

which is an easy consequence of Parseval’s formula. In fact, if v has integral part [y] =
n + s, the integral converges if and only if a, = 0 for |o| < s.

(c) is just a simple formal consequence of (a) and (b). O

(5.7) Proposition ([Nad89]). For any psh function ¢ on Q C X, the sheaf $(p) is a
coherent sheaf of ideals over 2. Moreover, if  is a bounded Stein open set, the sheaf
() is generated by any Hilbert basis of the L? space #?(Q, ¢) of holomorphic functions
[ on Q such that [, |f]?e™% dX\ < +oc.

Proof. Since the result is local, we may assume that () is a bounded pseudoconvex open
set in C™. By the strong noetherian property of coherent sheaves, the family of sheaves
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generated by finite subsets of #?((2, ¢) has a maximal element on each compact subset of
Q, hence #?(, ) generates a coherent ideal sheaf § C @q. It is clear that ¥ C .¥(¢p); in
order to prove the equality, we need only check that ¥, +.%(¢), ﬂm?;'xl = ¥(p), for every
integer s, in view of the Krull lemma. Let f € .¥(p), be defined in a neighborhood V of
x and let 0 be a cut-off function with support in V' such that # = 1 in a neighborhood of
x. We solve the equation d”u = g := d”(0f) by means of Hérmander’s L? estimates 5.3,
where F' is the trivial line bundle 2 x C equipped with the strictly psh weight

P(2) = p(2) + (n+ s)log |z — @] + |2]*.

We get a solution u such that [, |u?e™2#|z — z|72("F9)d\ < oo, thus F = 0f — u is
holomorphic, F € #?(Q, ¢) and f,—F, = u, € 3(@)xﬂmfzr;. This proves the coherence.
Now, J is generated by any Hilbert basis of #2(£2, ), because it is well-known that the
space of sections of any coherent sheaf is a Fréchet space, therefore closed under local L?
convergence. U

The multiplier ideal sheaves satisfy the following basic functoriality property with
respect to direct images of sheaves by modifications.

(5.8) Proposition. Let i : X' — X be a modification of non singular complex manifolds
(i.e. a proper generically 1:1 holomorphic map), and let ¢ be a psh function on X. Then

1 (O(Kx) @ H(pop)) = O(Kx) ® H(p).

Proof. Let n = dim X = dim X’ and let S C X be an analytic set such that p : X'\.5" —

X .S is a biholomorphism. By definition of multiplier ideal sheaves, O(K x)®.%(¢) is just
the sheaf of holomorphic n-forms f on open sets U C X such that i"” fAf e 2% € Li (U).
Since ¢ is locally bounded from above, we may even consider forms f which are a priori
defined only on U \. S, because f will be in L2 (U) and therefore will automatically

loc

extend through S. The change of variable formula yields
[ieaFere= [ wtpamEge e,
U p=1(U)

hence f € T'(U,O(Kx) @ J(p)) iff uw*f € T(p=1(U),0(Kx/) @ F(popu)). Proposition 5.8
is proved. O

(5.9) Remark. If ¢ has analytic singularities (according to Definition 1.10), the com-
putation of .¥(y) can be reduced to a purely algebraic problem.

The first observation is that .¥(¢) can be computed easily if ¢ has the form ¢ =
Y- ajloglg;| where D; = gj_l(O) are nonsingular irreducible divisors with normal cross-
ings. Then .f(¢p) is the sheaf of functions h on open sets U C X such that

/ B? [T lg;1 29 dV < +oc.
U

Since locally the g; can be taken to be coordinate functions from a local coordinate
system (z1, ... ,2n), the condition is that h is divisible by Hg}nj where m; — a; > —1
for each j, i.e. m; > |a; | (integer part). Hence

H(p) = O(=|D]) = 6(= Y _|oy] D))



§5. L? estimates and existence theorems 37

where | D] denotes the integral part of the Q-divisor D =) «;D;.

Now, consider the general case of analytic singularities and suppose that
a 1 2 2
P~ og (| f1l* + -+ [fn]?)

near the poles. By the remarks after Definition 1.10, we may assume that the (f;)
are generators of the integrally closed ideal sheaf ¥ = ¥(yp/a), defined as the sheaf of
holomorphic functions A such that |h| < Cexp(p/a). In this case, the computation is
made as follows (see also L. Bonavero’s work [Bon93], where similar ideas are used in
connection with “singular” holomorphic Morse inequalities).

First, one computes a smooth modification p : X — X of X such that pw*§ is an
invertible sheaf @(—D) associated with a normal crossing divisor D = ) \;D;, where

(D;) are the components of the exceptional divisor of X (take the blow-up X’ of X
with respect to the ideal ¥ so that the pull-back of ¥ to X’ becomes an invertible sheaf
@(—D'), then blow up again by Hironaka [Hir64] to make X’ smooth and D’ have normal
crossings). Now, we have K = p*Kx + R where R = > pjD;j is the zero divisor of the
Jacobian function J, of the blow-up map. By the direct image formula 5.8, we get

H(p) = 1 (O(K 5 — " Kx) @ H(p o p)) = piu (O(R) @ F(p o pr)).

Now, (f; o) are generators of the ideal @(—D), hence

pop~ad Aloglgl

where g; are local generators of @(—D;). We are thus reduced to computing multiplier
ideal sheaves in the case where the poles are given by a Q-divisor with normal crossings

Y- a\;D;. We obtain .¥(¢ o ) = @(— " |a;|D;), hence

H(p) = 1Oz (D _(ps — lar; 1) Dy). -

(5.10) Exercise. Compute the multiplier ideal sheaf .¥(y) associated with the function
@ =log(|z1|** + ...+ |z,|*) for arbitrary real numbers «; > 0.

Hint: using Parseval’s formula and polar coordinates z; = r; el%  show that the problem
is equivalent to determining for which p-tuples (81, ..., p) € N? the integral

ti4...+t, 4t

2a 2
it

/ P2 .rzﬁ” ridry...rpdr, / tgﬁlﬂ)/al . .tl(;ﬁ”ﬂ)/a” dt; dt,
[0,1]» [0,1]»

is convergent. Conclude from this that .#(y) is generated by the monomials z}* ...zﬁp
such that Y (8, +1)/a, > 1. (This exercise shows that the analytic definition of .¥(y)
is sometimes also quite convenient for computations). O

Let F' be a line bundle over X with a singular metric A of curvature current O .
If ¢ is the weight representing the metric in an open set 2 C X, the ideal sheaf .¥(yp)
is independent of the choice of the trivialization and so it is the restriction to €2 of a
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global coherent sheaf .¥(h) on X. We will sometimes still write .¥(h) = .¥(¢p) by abuse of
notation. In this context, we have the following fundamental vanishing theorem, which
is probably one of the most central results of analytic and algebraic geometry (as we will
see later, it contains the Kawamata-Viehweg vanishing theorem as a special case).

(5.11) Nadel vanishing theorem ([Nad89], [Dem93b]). Let (X,w) be a Kdhler weakly
pseudoconvex manifold, and let F' be a holomorphic line bundle over X equipped with a
singular hermitian metric h of weight ¢. Assume that iOp ) > cw for some continuous
positive function € on X. Then

HY(X,0(Kx +F)®.9(h)) =0 forall g > 1.

Proof. Let £9 be the sheaf of germs of (n, ¢)-forms v with values in F' and with mea-
surable coefficients, such that both |u|?e=2¢ and |d"u|?e~2% are locally integrable. The
d" operator defines a complex of sheaves (£° d"”) which is a resolution of the sheaf
O(Kx + F) ® $(p): indeed, the kernel of d” in degree 0 consists of all germs of holo-
morphic n-forms with values in F' which satisfy the integrability condition; hence the
coefficient function lies in .¥(y); the exactness in degree ¢ > 1 follows from Corollary 5.3
applied on arbitrary small balls. Each sheaf £7 is a C*°-module, so &£* is a resolution by
acyclic sheaves. Let 1) be a smooth psh exhaustion function on X. Let us apply Corol-
lary 5.3 globally on X, with the original metric of F multiplied by the factor e=X°¥,
where x is a convex increasing function of arbitrary fast growth at infinity. This factor
can be used to ensure the convergence of integrals at infinity. By Corollary 5.3, we con-
clude that H7(T'(X,%£*)) =0 for ¢ > 1. The theorem follows. O

(5.12) Corollary. Let (X,w), F' and ¢ be as in Theorem 5.11 and let z1, ... ,xn be
isolated points in the zero variety V(S(p)). Then there is a surjective map

HYX,Kx+F) —» P O(Kx+L),, @ (Ox/5(2)),

1<G<N

Proof. Consider the long exact sequence of cohomology associated to the short exact
sequence 0 — f(p) = Ox — Ox/F(p) — 0 twisted by O(Kx + F), and apply Theo-
rem 5.11 to obtain the vanishing of the first H! group. The asserted surjectivity property
follows. O

(5.13) Corollary. Let (X,w), F and ¢ be as in Theorem 5.11 and suppose that the
weight function ¢ is such that v(p,x) > n+ s at some point x € X which is an isolated
point of E1(p). Then H°(X, Kx + F) generates all s-jets at x.

Proof. The assumption is that v(p,y) < 1 for y near x, y # x. By Skoda’s lemma 5.6 b),
we conclude that e”2¢ is integrable at all such points y, hence f(¢), = Ox ,, whilst
H(p)z C m?:; by 5.6 a). Corollary 5.13 is thus a special case of 5.12. O

The philosophy of these results (which can be seen as generalizations of the Hor-
mander-Bombieri-Skoda theorem [Bom?70], [Sko72a, 75]) is that the problem of construct-
ing holomorphic sections of Kx + F' can be solved by constructing suitable hermitian
metrics on F’ such that the weight ¢ has isolated poles at given points x;.
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(5.14) Exercise. Assume that X is compact and that L is a positive line bundle on X.
Let {x1, ...,zNn} be a finite set. Show that there are constants a,b > 0 depending
only on L and N such that H%(X, mL) generates jets of any order s at all points z; for
m = as + b.

Hint: Apply Corollary 5.12 to F' = —Kx 4+ mL, with a singular metric on L of the form
h = hpe™=¥, where hg is smooth of positive curvature, ¢ > 0 small and ¥(z) ~ log |z — ;]|
in a neighborhood of x;.

Derive the Kodaira embedding theorem from the above result:

(5.15) Theorem (Kodaira embedding theorem). If L is a line bundle on a compact
complex manifold, then L is ample if and only if L is positive. U

(5.16) Exercise (solution of the Levi problem). Show that the following two properties
are equivalent.

(a) X is strongly pseudoconvex, i.e. X admits a strongly psh exhaustion function.

(b) X is Stein, i.e. the global holomorphic functions H°(X, @) separate points and yield
local coordinates at any point, and X is holomorphically convex (this means that for
any discrete sequence 2, there is a function f € H%(X, @x) such that |f(z,)| — 00).

O

(5.17) Remark. As long as forms of bidegree (n,q) are considered, the L? estimates
can be extended to complex spaces with arbitrary singularities. In fact, if X is a complex
space and ¢ is a psh weight function on X, we may still define a sheaf Kx(¢) on X, such
that the sections on an open set U are the holomorphic n-forms f on the regular part
U N X,eq, satisfying the integrability condition i”2f A fe 22 € LL _(U). In this setting,
the functoriality property 5.8 becomes

ps (Kxr (0o p) = Kx(p)

for arbitrary complex spaces X, X’ such that p : X’ — X is a modification. If X is
nonsingular we have Kx(¢) = O(Kx) ® (), however, if X is singular, the symbols
Kx and .¥(¢) must not be dissociated. The statement of the Nadel vanishing theorem
becomes H1(X,O(F) ® Kx(p)) = 0 for ¢ > 1, under the same assumptions (X Kéhler
and weakly pseudoconvex, curvature > ew). The proof can be obtained by restricting
everything to X,eg. Although in general X,., is not weakly pseudoconvex (e.g. in case
codim Xging > 2), X,eg is always Kéahler complete (the complement of a proper analytic
subset in a Kéhler weakly pseudoconvex space is complete Kéhler, see e.g. [Dem82b]).
As a consequence, Nadel’s vanishing theorem is essentially insensitive to the presence of
singularities. U

§ 6. Numerically effective and pseudo-effective line bundles

§ 6.A. Pseudo-effective line bundles and metrics with minimal singularities

The concept of pseudo-effectivity is quite general and makes sense on an arbitrary
compact complex manifold X (no projective or Kéhler assumption is needed). In this
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general context, it is better to work with 00-cohomology classes instead of De Rham
cohomology classes: we define the Bott-Chern cohomology of X to be

(6.1) HEA(X) = {d-closed (p, q)-forms}/{00-exact (p, q)-forms}.

By means of the Frolicher spectral sequence, it is easily shown that these cohomology
groups are finite dimensional and can be computed either with spaces of smooth forms or
with currents. In both cases, the quotient topology of H3A(X) induced by the Fréchet
topology of smooth forms or by the weak topology of currents is Hausdorff. Clearly

Bc(X) is a bigraded algebra. This algebra can be shown to be isomorphic to the usual
De Rham cohomology algebra H®(X,C) if X is Kéhler or more generally if X is in the
Fujiki class “€ of manifolds bimeromorphic to Kahler manifolds.

(6.2) Definition. Let L we a holomorphic line bundle on a compact complex manifold
X. we say that L pseudo-effective if ¢1(L) € Hllgcl(X) is the cohomology class of some
closed positive current T, i.e. if L can be equipped with a singular hermitian metric h
with T = ﬁGL,h > 0 as a current.

The locus where h has singularities turns out to be extremely important. The follow-
ing definition was introduced in [DPS00].

(6.3) Definition. Let L be a pseudo-effective line bundle on a compact complexr man-
ifold X. Consider two hermitian metrics hy, ho on L with curvature i@L,hj > 0 in the
sense of currents.

(i) We will write hy < ho, and say that hy is less singular than hsa, if there exists a
constant C' > 0 such that hy < Chs.

(ii) We will write hy ~ ha, and say that hq, hy are equivalent with respect to singularities,
if there exists a constant C > 0 such that C~ hy < hy < Chs.

Of course hy < hs if and only if the associated weights in suitable trivializations locally
satisfy po < @1 + C. This implies in particular v(p1,z) < v(p2,x) at each point. The
above definition is motivated by the following observation.

(6.4) Theorem. For every pseudo-effective line bundle L over a compact complex man-
ifold X, there exists up to equivalence of singularities a unique class of hermitian metrics
h with minimal singularities such that i©r, , > 0.

Proof. The proof is almost trivial. We fix once for all a smooth metric ho, (whose
curvature is of random sign and signature), and we write singular metrics of L under
the form h = hooe ¥. The condition i1©r,, = 0 is equivalent to %Géw > —u where
U = %@ L.ho - This condition implies that v is plurisubharmonic up to the addition of
the weight ¢ of hoo, and therefore locally bounded from above. Since we are concerned
with metrics only up to equivalence of singularities, it is always possible to adjust i by
a constant in such a way that supy 1 = 0. We now set

hmin = hooe_wmina ’g[}min(l’) = Slq})p 'g[)(.f)
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where the supremum is extended to all functions v such that supy ¢» = 0 and %851& >
—u. By standard results on plurisubharmonic functions (see Lelong [Lel69]), ¥y still
satisfies %65@/}111111 > —u (i.e. the weight ¢ oo +®min Of Amin is plurisubharmonic), and Ay,
is obviously the metric with minimal singularities that we were looking for. [In principle
one should take the upper semicontinuous regularization . of ¥y, to really get a

min

plurisubharmonic weight, but since . also participates to the upper envelope, we
obtain here i, = ¥, automatically]. l

(6.5) Remark. In general, the supremum ¢ = sup,;; of a locally dominated family
of plurisubharmonic functions v; is not plurisubharmonic strictly speaking, but its “up-
per semi-continuous regularization” ¢*(z) = limsup,_,, 1 (¢) is plurisubharmonic and
coincides almost everywhere with 1, with ¥* > 1. However, in the context of (6.5), ¥*
still satisfies * < 0 and %851& > —u, hence ¥* participates to the upper envelope. As
a consequence, we have 1* < ¢ and thus ¥ = ¥™* is indeed plurisubharmonic. Under a
strict positivity assumption, namely if L is a big line bundle (i.e. the curvature can be
taken to be strictly positive in the sense of currents, see 6.12) and (6.14f)), then Ay, can
be shown to possess some regularity properties. The reader may consult [BmDO09] for a
rather general (but certainly non trivial) proof that ¥, possesses locally bounded sec-
ond derivatives 0%¢min /0z;0%Z, outside an analytic set Z C X ; in other words, iOp, 5,
has locally bounded coefficients on X ~\ Z.

min

(6.6) Definition. Let L be a pseudo-effective line bundle. If h is a singular hermitian
metric such that i©r , > 0 and

H°(X,mL® $(h®™)) ~ H*(X,mL)  for all m >0,

we say that h is an analytic Zariski decomposition of L.

In other words, we require that h has singularities so mild that the vanishing condi-
tions prescribed by the multiplier ideal sheaves .¥(h®™) do not kill any sections of L and
its multiples.

(6.7) Exercise. A special case is when there is an isomorphism pL. = A + FE where A
and E are effective divisors such that H°(X,mpL) = H°(X, mA) for all m and @(A) is
generated by sections. Then A possesses a smooth hermitian metric h4, and this metric
defines a singular hermitian metric h on L with poles %E and curvature }%@A,h AT %[E]
Show that this metric h is an analytic Zariski decomposition.

Note: when X projective and there is a decomposition pL = A+ E with A nef (see (6.9)
below), E effective and H°(X,mpL) = H°(X,mA) for all m, one says that this is an
algebraic Zariski decomposition of L. It can be shown that Zariski decompositions exist
in dimension 2, but in higher dimension one can see that they do not exist.

(6.8) Theorem. The metric hyin with minimal singularities provides an analytic Zariski
decomposition.

It follows that an analytic Zariski decomposition always exists (while algebraic de-
compositions do not exist in general, especially in dimension 3 and more.)

Proof. Let 0 € H°(X,mL) be any section. Then we get a singular metric h on L by
putting |£], = |¢/o(x)Y/™| for € € L,, and it is clear that |o|,m = 1 for this metric.
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Hence o € HY(X, mL ® .$(h®™)), and a fortiori o € H*(X, mL @ F(hE™)) since hpyiy is

min

less singular than h. O

§ 6.B. Nef line bundles

Many problems of algebraic geometry (e.g. problems of classification of algebraic
surfaces or higher dimensional varieties) lead in a natural way to the study of line bundles
satisfying semipositivity conditions. It turns out that semipositivity in the sense of
curvature (at least, as far as smooth metrics are considered) is not a very satisfactory
notion. A more flexible notion perfectly suitable for algebraic purposes is the notion
of numerical effectivity. The goal of this section is to give a few fundamental algebraic
definitions and to discuss their differential geometric counterparts. We first suppose that
X is a projective algebraic manifold, dim X = n.

(6.9) Definition. A holomorphic line bundle L over a projective manifold X is said to
be numerically effective, nef for short, if L - C' = fc c1(L) = 0 for every curve C C X.

If L is nef, it can be shown that L? - Y = [, ¢1(L)? > 0 for any p-dimensional
subvariety Y C X (see e.g. [Har70]). In relation to this, let us recall the Nakai-Moishezon
ampleness criterion: a line bundle L is ample if and only if L? - Y > 0 for every p-
dimensional subvariety Y (related stronger statements will be proved in §17). From this,
we easily infer

(6.10) Proposition. Let L be a line bundle on a projective algebraic manifold X,
on which an ample line bundle A and a hermitian metric w are given. The following
properties are equivalent:

(a) L is nef;
(b) for any integer k > 1, the line bundle kL + A is ample;
(c) for every e >0, there is a smooth metric he on L such that O . > —cw.

Proof. (a) = (b). If L is nef and A is ample then clearly kL + A satisfies the Nakai-
Moishezon criterion, hence kL + A is ample.

(b) = (c). Condition (c) is independent of the choice of the hermitian metric, so we
may select a metric hy on A with positive curvature and set w = i©44,,. If kL + A
is ample, this bundle has a metric hyry 4 of positive curvature. Then the metric hy =
(hkp+a ® h;l)l/k has curvature

1
(i@kL+A — i@A) = _EiG)A,hA ;

| =

91, =

in this way the negative part can be made smaller than w by taking k£ large enough.

¢) = (a). Under hypothesis (¢), we get L-C = [ =0 . > —= [, w for every curve
( ) ( ) Yp ’ g C 27 sIe 27 JC y
C and every € > 0, hence L-C > 0 and L is nef. O

Let now X be an arbitrary compact complex manifold. Since there need not exist
any curve in X, Property 6.10 ¢) is simply taken as a definition of nefness ([DPS94]):
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(6.11) Definition. A line bundle L on a compact complex manifold X is said to be nef
if for every € > 0, there is a smooth hermitian metric he on L such that iOp 5 > —ew.

In general, it is not possible to extract a smooth limit hg such that iOp, 5, > 0. The
following simple example is given in [DPS94| (Example 1.7). Let E be a non trivial
extension 0 — @ — E — @ — 0 over an elliptic curve C and let X = P(E) (with
notation as in (4.12)) be the corresponding ruled surface over C. Then L = Op(g)(1)
is nef but does not admit any smooth metric of nonnegative curvature. This example
answers negatively a question raised by Fujita [Fuj83|.

Let us now introduce the important concept of Kodaira-Iitaka dimension of a line

bundle.

(6.12) Definition. If L is a line bundle, the Kodaira-Iitaka dimension k(L) is the
supremum of the rank of the canonical maps

S, X\B, —PV,), z—H,={c€V,;0(x)=0}, m=>1

with Vi, = HY(X,mL) and By, =,y 0 (0) = base locus of Vi, In case V,,, = {0}
for allm > 1, we set k(L) = —o0.
A line bundle is said to be big if k(L) = dim X.

The following lemma is well-known (the proof is a rather elementary consequence of
the Schwarz lemma).

(6.13) Serre-Siegel lemma ([Serb4|, [Sieb5)). Let L be any line bundle on a compact
complex manifold. Then we have

RO (X, mL) < O(m"1) form > 1,

and k(L) is the smallest constant for which this estimate holds. U

8§ 6.C. Description of the positive cones

Let us recall that an integral cohomology class in H2(X, Z) is the first Chern class of
a holomorphic (or algebraic) line bundle if and only if it lies in the Neron-Severi group

(6.14) NS(X) = Ker (H*(X,Z) — H*(X,Ox))

(this fact is just an elementary consequence of the exponential exact sequence
0> Z — @ — @ - 0). If X is compact Kéhler, as we will suppose from now on
in this section, this is the same as saying that the class is of type (1,1) with respect to
Hodge decomposition.

Let us consider the real vector space NSg(X) = NS(X) ®z R, which can be viewed
as a subspace of the space H1(X,R) of real (1,1) cohomology classes. Its dimension is
by definition the Picard number

(6.15) p(X) = ranky NS(X) = dimg NSg(X).
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We thus have 0 < p(X) < hY!(X), and the example of complex tori shows that all
intermediate values can occur when n = dim X > 2.

The positivity concepts for line bundles considered in sections 6.A and 6.B possess in
fact natural generalizations to (1,1) classes which are not necessarily integral or rational
— and this works at least in the category of compact Kéhler manifolds (in fact, by using
Bott-Chern cohomology, one could even extend these concepts to arbitrary compact
complex manifolds).

(6.16) Definition. Let (X,w) be a compact Kdihler manifold.

(i) The Kihler cone is the set # C HV1(X,R) of cohomology classes {w} of Kdihler
forms. This is an open convex cone.

(ii) The closure K of the Kihler cone consists of classes {a} € HYY(X,R) such that for
every € > 0 the sum {a+¢cw} is Kdhler, or equivalently, for every e > 0, there exists

a smooth function p. on X such that o +i00p. > —ew. We say that K is the cone
of nef (1,1)-classes.

(iii) The pseudo-effective cone is the set ‘€ C HYY(X,R) of cohomology classes {T} of
closed positive currents of type (1,1). This is a closed convex cone.

(iv) The interior ‘€° of ‘€ consists of classes which still contain a closed positive current
after one subtracts e{w} for e > 0 small, in other words, they are classes of closed
(1,1)-currents T such that T > ew. Such a current will be called a Kahler current,
and we say that {T} € HY1(X,R) is a big (1,1)-class.

H = Kihler cone in H1(X,R) [open]
F = nef cone in HY1 (X, R) [closure of K]
‘¢ = pseudo-effective cone in H%1 (X, R) [closed]

‘€° = big cone in H'!'(X,R) [interior of €]

The openness of H is clear by definition, and the closedness of ‘€ is a consequence of
the fact that bounded sets of currents are weakly compact (as follows from the similar

weak compacteness property for bounded sets of positive measures). It is then clear that
K cCE.

In spite of the fact that cohomology groups can be defined either in terms of forms
or currents, it turns out that the cones # and € are in general different. To see this, it
is enough to observe that a Kéhler class {a} satisfies [, a” > 0 for every p-dimensional
analytic set. On the other hand, if X is the surface obtained by blowing-up P? in one

point, then the exceptional divisopr E =~ P! has a cohomology class {a} such that
[z o= E?=—1, hence {a} ¢ K, although {a} = {[E]} € €.
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In case X is projective, all Chern classes ¢1(L) of line bundles lie by definition in

NS(X), and likewise, all classes of real divisors D = ) ¢;Dj, ¢; € R, lie in NSg(X). In
order to deal with such algebraic classes, we therefore introduce the intersections

HKns = %QNSR(X), ((gNS = %ﬂNSR(X),

and refer to classes of H1'1(X,R) not contained in NSg(X) as transcendental classes.

A very important fact is that all four cones Fng, €ns, Fns, Exg have simple alge-
braic interpretations.

(6.17) Theorem. Let X be a projective manifold. Then

(i) Hns is equal to the open cone Amp(X) generated by classes of ample (or very
ample) divisors A (Recall that a divisor A is said to be very ample if the linear
system HO(X,@(A)) provides an embedding of X in projective space).

(ii) The interior €xg is the cone Big(X) generated by classes of big divisors, namely
divisors D such that h®(X,@(kD)) > ck4™X for k large.

(iii) Eng is the closure Eff (X)) of the cone generated by classes of effective divisors, i.e.
divisors D =) ¢;D;, ¢; € Ry.

(iv) The closed cone s consists of the closure Nef(X) of the cone generated by nef
divisors D (or nef line bundles L), namely effective integral divisors D such that
D -C >0 for every curve C, also equal to Amp(X).

In other words, the terminology “nef”, “big”, “pseudo-effective” used for classes of
the full transcendental cones appear to be a natural extrapolation of the algebraic case.

Proof. First notice that since all of our cones ‘€ have non empty interior in NSg (X') (which
is a retional vector space in terms of a basis of elements in H2(X,Q)), the rational points
“€g := €N NSp(X), NSg(X) = NS(X) ®z Q, are dense in each of them.

(1) is therefore just Kodaira’s embedding theorem when we look at rational points, and
properties (iii) and (iv) are obtained easily by passing to the closure of the open cones.
We will now give details of the proof only for (ii) which is possibly slightly more involved.
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By looking at points of ‘€g = €° N NSg(X) and multiplying by a denominator, it
is enough to check that a line bundle L such that ¢1(L) € ‘€° is big. However, this
means that L possesses a singular hermitian metric iy, such that ©r ), > ew for some
Kahler metric w. For some integer pg > 0, we can then produce a singular hermitian
metric with positive curvature and with a given logarithmic pole hﬁoe_e(z) log[z—wol®
a neighborhood of every point xg € X (here 6 is a smooth cut-off function supported on
a neighborhood of zg). Then Hérmander’s L? existence theorem [Hor65] can be used to
produce sections of L*¥ which generate all jets of order (k/pg) —n at points xg, so that L
is big.

Conversely, if L is big and A is a (smooth) very ample divisor, the exact sequence
0— Ox(kL —A) = Ox (kL) — Ga(kLja) — 0 and the estimates h°(X,@x (kL)) > ck",
hO(A,@4(kL;4)) = O(k™ ') imply that @x (kL — A) has a section for k large, thus
kL — A = D for some effective divisor D. This means that there exists a singular metric
hr, on L such that

1 1/1 1
g, _1(d p)> !
QW@L’hL k(QW@A’hA + (D] kw

where w = 5-0©4 1, ,, hence ¢, (L) € €°. O

Before going further, we need a lemma.

(6.18) Lemma. Let X be a compact Kdhler n-dimensional manifold, let L be a nef line
bundle on X, and let E be an arbitrary holomorphic vector bundle. Then h%(X,O(F) ®
O(kL)) = o(k™) as k — 400, for every q > 1. If X is projective algebraic, the following
more precise bound holds:

hi(X,0(E)® O(kL)) = O(k™™9), Vg > 0.

Proof. The Kéhler case will be proved in Section 12, as a consequence of the holomorphic
Morse inequalities. In the projective algebraic case, we proceed by induction on n =
dim X. If n = 1 the result is clear, as well as if ¢ = 0. Now let A be a nonsingular ample
divisor such that E®@(A— K x ) is Nakano positive. Then the Nakano vanishing theorem
applied to the vector bundle F = E® @(kL+ A— Kx) shows that H1(X,O(F) @ O(kL +
A)) =0 for all ¢ > 1. The exact sequence

0— O@(kL)— O(kL+A) - O(kL+ A)a — 0
twisted by F implies
HYX,6(E)® @G(kL)) ~ HI" (A, O(E 4 @ G(kL + A);4),
and we easily conclude by induction since dim A = n — 1. Observe that the argument

does not work any more if X is not algebraic. It seems to be unknown whether the
O(k™?) bound still holds in that case. O

(6.19) Corollary. If L is nef, then L is big (i.e. k(L) = n) if and only if L™ > 0.
Moreover, if L is nef and big, then for every § > 0, L has a singular metric h = e~ 2%
such that maxzex v(p,x) < 0 and 1O, > ew for some ¢ > 0. The metric h can
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be chosen to be smooth on the complement of a fixed divisor D, with logarithmic poles
along D.

Proof. By Lemma 6.18 and the Riemann-Roch formula, we have h®(X, kL) = x(X, kL) +
o(k™) = k™L"/n! + o(k™), whence the first statement. By the proof of (6.171ii), there
exists a singular metric A; on L such that

i

O )
2T Aba

i 1/ 1
o) :—(—@ D)>— , -
5O = (5 Aha + [D] i w

Now, for every € > 0, there is a smooth metric h. on L such that ﬁ@L,hE > —ew. The

convex combination of metrics h. = h}*hl=F¢ is a singular metric with poles along D
which satisfies )
i

2

Its Lelong numbers are ev(D, ) and they can be made smaller than ¢ by choosing £ > 0

small. 0

OLn = e(w+ [D]) — (1 - ke)ew > ke*w.

We still need a few elementary facts about the numerical dimension of nef line bundles.

(6.20) Definition. Let L be a nef line bundle on a compact Kdihler manifold X. One
defines the numerical dimension of L to be

nd(L) = max {k =0,...,n; e (L) #0 in H%(X,R)}.

By Corollary 6.19, we have (L) = n if and only if nd(L) = n. In general, we merely
have an inequality.

(6.21) Proposition. If L is a nef line bundle on a compact Kdhler manifold, then
k(L) < nd(L).

Proof. By induction on n = dim X. If nd(L) = n or k(L) = n the result is true, so we
may assume 7 := k(L) <n —1and k:=nd(L) <n—1. Fix m > 0 so that ® = @,z
has generic rank r. Select a nonsingular ample divisor A in X such that the restriction
of @,,1,| to A still has rank r (for this, just take A passing through a point = ¢ B, at
which rank(d®,) = r < n, in such a way that the tangent linear map d®,r, , still has
rank 7). Then k(L;a) > r = k(L) (we just have an equality because there might exist
sections in HY(A, mL;4) which do not extend to X). On the other hand, we claim that
nd(Lys) = k = nd(L). The inequality nd(L;4) > nd(L) is clear. Conversely, if we set
w = %GAJLA > 0, the cohomology class c;(L)¥ can be represented by a closed positive
current of bidegree (k, k)

i k
= (o )
EI_I)% 27T@L’h€ + ew
after passing to some subsequence (there is a uniform bound for the mass thanks to the
Kihler assumption, taking wedge products with w™~*). The current 7' must be non zero
since ¢1(L)* # 0 by definition of k = nd(L). Then {[A]} = {w} as cohomology classes,
and

/ cr(Lia)* AR = / c(D)F AN[AJ AW = / T AW > 0.
A X X
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This implies nd(L;4) > k, as desired. The induction hypothesis with X replaced by A
yields
K(L) < K(L[A> < Ild(LrA> < Ild(L) [l

(6.22) Remark. It may happen that k(L) < nd(L): take e.g.
L—X=X; xXs

equal to the total tensor product of an ample line bundle L; on a projective manifold
X and of a unitary flat line bundle L9 on an elliptic curve X5 given by a representation
m1(X2) — U(1) such that no multiple kLy with k # 0 is trivial. Then H°(X, kL) =
HO(X1,kL1) ® H*(X2,kLs) = 0 for k > 0, and thus x(L) = —oo. However c¢;(L) =
prici(Ly) has numerical dimension equal to dim X;. The same example shows that the
Kodaira dimension may increase by restriction to a subvariety (if Y = X; x {point},
then k(Ljy) = dimY). O

§ 6.D. The Kawamata-Viehweg vanishing theorem

We derive here an algebraic version of the Nadel vanishing theorem in the context of
nef line bundles. This algebraic vanishing theorem has been obtained independently by
Kawamata [Kaw82] and Viehweg [Vie82], who both reduced it to the Akizuki-Kodaira-
Nakano vanishing theorem [AN54] by cyclic covering constructions. Since then, a number
of other proofs have been given, one based on connections with logarithmic singularities
[EV86], another on Hodge theory for twisted coefficient systems [Kol85], a third one on
the Bochner technique [Dem89] (see also [EV92] for a general survey). Since the result
is best expressed in terms of multiplier ideal sheaves (avoiding then any unnecessary
desingularization in the statement), we feel that the direct approach via Nadel’s vanishing
theorem is extremely natural.

If D=5 «;D; > 0is an effective Q-divisor, we define the multiplier ideal sheaf . ¥(D)
to be equal to .¥(¢) where ¢ = )" «;j|g;| is the corresponding psh function defined by
generators g; of G(—D;). If D is a divisor with normal crossings,we know that

(6.23) J(D)=0@(—|D]),  where [D]=) |a;|D;

is the integer part of D. In general, the computation of .¥(D) can be made algebraically

by using a desingularization p : X — X such that pu*D becomes a divisor with normal
crossings (Hironaka [Hir64]), and the direct image formula proved in (5.8):

(6.24) Ox(Kx)® H(p) = (O3 (Kz) @ H(pop))
(6.24) I(p) = p (O (K5, ) ® F(pop))

in terms of the relative canonical sheaf K)A(«/X =K;® (K.
(6.25) Kawamata-Viehweg vanishing theorem. Let X be a projective algebraic
manifold and let F be a line bundle over X such that some positive multiple mF can be

written mF = L + D where L is a nef line bundle and D an effective divisor. Then

HY(X,0(Kx +F)® $(m™'D)) =0 for ¢>n—nd(L).
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(6.26) Special case. If F' is a nef line bundle, then

HY(X,0(Kx +F))=0 for ¢>n—nd(F).

Proof of Theorem 6.25. First suppose that nd(L) = n, i.e. that L is big. By the proof of
6.16 ii), there is a singular hermitian metric hg on L such that the corresponding weight
o has algebraic singularities and

107 p, = 2id'd" g > gow

for some g9 > 0. On the other hand, since L is nef, there are metrics given by weights
@. such that 5-©p, > —ew for every ¢ > 0, w being a Kahler metric. Let ¢p =
> ajloglg;| be the weight of the singular metric on @(D). We define a singular metric

on I by

1
oF = E((l —8)pL.e +0pL0+ ¢D)

with e € § < 1, § rational. Then pp has algebraic singularities, and by taking J small
enough we find .f(pp) = .4(L¢p) = (L D). In fact, S(¢r) can be computed by taking
integer parts of certain Q-divisors, and adding d¢y, o does not change the integer part of
the rational numbers involved when ¢ is small. Now

1
ddc(pp = E((l — (5>ddc(,0L75 + 5ddc(,0L70 + ddC(pD)
1
> —(—(1—6)ew + deow + [D] > ﬁw,
m m

if we choose ¢ < dgg. Nadel’s theorem [Var09, sect. 8.4.2] thus implies the desired
vanishing result for all ¢ > 1.

Now, if nd(L) < n, we use hyperplane sections and argue by induction on n = dim X.
Since the sheaf O(Kx) ® $(m~1D) behaves functorially with respect to modifications
(and since the L? cohomology complex is “the same” upstairs and downstairs), we may
assume after blowing-up that D is a divisor with normal crossings. Then the multiplier
ideal sheaf .f(m~'D) = @(—|m~1D]) is locally free. By Serre duality, the expected
vanishing is equivalent to

HYX,6(-F)®@(lm~'D]))=0  for ¢ < nd(L).
Select a nonsingular ample divisor A such that A meets all components D; transversally,
and take A positive enough so that @(A+ F — |[m~1D]) is ample. Then HY(X,@(—A —
F)® @G(|lm~D])) = 0 for ¢ < n by Kodaira vanishing, and the exact sequence 0 —
Ox(—A) = Ox — (i4):04 — 0 twisted by O(—F) ® @(|m~'D]) yields an isomorphism
HI(X, 6(—F) @ 6(lm~1 DJ)) ~ H1(4, 6(~F}4) & 6(|m~'Dy4)).

The proof of 6.21 showed that nd(L;4) = nd(L), hence the induction hypothesis implies
that the cohomology group on A on the right hand side is zero for ¢ < nd(L). O
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§ 6.E. A uniform global generation property due to Y.T. Siu

Let X be a projective manifold, and (L, h) a pseudo-effective line bundle. The “uni-
form global generation property” states in some sense that the tensor product sheaf
L ® (h) has a uniform positivity property, for any singular hermitian metric h with
nonnegative curvature on L.

(6.27) Theorem Y.T. Siu, ([Siu98]). Let X be a projective manifold. There exists an
ample line bundle G on X such that for every pseudo-effective line bundle (L,h), the
sheaf O(G + L) ® $(h) is generated by its global sections. In fact, G can be chosen as
follows: pick any very ample line bundle A, and take G such that G — (Kx + nA) is
ample, e.g. G = Kx + (n+ 1)A.

Proof. Let ¢ be the weight of the metric h on a small neighborhood of a point zy € X.
Assume that we have a local section u of @(G + L) ® .¥(h) on a coordinate open ball
B = B(zp,6), such that

/ [u(2)[Pe# |z — 29| 29V (2) < 400
B

Then Skoda’s division theorem [Sko72b] (see also Corollary 11.13 below) implies u(z) =
> (2 — zj,0)v;(2) with

/ |vj(z)|26_2“’(z)|z — zo|_2(”_1+5)dV(z) < ~o00,
B

in particular u,, € O(G+L)®.%(h)®@mx . Select a very ample line bundle A on X. We
take a basis o = (o) of sections of H(X,G ®my .,) and multiply the metric h of G by
the factor || ~2("*+¢). The weight of the above metric has singularity (n 4 ¢)log |z — zo|?
at zg, and its curvature is

(6.28) iOg + (n+ €)iddlog |o|? = iOg — (n+£)O 4.

Now, let f be a local section in H°(B,O(G + L) ® .¥(h)) on B = B(z,6), 6 small. We
solve the global 0 equation
Ou = 9(0f) on X

with a cut-off function 6 supported near zy and with the weight associated with our
above choice of metric on G + L. Thanks to Nadel’s Theorem, the solution exists if the
metric of G + L — Kx has positive curvature. As i©; > 0 in the sense of currents,
(6.28) shows that a sufficient condition is G — Kx — nA > 0 (provided that ¢ is small
enough). We then find a smooth solution u such that u,, € O(G + L) ® $(h) ® mx ,,,
hence

F:=0f —uec H'(X,06(G+L)®.%(h))

is a global section differing from f by a germ in @(G + L) ® F(h) ® mx ,,. Nakayama’s
lemma implies that H°(X,@(G + L) ® .$(h)) generates the stalks of @(G + L) ® F(h).
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. simple algebralCc approac o jita’s corjecture
§7. A simple algebrai h to Fujita’ ject

This section is devoted to a proof of various results related to the Fujita conjecture.
The main ideas occuring here are inspired by a recent work of Y.T. Siu [Siu96]. His
method, which is algebraic in nature and quite elementary, consists in a combination of
the Riemann-Roch formula together with Nadel’s vanishing theorem (in fact, only the
algebraic case is needed, thus the original Kawamata-Viehweg vanishing theorem would
be sufficient). Slightly later, Angehrn and Siu [AS95], [Siu95] introduced other closely
related methods, producing better bounds for the global generation question; since their
method is rather delicate, we can only refer the reader to the above references. In the
sequel, X denotes a projective algebraic n-dimensional manifold. The first observation
is the following well-known consequence of the Riemann-Roch formula.

(7.1) Special case of Riemann-Roch. Let § C Ox be a coherent ideal sheaf on X such
that the subscheme Y = V(¥) has dimension d (with possibly some lower dimensional
components). Let [Y] =" \;[Y;] be the effective algebraic cycle of dimension d associated
to the d dimensional components of Y (taking into account multiplicities \; given by the
ideal ). Then for any line bundle F, the Euler characteristic

X(Y,O(F +mL)y) = x(X,0(F +mL) ® Ox [ §)
is a polynomial P(m) of degree d and leading coefficient L% - [Y]/d!

The second fact is an elementary lemma about numerical polynomials (polynomials
with rational coefficients, mapping Z into 7).

(7.2) Lemma. Let P(m) be a numerical polynomial of degree d > 0 and leading coeffi-
cient agq/d!, aq € Z, ag > 0. Suppose that P(m) > 0 for m > mg. Then

a) For every integer N > 0, there exists m € [mg, mo + Nd| such that P(m) > N.
b) For every k € N, there exists m € [mg, mg + kd] such that P(m) > agk®/2¢71.
c) For every integer N > 2d?, there exists m € [mg, mg + N| such that P(m) > N.

Proof. a) Each of the N equations P(m) =0, P(m) =1, ..., P(m) = N — 1 has at most
d roots, so there must be an integer m € [mg, mg + dN|] which is not a root of these.

b) By Newton’s formula for iterated differences AP(m) = P(m + 1) — P(m), we get

AYP(m) = Z (—1) (j) Pim+d—j)=aq, Vm € Z.

1<5<d

Hence if j € {0,2,4, ...,2[d/2]} C [0,d] is the even integer achieving the maximum of
P(mgo + d — j) over this finite set, we find

2d—PP@nO+41—j)=:((g)—k(g)-+.”)l%nm-+d-—j)>cw,

whence the existence of an integer m € [mg, mg + d] with P(m) > aq/2?"!. The case
k = 1 is thus proved. In general, we apply the above case to the polynomial Q(m) =
P(km — (k — 1)myg), which has leading coefficient aqk?/d!
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c) If d =1, part a) already yields the result. If d = 2, a look at the parabola shows that

asN?/8 if N is even,

>
max P(m) > {CLQ(N2 —1)/8 if N is odd;

me[mo,mo+N]|

thus max,,c(mg,mo+n] P(m) = N whenever N > 8. If d > 3, we apply b) with k equal to
the smallest integer such that k?/2971 > N, i.e. k = [2(N/2)'/?], where [2] € Z denotes
the round-up of z € R. Then kd < (2(N/2)"/? +1)d < N whenever N > 2d?, as a short
computation shows. O

We now apply Nadel’s vanishing theorem pretty much in the same way as Siu [Siu96],
but with substantial simplifications in the technique and improvements in the bounds.
Our method yields simultaneously a simple proof of the following basic result.

(7.3) Theorem. If L is an ample line bundle over a projective n-fold X, then the adjoint
line bundle Kx + (n+ 1)L is nef.

By using Mori theory and the base point free theorem ([Mor82], [Kaw84]), one can
even show that Kx + (n+ 1)L is semiample, i.e., there exists a positive integer m such
that m(Kx + (n + 1)L) is generated by sections (see [Kaw85] and [Fuj87]). The proof
rests on the observation that n + 1 is the maximal length of extremal rays of smooth
projective n-folds. Our proof of (7.3) is different and will be given simultaneously with
the proof of Th. (7.4) below.

(7.4) Theorem. Let L be an ample line bundle and let G be a nef line bundle on a
projective n-fold X . Then the following properties hold.

(a) 2Kx + mL + G generates simultaneous jets of order si, ...,s, € N at arbitrary
points x1, ... ,x, € X, t.e., there is a surjective map

H(X,2Kx + mL+G) — @ OQ2Kx+mL+G)®Ox . /mY L,
1<j<p

3 2s; — 1
provided that m > 2 + Z <n+ % )

1<5<p
an +1
In particular 2K x +mL + G is very ample for m > 2 + )
n
(b) 2Kx + (n + 1)L + G generates simultaneous jets of order si, ... ,s, at arbitrary

points x1, ... ,x, € X provided that the intersection numbers LYY of L over all
d-dimensional algebraic subsets Y of X satisfy

2d-1 3n+2s; — 1
d J
L Y>Ln/ddz < . )

Proof. The proofs of (7.3) and (7.4a,b) go along the same lines, so we deal with them
simultaneously (in the case of (7.3), we simply agree that {z1, ... ,z,} = 0). The idea
is to find an integer (or rational number) mg and a singular hermitian metric hy on
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Kx 4+ moL with strictly positive curvature current i©,, > ew, such that V(.$(hg)) is
0-dimensional and the weight o of hg satisfies v(pg,2;) = n + s; for all j. As L and
G are nef, (m — mg)L + G has for all m > mg a metric A’ whose curvature i® has
arbitrary small negative part (see [Dem90]), e.g., Oy > —Sw. Then iOp, +i0y > Sw
is again positive definite. An application of Corollary (6.12) to F' = Kx + mL + G =
(Kx +moL) + ((m —mg)L + G) equipped with the metric hg ® h’ implies the existence
of the desired sections in Kx + F = 2K x +mL + G for m > my.

Let us fix an embedding @, : X — PN, 1> 0, given by sections Ao, ... ,A\n €
H°(X,pL), and let hy, be the associated metric on L of positive definite curvature form
w = %@L,hL‘ In order to obtain the desired metric hg on Kx + myL, we fix a € N* and
use a double induction process to construct singular metrics (hy,,),>1 on aKx + by L for
a non increasing sequence of positive integers by > by > ... > b > .... Such a sequence
much be stationary and mg will just be the stationary limit mq = lim by /a. The metrics
hy,., are taken to satisfy the following properties:

a) hyg, is an algebraic metric of the form

|7(8) I

(a+1)p, _ap (a+1)bg,—am,
( 1<i<y, 0N }Tk (o oy )

€l =

NGRG

defined by sections o; € H(X, (a+1)Kx+m;L), m; < “ty, 1 <i < v, where £ —

7(£) is an arbitrary local trivialization of aK x + by L ; note that of* - A;aﬂ)bk_ami

is a section of

ap((a+ 1)Kx +m; L) + ((a+ 1)by — am;)ul = (a + 1) pu(aKx + by L).

B) ordg;(0s) = (a+1)(n+s;) for all 4,5 ;
v) F(hgpt1) D F(hg,) and F(hg 1) # F(hg,) whenever the zero variety V(S (hi,,))

has positive dimension.

The weight ¢, = m log 3" ’Tlga—kl)u(alqu ) )\ga-i-l)bk—ami)

monic and the condition m; < “Tﬂbk implies (a + 1)by, — am; > 1, thus the difference

? of hi.,. is plurisubhar-

Ok — m log > |7(A;)[? is also plurisubharmonic. Hence 5-Op, ,(aKx + byL) =
Ld'd" o, > ﬁw. Moreover, condition ) clearly implies v(pg ., x;) = a(n + s;).
Finally, condition ) combined with the strong Noetherian property of coherent sheaves
ensures that the sequence (hy,),>1 will finally produce a zero dimensional subscheme

V(F(hg,)). We agree that the sequence (hg,, ), >1 stops at this point, and we denote by
hi = hy, the final metric, such that dim V' (¥(hg)) = 0.

For k = 1, it is clear that the desired metrics (h; ,),>1 exist if b; is taken large enough
(so large, say, that (a + 1)K x + (by — 1)L generates jets of order (a + 1)(n + maxs;) at
every point; then the sections o1, ..., 0, can be chosen with my = ... =m, = b; — 1).
Suppose that the metrics (hg,),>1 and hi have been constructed and let us proceed
with the construction of (hx+1,),>1. We do this again by induction on v, assuming
that hyy1, is already constructed and that dim V (.f(hx41,)) > 0. We start in fact the
induction with v = 0, and agree in this case that .¥(hg+1,0) = 0 (this would correspond
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to an infinite metric of weight identically equal to —o0). By Nadel’s vanishing theorem
applied to
F,, =aKx +mL = (aKx +bpL)+ (m —by)L

with the metric hy ® (hz)®™ b we get
HYX,0((a+1)Kx +mL)® $(hy)) =0  for ¢g=>1,m > by.

As V(¥(hg)) is 0-dimensional, the sheaf @x /.¥(hy) is a skyscraper sheaf, and the exact
sequence 0 — F(hg) — Ox — Ox/F(h) — 0 twisted with the invertible sheaf O((a +
1)K x +mL) shows that

HYX,0((a+1)Kx +mL)) =0 for ¢ > 1, m > by.
Similarly, we find
HI(X, 6((a+ 1)Kx +mL) © H(hsr,) =0 for g >1,m > by

(also true for v = 0, since .¥(hgy1,0) = 0), and when m > max(by, by+1) = by, the exact
sequence 0 — F(hgt1,,) = Ox — Ox /S (hk41,v) — 0 implies

HY(X,0((a+1)Kx +mL)® Ox /S (hrt1,)) =0 for ¢ > 1, m > by.

In particular, since the H! group vanishes, every section u’ of (a + 1)Kx + mL on the
subscheme V' (.$(hg41,,)) has an extension u to X. Fix a basis u}, ... ,u/y of the sections
on V(F(hg+1,,)) and take arbitrary extensions uy, ... ,uy to X. Look at the linear map
assigning the collection of jets of order (a + 1)(n + s;) — 1 at all points z;

u= Y aju;— @V (y),

1N

Since the rank of the bundle of s-jets is (”:S), the target space has dimension

5 — Z <n+(a+1)7(ln+sj)—1).

1<y<p

In order to get a section 0,41 = u satisfying condition ) with non trivial restriction
0,41 t0 V(S (hrt1,)), we need at least N = 0+ 1 independent sections uj, ... ,u}y. This
condition is achieved by applying Lemma (7.2) to the numerical polynomial

P(m) = x(X,0((a+ 1)Kx +mL) @ Ox /S (hkt1,0))
=h(X,0((a+1)Kx +mL) @ Ox/F(hxs1,)) =0, m > by.

The polynomial P has degree d = dim V(¥ (hgy1,)) > 0. We get the existence of an
integer m € [by, by, +n| such that N = P(m) > §+1 with some explicit integer n € N (for
instance n = n(d+1) always works by (7.2 a), but we will also use other possibilities to find
an optimal choice in each case). Then we find a section 0,11 € H*(X, (a+1)Kx +mL)
with non trivial restriction o}, ; to V(.¥(hiy1,,)), vanishing at order > (a + 1)(n + s;)



§7. A simple algebraic approach to Fujita’s conjecture 55
at each point z;. We just set m, 1 = m, and the condition m, 1 < “TkuH is satisfied
if b, +n < %b;ﬁ_l. This shows that we can take inductively

a
b = | ——( 1.
k1 LH_l(k‘H?)J‘i'

By definition, hgt1,p41 < Rgy1,0, hence F(hiy1,041) O F(hik41,,). We necessarily have
S(hit1,04+1) # F(hk41,), for F(hgs1,,+1) contains the ideal sheaf associated with the
zero divisor of 0,41, whilst 0,41 does not vanish identically on V(¥(hgt1,)). Now,
an easy computation shows that the iteration of byy; = L%H(bk +7n)] + 1 stops at
b = a(n+ 1) + 1 for any large initial value b;. In this way, we obtain a metric hoo
of positive definite curvature on aKx + (a(n+ 1) + 1)L, with dim V(.¥(hs)) = 0 and
V(¢so, ;) = a(n + s;) at each point ;.

Proof of (7.3). In this case, the set {x;} is taken to be empty, thus 6 = 0. By (7.2a), the
condition P(m) > 1 is achieved for some m € [by, by, + n] and we can take n =n. As uL
is very ample, there exists on puL a metric with an isolated logarithmic pole of Lelong
number 1 at any given point xg (e.g., the algebraic metric defined with all sections of pL
vanishing at xp). Hence

F! =aKx + (a(n+1)+ 1)L + nuL

has a metric h], such that V(.¥(h/)) is zero dimensional and contains {z¢}. By Corollary
(6.12), we conclude that

Kx+F,=(a+1)Kx + (a(n+1)+1+nu)L

is generated by sections, in particular Kx + W%L is nef. As a tends to +o0, we

infer that Kx + (n+ 1)L is nef. O

Proof of (7.4a). Here, the choice a = 1 is sufficient for our purposes. Then

3’1’L+23j—1
5:2( . )

1<y<p

If {z;} # 0, we have § +1 > (gnn_l) +1 > 2n? for n > 2. Lemma (7.2¢) shows that
P(m) > 0+ 1 for some m € [by, by, +n] with n = § +1. We can start in fact the induction
procedure k — k + 1 with by =n+ 1 = 0 + 2, because the only property needed for the
induction step is the vanishing property

HO(X,QKX—I—mL):O for g > 1, m > by,

which is true by the Kodaira vanishing theorem and the ampleness of Ky + b; L (here
we use Fujita’s result (7.3), observing that by > n + 1). Then the recursion formula
bit1 = | 5(bx +n)] + 1 yields by =n+1 =7+ 2 for all k, and (7.4a) follows. O

Proof of (7.4b). Quite similar to (7.4 a), except that we take n =n,a =1and by =n+1
for all k. By Lemma (7.2b), we have P(m) > agk?/2%=! for some integer m € [mg, mo +
kd], where ag > 0 is the coefficient of highest degree in P. By Lemma (7.2) we have
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aq > infgimy—a L% -Y. We take k = |n/d]. The condition P(m) > § + 1 can thus be
realized for some m € [mq, mo + kd] C [mg, mo + n] as soon as

. d d jod—1
Lnf LY (nfd)? /20t >,

which is equivalent to the condition given in (7.4b). O

(7.5) Corollary. Let X be a smooth projective n-fold, let L be an ample line bundle and
G a nef line bundle over X. Then m(K x+(n+2)L)+G is very ample form > (3”:1) —2n.

Proof. Apply Theorem (7.4a) with G’ = a(Kx + (n+ 1)L) + G, so that
2Kx +mL+G' = (a+2)(Kx+ (n+2)L)+ (m—2n—4—a)L + G,

andtakem:a+2n+4>2+(Sng'l). O

The main drawback of the above technique is that multiples of L at least equal to (n+
1)L are required to avoid zeroes of the Hilbert polynomial. In particular, it is not possible
to obtain directly a very ampleness criterion for 2K x + L in the statement of (7.4b).
Nevertheless, using different ideas from Angehrn-Siu [AS95], [Siu96] has obtained such a
criterion. We derive here a slightly weaker version, thanks to the following elementary
Lemma.

(7.6) Lemma. Assume that for some integer p € N* the line bundle pF generates
simultaneously all jets of order pu(n + s;) + 1 at any point x; in a subset {x1, ... ,zp}
of X. Then Kx + F generates simultaneously all jets of order s; at x;.

Proof. Take the algebraic metric on F' defined by a basis of sections o1, ... ,on of uF
which vanish at order p(n + s;) 4+ 1 at all points z;. Since we are still free to choose the
homogeneous term of degree p(n + s;) + 1 in the Taylor expansion at x;, we find that
x1, ... ,Tp are isolated zeroes of | aj_l(()). If ¢ is the weight of the metric of F' near z;,
we thus have ¢(z) ~ (n+s; + %) log |z — x| in suitable coordinates. We replace ¢ in a
neighborhood of z; by

¢'(2) = max (¢(2), 12> = C + (n+s;)log |z — ;)

and leave ¢ elsewhere unchanged (this is possible by taking C' > 0 very large). Then
¢'(z) = |2|* = C+(n+s;)log |z — ;| near z;, in particular ¢’ is strictly plurisubharmonic
near z;. In this way, we get a metric A’ on F' with semipositive curvature everywhere
on X, and with positive definite curvature on a neighborhood of {zy,...,z,}. The
conclusion then follows directly from Hérmander’s L? estimates (6.1) and (6.2). O

(7.7) Theorem. Let X be a smooth projective n-fold, and let L be an ample line bundle
over X. Then 2K x +L generates simultaneous jets of order s1, ... , s, at arbitrary points
T1, ... ,2p € X provided that the intersection numbers L%-Y of L over all d-dimensional
algebraic subsets Y of X satisfy

d—1 ) _
Ld~Y>27 ((n+1)(4n+25]+1) 2)7 l<d<n

Ln/djd 1<i<p "
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Proof. By Lemma (7.6) applied with ' = Kx+L and 1 = n+1, the desired jet generation
of 2K x + L occurs if (n+1)(Kx + L) generates jets of order (n + 1)(n + s;) + 1 at ;. By
Lemma (7.6) again with F' = aKx + (n+ 1)L and p = 1, we see by backward induction
on a that we need the simultaneous generation of jets of order

(n+1)(n+s;)+1+n+1-a)(n+1)

at x;. In particular, for 2Kx + (n + 1)L we need the generation of jets of order
(n+1)(2n+s; — 1) + 1. Theorem (7.4b) yields the desired condition. O

We now list a few immediate consequences of Theorem 7.4, in connection with some
classical questions of algebraic geometry.

(7.8) Corollary. Let X be a projective n-fold of general type with Kx ample. Then
mKx is very ample for m = mg = (3”:1) + 4.

(7.9) Corollary. Let X be a Fano n-fold, that is, a n-fold such that —Kx is ample.
Then —mK x is very ample for m = mg = (B”T;Fl).

Proof. Corollaries 7.8, 7.9 follow easily from Theorem 7.4 a) applied to L = +Kx. Hence
we get pluricanonical embeddings ® : X — P such that ®*@(1) = +moKx. The image
Y = ®(X) has degree

deg(Y):/Ycl(@(l))n:/Xcl(:i:mOKX)n:mmK}}L

It can be easily reproved from this that there are only finitely many deformation types
of Fano n-folds, as well as of n-folds of general type with Kx ample, corresponding to
a given discriminant |K%| (from a theoretical viewpoint, this result is a consequence of
Matsusaka’s big theorem [Mat72] and [KoM83], but the bounds which can be obtained
from it are probably extremely huge). In the Fano case, a fundamental result obtained
indepedently by Kollar-Miyaoka-Mori [KoMM92| and Campana [Cam92] shows that the
discriminant K% is in fact bounded by a constant C,, depending only on n. Therefore,
one can find an explicit bound C/, for the degree of the embedding ®, and it follows that
there are only finitely many families of Fano manifolds in each dimension. U

In the case of surfaces, much more is known. We will content ourselves with a brief
account of recent results. If X is a surface, the failure of an adjoint bundle Kx + L to

be globally generated or very ample is described in a very precise way by the following
result of I. Reider [Rei88].

(7.10) Reider’s Theorem. Let X be a smooth projective surface and let L be a nef
line bundle on X.

(a) Assume that L? > 5 and let x € X be a given point. Then Kx + L has a section
which does not vanish at x, unless there is an effective divisor D C X passing through
x such that either
L-D=0 and D?=-1; or

L-D=1 and D?=0.
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(b) Assume that L* > 10. Then any two points x,y € X (possibly infinitely near) are
separated by sections of Kx + L, unless there is an effective divisor D C X passing
through x and y such that either

L-D=0 and D?*=—1or —2; or
L-D=1 and D?*=0 or —1; or
L-D=2 and D?=0. O

(7.11) Corollary. Let L be an ample line bundle on a smooth projective surface X.
Then K x + 3L is globally generated and K x +4L is very ample. If L? > 2 then Kx + 2L
1s globally generated and Kx + 3L is very ample. O

The case of higher order jets can be treated similarly. The most general result in
this direction has been obtained by Beltrametti and Sommese [BeS93].

(7.12) Theorem ([BeS93]). Let X be a smooth projective surface and let L be a nef line
bundle on X. Let p be a positive integer such that L? > 4p. Then for every 0-dimensional
subscheme Z C X of length h°(Z,@z) < p the restriction

pz: HY(X,Ox(Kx + L)) — H°(Z,07(Kx + L))

is surjective, unless there is an effective divisor D C X intersecting the support |Z| such
that

1
L~D—p<D2<§L~D. O

Proof (Sketch). The proof the above theorems rests in an essential way on the construc-
tion of rank 2 vector bundles sitting in an exact sequence

0—-0x - F—=>LRQ.57—0.

Arguing by induction on the length of Z, we may assume that Z is a 0-dimensional
subscheme such that pz is not surjective, but such that pz is surjective for every proper
subscheme Z' C Z. The existence of E is obtained by a classical construction of Serre
(unfortunately, this construction only works in dimension 2). The numerical condition on
L? in the hypotheses ensures that c¢;(E)? — 4 co(E) > 0, hence E is unstable in the sense
of Bogomolov. The existence of the effective divisor D asserted in 7.10 or 7.12 follows.
We refer to [Rei88], [BeS93] and [Laz97] for details. The reader will find in [FdB95] a
proof of the Bogomolov inequality depending only on the Kawamata-Viehweg vanishing
theorem. O

(7.13) Exercise. Prove the Fujita conjecture in the case of dimension 1, according to
the following steps.

(a) By using Hodge theory, show that for every smooth function f on a compact Kéhler
manifold (X,w), the equation Au = f has a solution if and only if fX fdvV, =0.

(b) Derive from (a), by using the local solvability of elliptic operators, that one has a
similar result when f is a distribution.
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(¢) If X = C is a compact complex curve and L a positive line bundle, for every pos-
itive measure p on X such that [, u = deg(L) = [, c1(L), there exists a singular
hermitian metric h on L such that 5-0,(L) = p (with the obvious identification of
measures and currents of bidegree (1,1)).

(d) Given a finite collection of points z; € C' and integers s; > 0, then K¢+ L generates
jets of order s; at all points x; as soon as deg(L) > Ej(Sj +1).

(e) If L is positive on C, then K+ 2L is globally generated and K¢ + 3L is very ample.

(7.14) Exercise. The goal of the exercise is to prove the following weaker form of
Theorems 7.10 and 7.12, by a simple direct method based on Nadel’s vanishing theorem:

Let L be a nef line bundle on a smooth projective surface X. Fix points x1, ... ,xN
and corresponding multiplicities sy, ...,sy, and set p = > (2 + sj)g. Then
HO(X,Kx + L) generates simultaneously jets of order s; at all points x; provided
that L? > p and L - C > p for all curves C passing through one of the points x;.

(a) Using the Riemann-Roch formula, show that the condition L? > p implies the exis-
tence of a section of a large multiple mL vanishing at order > m(2 + s;) at each of
the points.

(b) Construct a sequence of singular hermitian metrics on L with positive definite cur-
vature, such that the weights ¢, have algebraic singularities, v(yp,,x;) > 2 + s; at
each point, and such that for some integer m; > 0 the multiplier ideal sheaves satisfy
F(mipyv+1) 2 Fmapy) if V(F(p,)) is not 0-dimensional near some z;.

Hint: (a) starts the procedure. Fix mg > 0 such that moL — Kx is ample. Use Nadel’s
vanishing theorem to show that

HY(X,G((m+ mg)L) @ $(Amep,)) =0 forall¢g>1,m >0, A €[0,1].
Let D, be the effective Q-divisor describing the 1-dimensional singularities of ¢,. Then
F(Amep,) C O(—[AmD, |) and the quotient has 0-dimensional support, hence
HY(X,0((m+my)L) @ O(—|ImD,|)) =0 forallg>1,m >0, A €[0,1].

By the Riemann-Roch formule again prove that

(*) KX, 0((m+mgy)L) ® @/G(—|AmD,])) = %Q(QAL - D, — A\>D?) 4+ O(m).

As the left hand side of (x) is increasing with A, one must have D2 < L-D,,. If V($(¢,))
is not 0-dimensional at z;, then the coefficient of some component of D,, passing through
x; is at least 1, hence

2L-D,—-D?>>L-D, >p+1.
Show the existence of an integer m; > 0 independent of v such that

m+mo)(2+ s;) + 2)

hO(X,0((m +mo)L) ® O/G(=|mD,|)) > ) << 2

1<j<N
for m > my, and infer the existence of a suitable section of (m; 4+ mg)L which is not
in HY(X,@((my + mo)L — [m1D,])). Use this section to construct ¢,,; such that
F(mipyy1) 2 F(magy).
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§ 8. Holomorphic Morse inequalities

Let X be a compact Kahler manifold, ' a holomorphic vector bundle of rank r and
L aline bundle over X. If L is equipped with a smooth metric h of curvature form Oy, j,,
we define the ¢g-index set of L to be the open subset

(8.1) X(q,L) = {x € X ; 1O p(x) has 1

negative eigenvalues
n — q positive eigenvalues

for 0 < ¢ < n. Hence X admits a partition X = AU Uq X(q, L) where
A={xe X;det(O(x)) =0}

is the degeneracy set. We also introduce

(8.1') X(<q,L)= |J X(.L)

0<i<q

(8.2) Morse inequalities ([Dem85b]). For any hermitian holomorphic line bundle
L,h) and any holomorphic vector bundle E over a compact complex manifold X, the
cohomology groups HY (X,E ® @(kL)) satisfy the following asymptotic inequalities as

k— +oo :
(a) Weak Morse inequalities
kn 1 n
1 (X,E®O(kL)) < r— (-1)Q(L@L,h) +o(k™).
n. X(q,L) 27

(b) Strong Morse inequalities

(—1)q(%@L,h)” +o(k™).

. Em
> ()R (X, E®6(kL)) < r—

0<5<q X(<q,L)

The proof is based on the spectral theory of the complex Laplace operator, using ei-
ther a localization procedure or, alternatively, a heat kernel technique. These inequalities
are a useful complement to the Riemann-Roch formula when information is needed about
individual cohomology groups, and not just about the Euler-Poincaré characteristic.

One difficulty in the application of these inequalities is that the curvature integral
is in general quite uneasy to compute, since it is neither a topological nor an algebraic
invariant. However, the Morse inequalities can be reformulated in a more algebraic setting
in which only algebraic invariants are involved. We give here two such reformulations.

(8.3) Theorem. Let L = F — G be a holomorphic line bundle over a compact Kdihler
manifold X, where F and G are numerically effective line bundles. Then for every
q=0,1,...,n=dim X, there is an asymptotic strong Morse inequality

Y (DTIRI(XRL) < = Y (=)0 (’?)F”—j -G7 + o(k™).
0<j<q ™ 0 J
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Proof. By adding ¢ times a Kéhler metric w to the curvature forms of F and G, € > 0
one can write —@L 0re — 0g,e where 0. = 5-OF +ew and 0g . = 5-O¢ + cw are
positive deﬁnlte Let A1 > ... > )\, > 0 be the elgenvalues of O . with respect to Op .
Then the eigenvalues of 5-©p, with respect to 0. are the real numbers 1 — A; and the

set X (< ¢, L) is the set {\;4+1 < 1} of points € X such that A\j41(z) < 1. The strong
Morse inequalities yield

Z (=19 9hI (X, kL) < %/{ (—1)7 H (1—X))0% . + o(k™).

0<j<q Aat1<lt 1 ggn

On the other hand we have
A . ' n
( -)QFEJ A QJG e — U%(/\) 9F67
,_7 k) k] ’

where o7 () is the j-th elementary symmetric function in A1, ..., A, , hence

- e—=0 [y
0<s<q O<]<q

S (1 (") Fri .G = lim I3 (A) 0.
j )
Thus, to prove the Lemma, we only have to check that

Z (—1)7 7] (A) = Npn, .,y <13 (—1)° H (1-X;)=0

0<isn 1<jsn
for all Ay > ... > A\, = 0, where ]1{ 3 denotes the characteristic function of a set.
This is easily done by induction on n (just split apart the parameter A\, and write
I (N =0ol (N +al ) A). O

In the case ¢ = 1, we get an especially interesting lower bound (this bound has been
observed and used by S. Trapani [Tra95] in a similar context).

(8.4) Consequence. h°(X,kL) — h'(X,kL) > L (F» — nF"=1 . G) — o(k™).

Therefore some multiple kL has a section as soon as F™ —nF"~1.G > 0.

(8.5) Remark. The weaker inequality

kn

nl

RO(X,EL) > —(F" —nF" 1. G) — o(k")

is easy to prove if X is projective algebraic. Indeed, by adding a small ample Q-divisor
to F' and GG, we may assume that F', G are ample. Let moG be very ample and let &’
be the smallest integer > k/mg. Then h%(X,kL) > h°(X,kF — k'moG). We select k’
smooth members G, 1 < j < k' in the linear system |moG| and use the exact sequence

0— HY(X,kF =) G;) - H'(X,kF) — @ H(G, kF|g,).
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Kodaira’s vanishing theorem yields H?(X, kF') = 0 and HY(G}, kF|g,) = 0 for ¢ > 1 and
k > ko. By the exact sequence combined with Riemann-Roch, we get

hO(X, kL) > B(X,kF =) G))

n n—1
> %F” —O(k" ) =>" (7(5_ 1)!F”‘1 -Gy — O(kz”_Q))

= k—n(Fn - n%F”—l -G) _ O(k”_l)

n!
k’l’L
> (F” _nFl G) — Ok Y.
n!
(This simple proof is due to F. Catanese.) O

(8.6) Corollary. Suppose that F' and G are nef and that F is big. Some multiple of
mF — G has a section as soon as

Frl.g

m>n rn

In the last condition, the factor n is sharp: this is easily seen by taking X = P} and
F =0(a,...,a) and G = O(by,...,b,) over P} ; the condition of the Corollary is then
m > > b;/a, whereas k(mF — G) has a section if and only if m > supb;/a; this shows
that we cannot replace n by n(1 — ). O

§ 9. Effective version of Matsusaka’s big theorem

An important problem of algebraic geometry is to find effective bounds mg such that
multiples mL of an ample line bundle become very ample for m > mq. From a theoretical
point of view, this problem has been solved by Matsusaka [Mat72] and Kollar-Matsusaka
[KoM83]. Their result is that there is a bound mg = mg(n, L™, L1 - Kx) depending
only on the dimension and on the first two coefficients L™ and L"~! - Kx in the Hilbert
polynomial of L. Unfortunately, the original proof does not tell much on the actual
dependence of mg in terms of these coefficients. The goal of this section is to find
effective bounds for such an integer myg, along the lines of [Siu93]. However, one of the
technical lemmas used in [Siu93] to deal with dualizing sheaves can be sharpened. Using
this sharpening of the lemma, Siu’s bound will be here substantially improved. We first
start with the simpler problem of obtaining merely a nontrivial section in mL. The idea,
more generally, is to obtain a criterion for the ampleness of mL — B when B is nef. In
this way, one is able to subtract from m/L any multiple of Kx which happens to get
added by the application of Nadel’s vanishing theorem (for this, replace B by B plus a
multiple of Kx + (n+ 1)L).

(9.1) Proposition. Let L be an ample line bundle over a projective n-fold X and let B
be a nef line bundle over X. Then Kx +mL — B has a nonzero section for some integer

m such that
L"1.B
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Proof. Let mg be the smallest integer > n Ln;i'B. Then moL — B can be equipped with
a singular hermitian metric of positive definite curvature. Let ¢ be the weight of this
metric. By Nadel’s vanishing theorem, we have

HY(X,O0(Kx +mL— B)® %(¢)) =0 for ¢ > 1,

thus P(m) = h9(X,0(Kx + mL — B) ® .(¢)) is a polynomial for m > mg. Since
P is a polynomial of degree n and is not identically zero, there must be an integer
m € [mg, mo + n] which is not a root. Hence there is a nontrivial section in

HY(X,0(Kx +mL — B)) D H*(X,0(Kx +mL — B) ® $(¢))
for some m € [mg, my + nl, as desired. O
(9.2) Corollary. If L is ample and B is nef, then mL — B has a nonzero section for
some integer

L' B+ L Kx
Ln

m<n< —l—n-i-l)-

Proof. By Fujita’s result 9.3 a), Kx + (n + 1)L is nef. We can thus replace B by
B+ Kx + (n+ 1)L in the result of Proposition 9.1. Corollary 9.2 follows. O

(9.3) Remark. We do not know if the above Corollary is sharp, but it is certainly
not far from being so. Indeed, for B = 0, the initial constant n cannot be replaced
by anything smaller than n/2: take X to be a product of curves C; of large genus g;
and B = 0; our bound for L = @(ay[p1]) ® ... ® O(ay[p,]) to have |mL| # () becomes
m < Y (2g9; — 2)/aj + n(n + 1), which fails to be sharp only by a factor 2 when a; =
co.=ap=1and g1 > g > ...> g, — +00. On the other hand, the additive constant
n + 1 is already best possible when B = 0 and X = P". O

So far, the method is not really sensitive to singularities (the Morse inequalities are
indeed still true in the singular case as is easily seen by using desingularizations of the
ambient variety). The same is true with Nadel’s vanishing theorem, provided that K is
replaced by the L? dualizing sheaf wy (according to the notation introduced in Remark
6.22, wx = Kx(0) is the sheaf of holomorphic n-forms u on X,e, such that "0 AT s
integrable in a neighborhood of the singular set). Then Proposition 9.1 can be generalized
as

(9.4) Proposition. Let L be an ample line bundle over a projective n-fold X and let B
be a nef line bundle over X. For every p-dimensional (reduced) algebraic subvariety Y
of X, there is an integer

P EBY
m<p—————
such that the sheaf wy ® Oy (mL — B) has a nonzero section. O

To proceed further, we need the following useful “upper estimate” about L? dualizing
sheaves (this is one of the crucial steps in Siu’s approach; unfortunately, it has the effect
of producing rather large final bounds when the dimension increases).
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(9.5) Proposition. Let H be a very ample line bundle on a projective algebraic mani-
fold X, and let Y C X be a p-dimensional irreducible algebraic subvariety. If 6 = HP - Y
15 the degree of Y with respect to H, the sheaf

Hom(wy, Oy ((6 —p—2)H))

has a nontrivial section.

Observe that if Y is a smooth hypersurface of degree § in (X, H) = (PP @(1)),
then wy = Oy (d — p — 2) and the estimate is optimal. On the other hand, if YV is
a smooth complete intersection of multidegree (41, ... ,d,) in PP*" then 6 = §;...0,
whilst wy = Oy (61 + ...+ 6, —p—r —1); in this case, Proposition (9.5) is thus very far
from being sharp.

Proof. Let X C PV be the embedding given by H, so that H = @x(1). There is a
linear projection P* ---» PPT! whose restriction 7 : Y — PP*! to Y is a finite and
regular birational map of Y onto an algebraic hypersurface Y’ of degree ¢ in PP*!. Let
s € HO°(PP*1 @(5)) be the polynomial of degree § defining Y’. We claim that for any
small Stein open set W C PP and any L? holomorphic p-form u on Y’ N W, there is a
L? holomorphic (p + 1)-form u on W with values in @(6) such that ujy/qw = u Ads. In
fact, this is precisely the conclusion of the Ohsawa-Takegoshi extension theorem [OT87],
[Ohs88] (see also [Man93] for a more general version); one can also invoke more standard
local algebra arguments (see Hartshorne [Har77], Th. I1I-7.11). As Kpp+1 = O(—p — 2),
the form w can be seen as a section of @(§ — p — 2) on W, thus the sheaf morphism
u — u A ds extends into a global section of # om (wy/, Oy (6 —p— 2)) The pull-back by
7* yields a section of #om(m*wy, @Oy ((6 —p — 2)H)). Since 7 is finite and generically
1:1, it is easy to see that m*wys = wy. The Proposition follows. U

By an appropriate induction process based on the above results, we can now improve
Siu’s effective version of the Big Matsusaka Theorem [Siu93]. Our version depends on
a constant A, such that m(Kx + (n + 2)L) + G is very ample for m > )\, and every
nef line bundle G. Corollary (8.5) shows that A,, < (3”;'1) — 2n, and a similar argument
involving the recent results of Angehrn-Siu [AS95] implies \,, < n®—n?—n—1 forn > 2.
Of course, it is expected that A\, = 1 in view of the Fujita conjecture.

(9.6) Effective version of the Big Matsusaka Theorem. Let L and B be nef line
bundles on a projective n-fold X. Assume that L is ample and let H be the very ample
line bundle H = \,,(Kx + (n+2)L). Then mL — B is very ample for

m > (2n)(3n71_1)/2 (L™ (B + H))B" ' +0/2(pn=1. g)3" *(n/2-3/4)-1/4
B (Ln)3"~2(n/2-1/4)+1/4 .
In particular mL is very ample for

1. KX)3”—2(n/2+3/4)+1/4

m>C, (L") <n +2+

with G, = (2n) " ~D/2(x, )3/ 203/441/4,
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Proof. We use Proposition (9.4) and Proposition (9.5) to construct inductively a sequence
of (non necessarily irreducible) algebraic subvarieties X =Y, DY,.1 D ...DY, 01
such that Y, = | ;i Ypjis p-dimensional, and Y}, is obtained for each p > 2 as the union
of zero sets of sections
0 Y
opi € H (Yp 5, Oy, ;(mp ;L — B))

with suitable integers m, ; > 1. We proceed by induction on decreasing values of the
dimension p, and find inductively upper bounds m,, for the integers m,, ;.

By Corollary (9.2), an integer m,, for m, L — B to have a section o,, can be found
with

L 1. (B+Kx+(n+1)L) o L' (B+H)

My <N In <n In .
Now suppose that the sections oy, ..., op41,; have been constructed. Then we get
inductively a p-cycle Y, = > p, ;Y ; defined by Y, = sum of zero divisors of sections

Opt1,5 in Y1 5, where the mutiplicity p, ; on Y, ; C Y,11 1 is obtained by multiplying
the corresponding multiplicity p,41,x with the vanishing order of 0,41 along Y}, ;. As
cohomology classes, we find

1~/zo = Z(mp+1,kL = B) - (ppr1,1Ypy1.6) < mpa L 1~/zo+1-

Inductively, we thus have the numerical inequality

Y, <mpyr...m, L7,

Now, for each component Y}, ;, Proposition (9.4) shows that there exists a section of
wy, ; ® Oy, . (m, ;L — B) for some integer

LP~'.B.Y, .
T .pd +p+1gmeDH---ann_l-B—i-p-kl‘
P.J

Mpj <P

Here, we have used the obvious lower bound LP~! - Y,; =1 (this is of course a rather
weak point in the argument). The degree of Y), ; with respect to H admits the upper
bound

6p,j = HP. Yp,j < mp41 - - .man S LTP,
We use the Hovanski-Teissier concavity inequality ([Hov79], [Tei79, Tei82])
(L7 HP)3(L")'"% < L' H

to express our bounds in terms of the intersection numbers L™ and L™~ ! - H only. We

then get
(Lt Hy

By Proposition (9.5), there is a nontrivial section in
Hom(wy, ;, Oy, ,((6,; —p—2)H)).

Combining this section with the section in wy, ; ® @y, . (m, ;L — B) already constructed,
we get a section of Oy, . (myp ;L — B+ (0, —p—2)H) on Y, ;. Since we do not want H
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to appear at this point, we replace B with B + (0, ; —p — 2)H and thus get a section
op,j of Oy, (my ;L — B) with some integer m,, ; such that

Mp,j <pmp+1---ann_1 (B4 (0pj —p—2)H)+p+1
<pmpy1...myd,; L1 (B+ H)
o (LM H)P

T L (B H),

<p(Mpg1...my)

Therefore, by putting M =n L"~! . (B + H), we get the recursion relation

(L H

My < M (Ln)p—l

(Mpy1 ... mp)? for2<p<n-—1,

with initial value m,, < M/L™. If we let (m,) be the sequence obtained by the same
recursion formula with equalities instead of inequalities, we get m, < m, with m,,_; =

M3<Ln—1 _H)n—l/(Ln)n and

"
My = ———— M2, ;1
P n—-1. [ p+1""p+1

for 2 < p < n—2. We then find inductively

(Ln—l ,H):&“*P*l(n—g/2)+1/2
(Ln)anfpfl(n—1/2)+1/2

3n—r

my, <my =M

We next show that moL — B is nef for
mo :max(mg, M3, oo My Mo .y L1 -B).
In fact, let C C X be an arbitrary irreducible curve. Either C' = Y; ; for some j or
there exists an integer p = 2, ... ,n such that C' is contained in Y, but not in Y,,_;. If
C CYp; \Yp_1, then 0, ; does not vanish identically on C. Hence (m, ;L — B);c has
nonnegative degree and
(moL—B)CZ (mp’]L—B>CZO
On the other hand, if C' =Y} ;, then
(moL —B)-C>2mg—B-Yi >mg—ms...mp L" "B >0.
By the definition of A,, (and by Corollary (8.5) showing that such a constant exists),
H + G is very ample for every nef line bundle G, in particular H + moL — B is very

ample. We thus replace again B with B + H. This has the effect of replacing M with
M =n(L""'-(B+2H)) and mg with

mozmax(mn,mn_l, ce. My, mg...ann_l-(B—I—H)).
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The last term is the largest one, and from the estimate on m, , we get

g1y (L1 H)E" - D(0=8/2)/24(0=2)/2([n=1 . (B 1 H))
(Ln) B =D (n—1/2)/2+(n—2)/2+1
n=1.(B+ H))(S"‘1+1)/2(Ln—1 .H>3"‘2(n/2—3/4)—1/4
(Ln)3" 2 (n/2=1/4)+1/4

mogM(

< (Qn)(B"’l—l)/Q (L

U

(9.7) Remark. In the surface case n = 2, one can take )\, = 1 and our bound yields
mL very ample for
(L (Kx +4L))?

L? )
If one looks more carefully at the proof, the initial constant 4 can be replaced by 2. In
fact, it has been shown recently by Fernandez del Busto that mL is very ample for

m =4

1[(L- (Kx +4L) +1)?
m>§ 72 +3 y

and an example of G. Xiao shows that this bound is essentially optimal (see [FdB96]).

§ 10. Positivity concepts for vector bundles

In the course of the proof of Skoda’s L? estimates in the next section, we will have to
deal with dual bundles and exact sequences of hermitian vector bundles. The following
fundamental differential geometric lemma will be needed.

(10.1) Lemma. Let E be a hermitian holomorphic vector bundle of rank r on a complex
n-dimensional manifold X. Then the Chern connections of E and E* are related by
Op+ = —'Of where ! denotes transposition. In other words, the associated hermitian

forms ©p and Op- are related by

~ 0
@E(T, T) = CikApTiAT ks T = Tixm— @ ey,
0z;
1<5,k<n, 1A, u<r 3\ J
~ 0
_ * —% *x * *
Op«(1,7) = — E CiRpATINT hpus T = g Tj)‘—f)z- ® eX.
1<5,k<n, 1<\, u<r 3\ J

In particular E >ayir 0 if and only if E* <gyis O.

Notice that the corresponding duality statement for Nakano positivity is wrong (be-
cause of the twist of indices, which is fortunately irrelevant in the case of decomposable
tensors).

Proof. The Chern connections of F and E* are related by the Leibnitz rule

d(oc As) = (Dg-o)As+ (—1)%%€% A Dgs
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whenever s, o are forms with values in F, E* respectively, and o A s is computed using
the pairing E* ® F — C. If we differentiate a second time, this yields the identity

0= (D%.0) As+ 0o A D%s,
which is equivalent to the formula O+ = —!©g. All other assertions follow. O

(10.2) Lemma. Let
0—S 2 F 2HQ—0

be an exact sequence of holomorphic vector bundles. Assume that E is equipped with a
smooth hermitian metric, and that S and Q are endowed with the metrics (restriction-
metric and quotient-metric) induced by that of E. Then

(10.3) JF®g:E—SoQ, jOg :SeQ — FE

are C*° isomorphisms of bundles, which are inverse of each other. In the ‘€ -splitting
E~S®Q, the Chern connection of E admits a matriz decomposition

_(Ds =p
(10.4) Dp = ( BS DQ)

in terms of the Chern connections of S and QQ, where
B €€ (X,A"°T% ® Hom(S, Q)), B* € €°(X,A"'T% ® Hom(Q, S)).

The form (3 is called the second fundamental form associated with the exact sequence. It
s uniquely defined by each of the two formulas

(105) {{om(S,E)j = g* © B? j © 5* = _Dﬁom(Q,E)g*'

We have Dﬁom(s,Q)B =0, Dﬁom(Q,S)ﬁ* =0, and the curvature form of E splits as

©s —B*AB —Dy p*
10.6 Op = om(Q,5)" )
( ) o ( Dﬁom(S,Q)ﬁ @Q - B A B*

and the curvature forms of S and Q) can be expressed as
(10.7) Os = Ops + A B, Oq = Ogiq + BB,

where ©Os, Opq stand for j* cOgoj and go Of o g*.

Proof. Because of the uniqueness property of Chern connections, it is easy to see that
we have a Leibnitz formula

DF(f A U) = (DHom(E,F)f) Au+ (_1)degff A Dgu

whenever u, f are forms with values in hermitian vector bundles E and Hom(E, F)
(where Hom(E, F) = E* ® F is equipped with the tensor product metric and f A u
incorporates the evaluation mapping Hom(FE, F') ® E — F'). In our case, given a form
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u with values in E, we write v = jus + g*ug where ug = j*u and ug = gu are the
projections of w on S and ). We then get

= (Drom(s,£)j) AN us +j - Dsus + (Dtom(Q,2)9") N ug + g - Dqug-

Since j is holomorphic as well as j* o j = Idg, we find D’éom(s E)j = 0 and

Hom(s,5) 1ds = 0= Dy 6)5" © J.

By taking the adjoint, we see that j* o D/Hom(s BJ = 0, hence D/Hom(s E)j takes values
in g*@Q and we thus have a unique form (8 as in the Lemma such that Dhom(s E)j =g*opf.
Similarly, g and g o g* = Idg are holomorphic, thus

Hom(Q.@) 1@ =0 =90 Diionq.0)9"

and there is a form v € ‘€> (X, ATy @Hom(Q, S)) such that D’}’Iom(Q E)g* = jo~. By
adjunction, we get D’Hom(E @9 ="7"0j" and Dg{lom(E’Q)g = 0 implies D’Hom(QyE)g* = 0.
If we differentiate g o j = 0 we then get

0:Dl}lom(E,Q)goj+goD{{om(S,E)j :’Y*Oj*oj%—gog*oﬁzf}/*_‘—ﬁ?
thus v = —f* and Dﬁom(@ 19" = —jo % Combining all this, we get
DEUZQ*ﬁ/\Us+j~Dsus—jﬁ*/\uQ—l—g*-DQuQ
= j(DguS —B*A UQ) + g*(ﬁ ANug + DQ’LLQ),

and the asserted matrix decomposition formula follows. By squaring the matrix, we get

D2:< D% —B*AB —Dsoﬂ*_B*ODQ)‘
E DQOﬁ—FﬂODS Dé—ﬂ/\ﬁ*

As DQ of+pfoDg = DHom(S,Q)ﬁ and Dgo8*+ (%o DQ = DHom(Q,S)ﬁ* by the Leibnitz
rule, the curvature formulas follow (observe, since the Chern curvature form is of type
(1,1), that we must have D’Hom(S’Q)ﬁ =0, D’}'Iom(Q’S)B* =0). O

(10.8) Corollary. Let 0 = S — E — Q — 0 be an exact sequence of hermitian vector
bundles. Then

a) E>aut0 = Q >cuit 0,
b) E<air0 = S <cuit 0,
¢) E<nax0 = S <nNax 0,
and analogous implications hold true for strict positivity.

Proof. If B is written ) dz; ® B;, f; € Hom(S, @), then formulas (10.7) yield

i@s = i@E[S — Zdzj A dzk: ® 5257’7
i0g =10p1g + Y _ dz; A dz), @ B
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Since B (E®s) = &B;-sand B* - (E®@5) =Y. &.Br - s we get
~ ~ —
Os(®s,8 @) =0p(E®s,6 @)=Y &E(B) 5, 5),
7,k

Os(u,u) = Op(u,u) — 8- ul?,
Ot ® 5,6 ®s) =Op(E s, ®s)+ Y (B 5.6 -5,

7.k
O0(E®s,E®5) =Op(E®s,E@s) =8 - (E@s)% O

Next, we need positivity properties which somehow interpolate between Griffiths and
Nakano positivity. This leads to the concept of m-tensor positivity.

(10.9) Definition. Let T and E be complex vector spaces of dimensions n, T respectively,
and let © be a hermitian form on T ® E.

a) A tensoru € T®FE is said to be of rank m if m is the smallest > 0 integer such that
u can be written

UZZ£j®Sj, ijT, SjEE.
j=1

b) © is said to be m-tensor positive (resp. m-tensor semi-positive) if O(u,u) > 0 (resp.
O(u,u) = 0) for every tensor u € T ® E of rank < m, u # 0. In this case, we write

0 >,0 (resp. ©>=,,0).
We say that a hermitian vector bundle E is m-tensor positive if Op >, 0. Griffiths

positivity corresponds to m = 1 and Nakano positivity to m > min(n,r). Recall from
(5.2) that we have

(i(Og, Alu,u) = Z Z Cikap UjSNULS,u

|S|:q_1 jakaA#l‘
for every (n, ¢)-formu = > ug » dziA. . .Adz, NdZxg ®ey with values in E. Since ujg =0

for j € S, the rank of the tensor (u;s,x);» € C* ® C" is in fact < min{n —¢+1,7}. We
obtain therefore:

(10.10) Lemma. Assume that E >, 0 (resp. E >,, 0). Then the hermitian operator

[iOp, A] is semipositive (resp. positive definite) on A™IT*X @ E for ¢ > 1 and m >
min{n —q+1,r}.

The Nakano vanishing theorem can then be improved as follows.

(10.11) Theorem. Let X be a weakly pseudoconver Kdihler manifold of dimension n
and let E a hermitian vector bundle of rank r such that O >,, 0 over X. Then

H"Y(X,E)=0 for ¢>1 and m > min{n —q+1,7}.
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We next study some important relations which exist between the various positivity
concepts. Our starting point is the following result of [DSk79].

(10.12) Theorem. For any hermitian vector bundle E,

E>qi0 — E®det E >Nax 0.

To prove this result, we use the fact that
(10.13) Odetg = Trp Op
where Trg : Hom(E, E') — C is the trace map, together with the identity
OEgdet E = Op + Trg(0Op) ® Idg,
which is itself a consequence of (10.13) and of the standard formula
Opgr =O0p ®@1drp +1dg ®OFp.

In order to prove (10.13), for instance, we differentiate twice a wedge product, according
to the formula

degsl—l—...—l—degijlSl A A 551 A DESj A--- A Sp-

M»d

DApE(Sl A A Sp =
3:1

The corresponding hermitian forms on T'x ® E are thus related by
Opgdet 5 = Op + Trp Op @ I,

where h denotes the hermitian metric on F and Trg 0 g is the hermitian form on T'x
defined by
Trp Op(£, &) = Z Op(E@erE@en), §eTx,
1ALy

for any orthonormal frame (ep, ... ,e.) of E. Theorem 10.12 is now a consequence of
the following simple property of hermitian forms on a tensor product of complex vector
spaces.

(10.14) Proposition. Let T, E be complex vector spaces of respective dimensions n,r,
and h a hermitian metric on E. Then for every hermitian form © on T ® E

O>qir0 = O+4+Trg©®®h >Nax 0.

We first need a lemma analogous to Fourier inversion formula for discrete Fourier
transforms.
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(10.15) Lemma. Let g be an integer > 3, and xx, y,, 1 < A\, pu < r, be complex
numbers. Let o describe the set U, of r-tuples of q-th roots of unity and put

/! — / — T
Ty = E TAON, Yy = E Yuou, o€U,.
1<ALr 1<pugr

Then for every pair (o, 5), 1 < a, B < r, the following identity holds:

wozyﬁ Zfa#57
q—r x/glaﬁ _ B »
Z T X wb, i a=8.
Igpsr

Proof. The coefficient of 2,7, in the summation ¢~" > ocur z Yyl 0,0p is given by
q

—r — —
q E 0a0B0N\NT .
oeUy

This coefficient equals 1 when the pairs {«,u} and {8, A} are equal (in which case
040300, = 1 for any one of the ¢" elements of U;). Hence, it is sufficient to prove
that

Z 0a0B0N\0y, = 0
oeUy
when the pairs {«, u} and {5, \} are distinct.

If {a, u} # {5, A}, then one of the elements of one of the pairs does not belong to the
other pair. As the four indices «, 5, A, u play the same role, we may suppose for example
that o ¢ {8, A}. Let us apply to o the substitution o +— 7, where 7 is defined by

Ta = eQ”i/qaa, T, =0, for v#a.
We get
271/ Z if a+#pu,
OaOR0\O,, = = i .
2 L7 eSS i o

Since g > 3 by hypothesis, it follows that

Z 0a0B0N\0, = 0.
g

Proof of Proposition 10.14. Let (t;)1<j<n be a basis of T, (ex)1<agr an orthonormal
basis of & and { =37, §;t; € T, u= 3", yujnt; ®ex € T @ E. The coefficients ¢y, of
© with respect to the basis t; ® ey satisfy the symmetry relation ¢;iy, = ckjux, and we
have the formulas

@(u,u): Z CikApUj AUk s

Jrk, A

Trg O(, &) = Z it

7k,

O+ Trg®® h)(u,u) = Z CikApUjAUky + CjaNUj Uk
j’k’A7l‘L
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For every o € U, (cf. Lemma 10.15), put

/ —
Uiy = E u;nox € C,

1<AKr

aU:Zu;-theT , é\U:ZU)\e)\GE.
J A
Lemma 10.15 implies

— ~ ~ o~ ~ — ;7 — —
qg " g Oty R €y, Uy REy) =q " E iAW Uy ONT 1

oeUr oeUy
= E CikapUj Uk + E Cil AN U Uy -
Tk, AFEp Jrk, A1

The Griffiths positivity assumption shows that the left hand side is > 0, hence

O+ Trp©®® h)(u,u) > Z CikAU AUy = 0
Jrk,A

with strict positivity if © >ai¢ 0 and u # 0. O

We now relate Griffiths positivity to m-tensor positivity. The most useful result is
the following

(10.16) Proposition. Let T be a complex vector space and (E,h) a hermitian vector
space of respective dimensions n,r with r > 2. Then for any hermitian form © on T ® FE
and any integer m > 1

O>qit0 = mTrge®©h-06 >,,0.

Proof. Let us distinguish two cases.

a) m=1. Let u € T®FE be a tensor of rank 1. Then u can be written u = £ ® €3
with & € T, & # 0, and e; € E, |e;| = 1. Complete e; into an orthonormal basis
(e1, ...,e.) of E. One gets immediately

(Trp® @ h)(u,u) =TrgO(&,6) = Y O @ex, & Dey)

1<ALr

> 06 ®er, & ®ep) = O(u,u).

b) m > 2. Every tensor u € T ® F of rank < m can be written

U = ZfA@)@)\ ; f)\eT,

1<A<q

with ¢ = min(m,r) and (ex)i1<agr an orthonormal basis of E. Let F' be the vector
subspace of E generated by (eq, ... ,e,) and Op the restriction of © to T'® F. The first
part shows that

0 = TrrOr @h — O >apif O.
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Proposition 10.14 applied to ©" on T' ® F yields

O +Trr® @h=qTrrOr @h —OF >4 0.
Since u € T ® F is of rank < ¢ < m, we get (for u # 0)

O(u,u) = Op(u,u) < ¢(Trr O ® h)(u, u)
=q Z @(ﬁj@)e}\,ﬁj@e;\)ngrEG)@h(u,u). ]

1<),A8q

Proposition 10.16 is of course also true in the semi-positive case. From these facts,
we deduce

(10.17) Theorem. Let E be a Griffiths (semi-)positive bundle of rank r > 2. Then for
any integer m = 1
E*® (det E)™ >, 0 (resp. >, 0).

Proof. We apply Proposition 10.16 to © = —O(E*) = 'O >qur 0 on Tx ® E* and
observe that
Odet g = Trp Op = Trp« O©.

(10.18) Theorem. Let 0 = S — E — Q — 0 be an exact sequence of hermitian vector
bundles. Then for any m > 1

E>,0 = S®(det@)™ >, 0.

Proof. Formulas (10.7) imply
iOg >, I NB , 1Og >, i A B,
iBuet @ = Tro(iOq) > Trq(if A 7).
If we write 8 = ) dz; ® §; as in the proof of Corollary 10.8, then
Tro(iB A BY) =Y idz; A dZy, Trq(S;51)
= idz; A dzp Trs(B8;) = Trs(—iB" A B).

Furthermore, it has been already proved that —i* A 8 >nax 0. By Proposition 10.16
applied to the corresponding hermitian form © on Tx ® S, we get

mTrg(—if* A B) @ Idg +i8* A B =, 0,
and Theorem 10.18 follows. ]

(10.19) Corollary. Let X be a weakly pseudoconver Kdhler n-dimensional manifold, E
a holomorphic vector bundle of rank r > 2 and m > 1 an integer. Then

a) E>ait 0= H"(X,E®det E) =0 forq>1;
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b) E >ayit O:>H”’q(X,E*®(det E)m) =0 forqg>1and m>min{n —q+1,7};

c) Let 0—S—E — Q — 0 be an exact sequence of vector bundles and m = min{n —
q+1,7k S}, g > 1. If E >, 0 and if L is a line bundle such that L® (det Q)~™ > 0,
then

H™(X,S®L)=0.

Proof. Immediate consequence of Theorem 10.11, in combination with 10.12 for a), 10.17
for b) and 10.18 for c). O

§ 11. Skoda’s L? estimates for surjective bundle morphisms

§ 11.A. Surjectivity and division theorems

Let (X,w) be a Kdhler manifold, dim X = n, and let g : £ — @ a holomorphic
morphism of hermitian vector bundles over X. Assume in the first instance that g is
surjective. We are interested in conditions insuring that the induced morphisms g :
H"F(X,E) — H™F(X,Q) are also surjective (dealing with (n,e) bidegrees is always
easier, since we have to understand positivity conditions for the curvature term). For
that purpose, it is natural to consider the subbundle S = Kerg C E and the exact
sequence

(11.1) 0—85 5E 25Q—0
where j : S — FE is the inclusion. In fact, we need a little more flexibility to handle the

curvature terms, so we take the tensor product of the exact sequence by a holomorphic
line bundle L (whose properties will be specified later):

(11.2) 0—S®L—E®L 25QaL—0.

(11.3) Theorem. Let k be an integer such that 0 < k < n. Setr = rk E, ¢ = rkQ,
s=rkS=r—q and

m = min{n — k, s} = min{n — k,r — ¢}.

Assume that (X,w) possesses also a complete Kdihler metric O, that E >,, 0, and that
L — X is a hermitian holomorphic line bundle such that

10, — (m+¢€)iBget g = 0

for some € > 0. Then for every D"-closed form f of type (n,k) with values in Q ® L
such that || f|| < 400, there exists a D" -closed form h of type (n, k) with values in E® L
such that f = g-h and

IR]* < (1 +m/e) 1]

The idea of the proof is essentially due to [Sko78], who actually proved the special
case k = 0. The general case appeared in [Dem82b].
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Proof. Let j : S — E be the inclusion morphism, ¢* : Q — F and j* : E — S the
adjoints of g, j, and the matrix of Dy with respect to the orthogonal splitting £ ~ S& Q)
(cf. Lemma 10.2). Then g*f is a lifting of f in £ ® L. We will try to find A under the
form

h=gf+ju, uecl?*X,A""T%®S®L).

As the images of S and @ in E are orthogonal, we have |h|? = |f|? + |u|? at every point
of X. On the other hand D¢ f = 0 by hypothesis and D" g* = —jo 8* by (10.5), hence

Diggrh=—j(68* N f)+7Dsgr = j(Dsgr, — B A f).

We are thus led to solve the equation

(11.4) SoLu=pF"Nf,

and for that, we apply Theorem 6.1 to the (n,k + 1)-form * A f. One now observes
that the curvature of S ® L can be expressed in terms of 5. This remark will be used to
prove:

(11.5) Lemma. Let Ay = [iOsgr,A] be the curvature operator acting as an hermitian
operator on the bundle of (n,k + 1)-forms. Then

(AZX B A ), (B A L)) < (mfe) | f]2.

If the Lemma is taken for granted, Theorem 9.4 yields a solution u of (11.4) in
L2(X, A"9T%, @ S @ L) such that [ul> < (m/e) |f|%. As [[h]2 = | £I* + |[ul]?, the proof
of Theorem 11.3 is complete. O

Proof of Lemma 11.5. Exactly as in the proof of Theorem 10.18, the formulas (10.7)
yield
i@s Zm iﬁ* A 5, 1@detQ TI‘Q(Iﬁ A 5 ) Trs(—iﬁ* A 5)
Since € (X, AUT)*( ® Herm S) 3 © := —if* A 8 >quir 0, Proposition 10.16 implies
m Trg(—if* A B) @ Idg +i* A B =, 0

From the hypothesis on the curvature of L we get

1OsgL 2m 105 @IdL +(m +¢€)1Odet @ ® IdseL
>, (1B A B+ (m+e) Trs(—if* AB) @ 1ds ) @ 1dy,
>m (e/m) (=" A B) @ Ids ®@1dy, .

For any v € A™*1T% ® S ® L, Lemma 10.10 implies
(11.6) (Agv,v) = (¢/m) (=if* A B A Av,v),

because k(S ® L) = s and m = min{n — k,s}. Let (dz, ... ,dz,) be an orthonormal
basis of T% at a given point o € X and set

B= > dz®pB;, B; €Hom(S,Q).

1<j<n
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The adjoint of the operator f* A e = " dz; A 7 e is the contraction operator 5 | e
defined by

glv= Z a%] 1 (Bv) = Z —idz; A A(Bjv) = =18 A Av.

Consequently, we get (—i* A B A Av,v) = |3 J v|? and (11.6) implies

[(B* A Foo) P = 1(f, 82 o) <IfIP 18 2 of* < (m/e){Apv, v) | ]2
This is equivalent to the estimate asserted in the lemma. O

If X has a plurisubharmonic exhaustion function 1, we can select a convex increasing
function x € €>°(R,R) and multiply the metric of L by the weight exp(—x o) in order
to make the L? norm of f converge. Theorem 11.3 implies therefore:

(11.7) Corollary. Let (X,w) be a weakly pseudoconver Kdihler manifold, g : E — Q a
surjective bundle morphism with r =rk FE, ¢ =1k Q, and L — X a hermitian holomor-
phic line bundle. We set m = min{n — k,r — q} and assume that E >,, 0 and

107 — (m+¢)iO4et g = 0
for some € > 0. Then g induces a surjective map

H" (X, E® L) — H" (X, Q® L).

The most remarkable feature of this result is that it does not require any strict
positivity assumption on the curvature (for instance E can be a flat bundle). A careful
examination of the proof shows that it amounts to verify that the image of the coboundary
morphism

—B*Ne : H" (X, Q® L) — H" " (X,S® L)

vanishes; however the cohomology group H™**1(X,S ® L) itself does not necessarily
vanish, as it would do under a strict positivity assumption.

We want now to get estimates also when (@) is endowed with a metric given a priori,
that can be distinct from the quotient metric of E by g. Then the map ¢*(gg*) 1:Q — E
is the lifting of @ orthogonal to S = Ker g. The quotient metric | ® |" on @ is therefore
defined in terms of the original metric | e | by

[0 =1g"(99%) " v|* = ((99%) " v, v) = det(g9g") " {gg*v,v)

where §§¥ € End(Q) denotes the endomorphism of ) whose matrix is the transposed
comatrix of gg*. For every w € det ), we find

| = det(gg*) ™" [w]*.
If Q' denotes the bundle @ with the quotient metric, we get

1Odet ' = 1O4det ¢ + 1d'd" log det(gg*).
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In order that the hypotheses of Theorem 11.3 be satisfied, we are led to define a new
metric | o | on L by |u|"? = [u|? (det(gg*)) " . Then

10, =10(L) + (m + ) id'd" log det(gg*) = (m + €) iOget ¢’ -
Theorem 11.3 applied to (E,Q’, L") can now be reformulated:

(11.8) Theorem. Let X be a complete Kihler manifold equipped with a Kdhler metric w
on X, let E — Q be a surjective morphism of hermitian vector bundles and let L — X be
a hermitian holomorphic line bundle. Set r =1k E, ¢ = rk Q and m = min{n—k,r —q},
and assume that E >,, 0 and

1O — (M +¢)iOget @ = 0
for some € > 0. Then for every D"-closed form f of type (n,k) with values in Q ® L

such that
I =/ (9g* f, f) (det gg*) "™ 12 dV < 400,
X

there exists a D" -closed form h of type (n, k) with values in E ® L such that f = g-h
and

/ |h|? (det gg*) "™ dV < (14+m/e) 1. O
X

Our next goal is to extend Theorem 11.8 in the case when ¢ : E — @ is only
generically surjective; this means that the analytic set

Y={x€X; g, : E, — @, is not surjective }

defined by the equation A9g = 0 is nowhere dense in X. Here A%g is a section of the
bundle Hom(A?E, det Q). The idea is to apply the above Theorem 11.8 to X \ Y. For
this, we have to know whether X \ 'Y has a complete Kahler metric.

(11.9) Lemma. Let (X,w) be a Kdhler manifold, and Y = o71(0) an analytic subset
defined by a section of a hermitian vector bundle E — X. If X is weakly pseudoconvex
and exhausted by X. = {x € X ; ¥(x) < ¢}, then X. \Y has a complete Kihler metric
for all c € R. The same conclusion holds for X \Y if (X,w) is complete and if for some
constant C > 0 we have O <grif Cw® (, g on X.

Proof. Set T = log|c|?. Then d'tr = {D'c,c}/|o|?> and D" D'c = D?0 = Ogo, thus

{D'o,D'o} i{D'a,a} Ao, D'c} {i®po,0}

o2 o] o]

For every & € Tx, we find therefore

Hr(¢) = o |D'o - 5\2‘;|4|<D'a o) Op(E®oEvo)

o2
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by the Cauchy-Schwarz inequality. If C' is a bound for the coefficients of O on the
compact subset X., we get id'd’t > —Cw on X.. Let x € €*(R,R) be a convex
increasing function. We set

=w+id'd" (xo1)=w+i(x or dd"T+x" 0T dTANd"T).

We thus see that @ is positive definite if ' < 1/2C, and by a computation similar to the
one preceding Theorem 6.2, we check that & is complete near Y = 77!(—o0) as soon as

/O VX" (t) dt = +o0.

One can choose for example x such that x(t) = == (t — log|t|) for ¢ < —1. In order to
obtain a complete Kéhler metric on X, \Y, we also need the metric to be complete near

0X.. If W is not, such a metric can be defined by

id'd" N id'p A d'
c—v¢  (c—1)?
> id'log(c —¢) "t Ad"log(c —¢)

O=w+id'd" loglc—) ' =&+

@ is complete on X, \ 2 because log(c — )~ ! tends to 4+o00 on 0X.. O

We also need another elementary lemma dealing with the extension of partial differ-
ential equalities across analytic sets.

(11.10) Lemma. Let 2 be an open subset of C™ and Y an analytic subset of Q). Assume
that v is a (p,q— 1)-form with L2 _ coefficients and w a (p, q)-form with Ll . coefficients

loc loc
such that d"v =w on QY (in the sense of distribution theory). Then d”"v = w on Q.

Proof. An induction on the dimension of Y shows that it is sufficient to prove the result
in a neighborhood of a regular point a € Y. By using a local analytic isomorphism, the
proof is reduced to the case where Y is contained in the hyperplane z; = 0, with a = 0.
Let A € €>(R,R) be a function such that A(t) =0 for t < 1 and A(t) =1 for t > 1. We
must show that

(11.11) / wAa= (—1)p+q/ vAd o

Q Q
for all & € D (Q,A""P"79TE). Set A.(z) = A(|21|/¢) and replace « in the integral by
Aec. Then Adca € (N Y, A" P"79T¥) and the hypotheses imply

/ wA N = (—1)p+q/ vAd (M) = (—1)p+q/ v A (d"Ae N+ Aed" ).
) Q )

As w and v have L _ coefficients on , the integrals of w A \.av and v A A.d” v converge

respectively to the integrals of w A a and v A d”’« as ¢ tends to 0. The remaining term
can be estimated by means of the Cauchy-Schwarz inequality:

2
’/v/\d”)\g/\a’ g/ v A a2 dV. / "\ |2 dV ;
Q |z1]<e Supp «
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as v € L2 (), the integral
|z

e lv A a|* dV converges to 0 with e, whereas

1|<e
/ |d" A\ |?dV < gVol(Supp an{|z| <e}) <.
Supp «

Equality (11.11) follows when ¢ tends to 0. O

(11.12) Theorem. The existence statement and the estimates of Theorem 11.8 remain
true for a generically surjective morphism g : E — @), provided that X is weakly pseudo-
convet.

Proof. Apply Theorem 11.8 to each relatively compact domain X, \'Y (these domains
are complete Kéhler by Lemma 11.9). From a sequence of solutions on X, \ Y we can
extract a subsequence converging weakly on X \ Y as ¢ tends to +00. One gets a form
h satisfying the estimates, such that D”"h =0 on X \Y and f = ¢g- h. In order to see
that D”h = 0 on X, it suffices to apply Lemma 11.10 and to observe that h has L120c
coefficients on X by our estimates. U

A very special but interesting case is obtained for the trivial bundles £ =  x C7,
Q = Q x C over a pseudoconvex open set {2 C C™. Then the morphism g is given by a
r-tuple (g1, ..., gr) of holomorphic functions on €. Let us take k =0 and L = Q x C
with the metric given by a weight e~ ?. If we observe that gg* = Id when rk Q = 1,
Theorem 11.8 applied on X = Q ~\ ¢71(0) and Lemmas 11.9, 11.10 give:

(11.13) Theorem (Skoda [Sko72b]). Let Q be a complete Kdhler open subset of C",
let ¢ be a plurisubharmonic function and g = (g1, ... ,gr) be a r-tuple of holomorphic
functions on Q. Set m = min{n,r — 1}. Then for every holomorphic function f on Q
such that

I = / |f|2 |g|_2(m+1+5)6_“’ dV < 400,
QN2

where Z = g=1(0), there exist holomorphic functions (hy, ..., h,) on Q such that f =
Zgjhj and
/ |h[? |g] 2 e dV < (14 m/e)l. O
QY

§ 11.B. Applications to local algebra: the Briancon-Skoda theorem

We now show that Theorem 11.13 can be applied to get deep results concerning
ideals of the local ring @,, = C{z1, ..., 2z, } of germs of holomorphic functions on (C",0).
Let .Y = (g1, ... ,9r) # (0) be an ideal of @,

(11.14) Definition. Let k € R. We associate to .4 the following ideals:

a) the ideal 5 of germs u € @, such that |u| < C|g|¥ for some constant C > 0, where
912 = lgu* + -+ + [gr[*.

b) the ideal k) of germs u € O, such that

/ \u|2 |g|_2(k+€) dV < 400
Q
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on a small ball Q) centered at 0, if € > 0 is small enough.
(11.15) Proposition. For all k,l € Ry we have
a) 77 5w,
by T ifkeN;

@)

) j(k) j(l) c 3(1:—1-[) .

4 T8 .F0 G,

All properties are immediate from the definitions except a) which is a consequence
of the integrability of |g|™¢ for € > 0 small (exercise to the reader!). Before stating the
main result, we need a simple lemma.

(11.16) Lemma. If ¥ = (g1, ... ,9,) and r > n, we can find elements g1, ... ,gn € -
such that C~t|g| < |g| < C|g| on a neighborhood of 0. Each g; can be taken to be a linear
combination

§j:aj.g: Z aikGk; CLjGCT\{O}

1<k<r
where the coefficients ([ai1], ... ,[ayn]) are chosen in the complement of a proper analytic
subset of (P™~1H)™.
It follows from the Lemma that the ideal ¥ = (g1, ... ,gn) C .¥ satisfies Fk) = F(k)

and i(k) = ¥ for all k.
Proof. Assume that g € @(Q)". Consider the analytic subsets in Q x (P"~1)" defined by

A={(z[wi], ..., [wn]); w;. g(z) =0},
A = Uirreducible components of A not contained in g~*(0) x (P"~1)".

For z ¢ g=1(0) the fiber A, = {([wi], ..., [wn]); wj.g(z) = 0} = A% is a product of
n hyperplanes in P"~!, hence AN (Q ~ g71(0)) x (P"~1)" is a fiber bundle with base
Qg7 1(0) and fiber (P"~2)". As A* is the closure of this set in  x (P"~1)"  we have

dim A* = n + n(r — 2) = n(r — 1) = dim(P"~1)".
It follows that the zero fiber

A = A*n ({0} x (P ™)

is a proper subset of {0} x (P"~')". Choose (ai, ...,an) € (C" ~ {0})" such that
(0,[a1], ... ,[an]) is not in Aj. By compactness the set A* N (B(0,e) x (P™1)") is
disjoint from the neighborhood B(0,¢) x [[[B(a;,¢)] of (0,[a1], ... ,[ay]) for € small

enough. For z € B(0,¢) we have |a;. g(2)| > €|g(2)| for some j, otherwise the inequality
la;. g(2)| < €lg(z)| would imply the existence of h; € C" with |h;| < € and a;.g(z) =
h;.g(z). Since g(z) # 0, we would have

(z,[a1 — hal, ..., [an — hy]) € A* N (B(0,e) x (P 1)),
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a contradiction. We obtain therefore

elg(2)] < maxfa;. g(2)| < (max|a;]) |g(z)] on B(0,é). m

(11.17) Theorem (Briangon-Skoda [BSk74]). Set p = min{n — 1,7 — 1}. Then
a) JEHD = g5k = FFE)  fork >p
b) TP« Gkt ¢ 5 for all k € N.

Proof. a) The inclusions JI® c FFE < FEFD are obvious thanks to Proposi-

tion 11.15, so we only have to prove that FU+1) « § §*) Assume first that 7 < n. Let
f e %+ be such that

/ 1£1? 9] 7249 4V < +00.
Q

For £ > p — 1, we can apply Theorem 11.13 with m = r — 1 and with the weight
= (k—m) 10g|g|2. Hence f can be written f =) g;jh; with

/ |h|? |g| 729 qV < +o00,
Q

thus h; € F®) and feys F*) . When r > n, Lemma 11.16 shows that there is an ideal
¥ C 9 with n generators such that j(k) = j(k) We find

JlHD) - /j(lﬁ'l) Cc¥ /j(k) cII®  for k>n—1.
b) Property a) implies inductively Jle+p) — gk §P) for all k € N. This gives in particular
Jlhtr) < g, O

(11.18) Corollary.

a) The ideal .S is the integral closure of .¥, i.e. by definition the set of germs u € @,
which satisfy an equation

ud+a1ud_1+~-~+ad20, as € .4°, 1 <s<d.

b) Similarly, j(k) 1s the set of germs u € O,, which satisfy an equation
w+aut ™+ ag =0, ase I 1<s<d,

where [t] denotes the smallest integer > t.

As the ideal 3(}6) is finitely generated, property b) shows that there always exists a
rational number [ > k such that ¥ = Fk)
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Proof. a) If u € O, satisfies a polynomial equation with coefficients a5 € .¥°, then clearly
las| < Cslg|® and the usual elementary bound

roots| < 2 max |a,|*/*

NN

for the roots of a monic polynomial implies |u| < C'|g|.

Conversely, assume that v € .¥. The ring @, is Noetherian, so the ideal 3(p)Ahas
a finite number of generators vy, ... ,vn. For every j we have uv; € FI@) = 530
hence there exist elements b;;, € .4 such that

Z bjkvk.

1<k<N

The matrix (ud;r — bji) has the non zero vector (v;) in its kernel, thus u satisfies the
equation det(ud;r — bjr) = 0, which is of the required type.

b) Observe that v, ...,vy satisfy simultaneously some integrability condition
Jo lvj|72#+9) < too, thus FP) = JE+0) for 5 € [0,e[. Let u € F*. For every in-
teger m € N we have

um; € G Gt ¢ Glmini)

If £ ¢ Q, we can find m such that d(km + ¢/2,Z) < ¢/2, thus km + n € N for some
n €10,e[. If k € Q, we take m such that km € N and n = 0. Then

uv; € GNER) — ¢N G@) with N = km + n e N,

and the reasoning made in a) gives det(u™d;5 — b;) = 0 for some b;, € ¥V, This is an
equation of the type described in b), where the coefficients as vanish when s is not a
multiple of m and an,, € FN® C Jlhmsl, O

Let us mention that Briancon and Skoda’s result 11.17 b) is optimal for k = 1. Take
for example ¥ = (g1, ... ,gr) with g;(2) = 2}, 1 < j < r, and f(2) = z1...2-. Then
|f] < Clg| and 11.17 b) yields f" € .4; however it is easy to verify that f*=! ¢ .¥. The
theorem also gives an answer to the following conjecture made by J. Mather.

(11.19) Corollary. Let f € G, and J; = (210f/0z1, ... ,2,0f/0z,). Then f € Fy,
and for every integer k > 0, fktn—1 ¢ Y’]’i

The Corollary is also optimal for £k = 1 : for example, one can verify that the function
f(2)=(21...2,)% + 27" " 4+ -+ + 2371 is such that fm~1 ¢ .45

Proof. Set g;(z) = z;0f/0z;, 1 < j < n. By 11.17 b), it suffices to show that |f| < C’|g|
For every germ of analytic curve (C >t — 7(t), v # 0, the vanishing order of f o~(t) at
t = 0 is the same as that of

t%z > tv(t)?ji( ()-

1<j<n
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We thus obtain

d(fo7) of
FerI<Cultl |22 < Y2 0] |5 (v(0)] < Calg ()
1<j<n /
and conclude by the following elementary lemma. U
(11.20) Curve selection lemma. Let f,q1,...,9. € O, be germs of holomorphic

functions vanishing at 0. Then we have |f| < Clg| for some constant C if and only
if for every germ of analytic curve vy through 0 there exists a constant C, such that

[fov] <Cylgonl

Proof. If the inequality |f| < C|g| does not hold on any neighborhood of 0, the germ of
analytic set (A4,0) C (C™*",0) defined by

9i(2) = f(2)znts, 1K<,

contains a sequence of points (z,,¢;(2,)/f(2,)) converging to 0 as v tends to +oo,
with f(z,) # 0. Hence (A,0) contains an irreducible component on which f # 0 and
there is a germ of curve ¥ = (v, vn+;) : (C,0) — (C™*",0) contained in (A, 0) such that
foy#0. Weget gj oy = (f ©v)¥n+j, hence |goy(t)| < C|t||f o v(t)| and the inequality
|f o] < Cy|gory| does not hold. O

§ 12. The Ohsawa-Takegoshi L? extension theorem

The Ohsawa-Takegoshi theorem addresses the following extension problem: let Y be
a complex analytic submanifold of a complex manifold X ; given a holomorphic function
f on Y satisfying suitable L? conditions on Y, find a holomorphic extension F of f to X,
together with a good L? estimate for F on X. The first satisfactory solution has been
obtained in the fundamental papers [OT87, Ohs88]. We follow here a more geometric
approach due to Manivel [Man93|, which provides a generalized extension theorem in
the general framework of vector bundles. As in Ohsawa-Takegoshi’s fundamental paper,
the main idea is to use a modified Bochner-Kodaira-Nakano inequality. Such inequalities
were originally introduced in the work of Donnelly-Fefferman [DF83] and Donnelly-Xavier
[DX84].

§ 12.A. The basic a priori inequality

The main a priori inequality we are going to use is a simplified (and slightly extended)

version of the original Ohsawa-Takegoshi a priori inequality, along the lines proposed by
Ohsawa [Ohs95].

(12.1) Lemma (Ohsawa [Ohs95]). Let E be a hermitian vector bundle on a complex
manifold X equipped with a Kdhler metric w. Let n, A > 0 be smooth functions on X.
Then for every form u € (X, APITY @ E) with compact support we have

(0% + A2) D" u|® + [|n D"ul|® + [|\2 D'u||? + 2|\~ 2d'n A ul)?
> ([ni0p —id'd"n — X" d'n A d"n, Alu, u).
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Proof. Let us consider the “twisted” Laplace-Beltrami operators

D/nD/* + D/*T]D/ — n[D/,D/*] + [D/,/),/]D/* + [D/*,T/]D/
— nA/ + (d/n)D/* _ (d/’l’])*D/,
D//nD//* _|_ D//*nD// — n[D//, D//*] _|_ [D//, n]D//* _|_ [D//*, n]D//
— nA// + (d//n)D//* _ (d//n)*D//,

where 1), (d'n), (d''n) are abbreviated notations for the multiplication operators ne, (d'n)A
e, (d"n) A e. By subtracting the above equalities and taking into account the Bochner-
Kodaira-Nakano identity A” — A’ = [i@g, A], we get

D//UD//* + D//*’r,_D// _ D/nD/* _ D/*UD/
(122) — n[l@E,A] _|_ (d//n)D//* _ (d//n)*D// + (d/n)*D/ _ (d/n)D/*.

Moreover, the Jacobi identity yields
[D//7 [d/n7 A” - [d/% [A7 D//]] + [A7 [D//7 d/n” =0,

whilst [A, D] = —iD"* by the basic commutation relations 4.5. A straightforward com-
putation shows that [D”, d'n] = —(d'd"n) and [d'n, A] = i(d"n)*. Therefore we get

i[D”, (d"n)*] +ild'n, D] = [A, (d'd"n)] = 0,
that is,
fid'd"y, A] = [D", (d"5)"] + (D', d'n) = D"(d"n)" + (d"5)" D" + D'*(d'n) + (d'n) D"
After adding this to (12.2), we find

D///),/D//* + DH*T]DH _ D/nD/* _ D/*/),/D/ + [1 d/d//’r],A]
— 77[1®E7A] + (d//’r]>DH* + D//(d//n)* + (d/’r]>*D/ + D/*(d/’r]>.

We apply this identity to a form v € U (X, AP9T% @ E) and take the inner bracket
with u. Then )
(DD yu, ) = (nD"*u, D"*u)) = [lnz D"*ul|?,

and likewise for the other similar terms. The above equalities imply
12 D"*u||* + [|n? D" ul|* = ||n> D"ul|* = % D"*u||* =
([ni®g —id'd"n, Nu,u)) +2Re (D"*u, (d"n)*u) + 2Re (D'u,d'n A u)).

By neglecting the negative terms — |z D'u||? — ||n2 D'*u||? and adding the squares
I D" ul|? + 2Re (D"*u, (d"n) ") + A~ (d"n)"ul* > 0,
IAZ D'ul|? + 2Re (D'u, d'n Au)) + |[A"2d'p Au|? =0
we get

1(n% + AZ)D"*u|® 4 [|n? D" ul|® + X2 D'u||? + |A"2d"n Aul® + |A72 (d"n)*ul?
> ([ni®p — id'd"n, AJu, u).
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Finally, we use the identities

(d'n)*(d'n) — (d"n)(d"n)* = i[d"n, Al(d'n) + i(d"n)[d'n, A] = [id"n A d'n, Al
IA"2d'n Aul)? — [A7E (@ n)"ul|? = —([ix"tdn A d"n, Alu, u)),

The inequality asserted in Lemma 12.1 follows by adding the second identity to our last
inequality. U

In the special case of (n, ¢)-forms, the forms D'u and d'nAw are of bidegree (n+1, q),
hence the estimate takes the simpler form

(12.3)  [|(n% + AZ)D"™*ul® + |n2 D"u||® > ([niOp — id'd"n — X"t d'n A d"n, Alu, u).

§ 12.B. Abstract L? existence theorem for solutions of d-equations

Using standard arguments from functional analysis — actually just basic properties
of Hilbert spaces along the lines already explained in section 5 — the a priori inequality
(12.3) implies a very strong L? existence theorem for solutions of d-equations.

(12.4) Proposition. Let X be a complete Kdhler manifold equipped with a (non neces-
sarily complete) Kdhler metric w, and let E be a hermitian vector bundle over X . Assume
that there are smooth and bounded functions n, X > 0 on X such that the (hermitian)
curvature operator B = Bg’fam = [ni®g —id'd"n—ix"td'n Ad'n, A,)] is positive definite
everywhere on A™1T% ® E, for some q > 1. Then for every form g € L*(X,A™9T% Q E)
such that D"g =0 and [ (B~ 'g,g)dV,, < 400, there exists f € L*(X, AT} ® E)
such that D" f = g and

/ (n+ NPV, <2 / (B~1g, ) dV.
X X

Proof. The proof is almost identical to the proof of standard L? estimates for 0 (see
Theorem 5.1), except that we use (12.3) instead of (4.7). Assume first that w is complete.
With the same notation as in 7.4, we get for every v = vy + vo € (Ker D) @ (Ker D")*
the inequalities

(g, )2 = |{g, v1)? </

(B¢, q)dV., / (B, v1) Vi,
X

X

and
/ (Boy, v1) dVi, < [[(n? +A2) D" 0> + [[n2 D" o1 |* = [[(n% + A2)D"*0|
b's
provided that v € Dom D”*. Combining both, we find

900 < ([ (B 9.0 VL)t + MDDl
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This shows the existence of an element w € L?(X, A™9T% ® E) such that

] < / (B-lg.g)dV,  and
X

(v, g% = ((n® + A\))D"™ 0, w) Vg € Dom D" N Dom D",

As (N2 4 X2)2 < 2(n+ N), it follows that f = (p*/2+ A2 )w satisfies D’ f = g as well as
the desired L? estimate. If w is not complete, we set w, = w + €& with some complete
Kéhler metric . The final conclusion is then obtained by passing to the limit and using
a monotonicity argument (the integrals are monotonic with respect to ¢). U

(12.5) Remark. We will also need a variant of the L?-estimate, so as to obtain
approximate solutions with weaker requirements on the data: given 6 > 0 and g €
L*(X,A™iT% ® E) such that D"g = 0 and [, ((B + 01)"'g,g)dV,, < +oo, there
exists an approximate solution f € L*(X,A™% !'T% ® E) and a correcting term h €
L?*(X,A™T% ® E) such that D" f + 6'/?h = g and

/ (n+ XU 2V, + / P dV, < 2 / (B+60) g, g) dV..
X X X

The proof is almost unchanged, we rely instead on the estimates

(g )] < /X (B +61)"g,g) dV., /X (B + 6T)oy, 1) dVi,

and
/ (B +8I)vy,v1) dViy < [[(n2 + A7) D" + 8]|v] . O
X

§12.C. The L? extension theorem

According to a concept already widely used in section 5, a (non necessarily compact)
complex manifold will be said to be weakly pseudoconvex if it possesses a smooth weakly
plurisubharmonic exhaustion function.

(12.6) Theorem. Let X be a weakly pseudoconvex complex n-dimensional manifold pos-
sessing a Kdhler metric w, and let L (resp. E) be a hermitian holomorphic line bundle
(resp. a hermitian holomorphic vector bundle of rank r over X), and s a global holo-
morphic section of E. Assume that s is generically transverse to the zero section, and
let

Y ={z€X; s(x)=0,A"ds(z) # 0}, p=dimY =n—r.

Moreover, assume that the (1,1)-form 1O +rid'd" log|s|? is semi-positive and that there

1s a continuous function o = 1 such that the following two inequalities hold everywhere
on X :

1 {iOgs, s}

(a) 1O +rid'd" log|s|* > « e
s

(b) [s] <em®.
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Then for every smooth D" -closed (0,q)-form f over Y with values in the line bundle
A"T% ® L (restricted to Y'), such that [, |f|?|A"(ds)|"2dV,, < +oo, there exists a D"-
closed (0,q)-form F over X with values in A"T% ® L, such that F is smooth over
X N {s=A"(ds) = 0}, satisfies Fyy = f and

|fI?

|F|?
dVx ., < C, dVA W
/X |s[27(—log |s])2 ©" y [AT(ds)27 T

where C,. 1s a numerical constant depending only on r.

Observe that the differential ds (which is intrinsically defined only at points where
s vanishes) induces a vector bundle isomorphism ds : T'x /Ty — FE along Y, hence a non
vanishing section A" (ds), taking values in

AT(Tx/Ty>* X det E C ATT;( (29 det E.

The norm |A"(ds)| is computed here with respect to the metrics on A"T% and det E
induced by the Kéahler metric w and by the given metric on E. Also notice that if
hypothesis (a) is satisfied for some «, one can always achieve b) by multiplying the
metric of £ with a sufficiently small weight e=X°¥ (with 1 a psh exhaustion on X and x
a convex increasing function; property (a) remains valid after we multiply the metric of
L by e~ (a0 )xev wwhere ap = infyex a(z).

Proof. Let us first assume that the singularity set ¥ = {s = 0} N {A"(ds) = 0} is empty,
so that Y is closed and nonsingular. We claim that there exists a smooth section

Fy € € (X, A" T% @ L) = € (X, \"T% @ A"T% ® L)
such that
(a) Fy coincides with f in restriction to Y,
(b) |Fuao| = | f| at every point of Y,
(¢) D"Fy = 0 at every point of Y.

For this, consider coordinates patches U; C X biholomorphic to polydiscs such that
UjﬂY:{ZEUj; 21:...:2’7-:0}

in the corresponding coordinates. We can certainly find a section f: € € (X, AMITL®L)
which achieves (a) and (b), since the restriction map (A%97T% )y — A%9T5 can be viewed
as an orthogonal projection onto a “€>-subbundle of (A%97T%)y. It is enough to extend
this subbundle from U; NY to U; (e.g. by extending each component of a frame), and
then to extend f globally via local smooth extensions and a partition of unity. For any
such extension f we have

(D" flyy = (D" fry)=D"f=0.

It follows that we can divide D" f = > icaer 9ia(2) Adzy on U; NY, with suitable
smooth (0, g)-forms g; » which we also extend arbitrarily from U; NY to U;. Then

Fooi=f— Z 0;(2) Z Zxgjx(2)

1A
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coincides with J?on Y and satisfies (c). Since we do not know about F,, except in an
infinitesimal neighborhood of Y, we will consider a truncation F. of F, with support in
a small tubular neighborhood [s| < € of Y, and solve the equation D"u. = D" F. with
the constraint that u. should be 0 on Y. As codimY = r, this will be the case if we can
guarantee that |u.|?|s| 2" is locally integrable near Y. For this, we will apply Proposition
12.4 with a suitable choice of the functions n and ), and an additional weight |s|~2" in
the metric of L.

Let us consider the smooth strictly convex function x¢ : | — 00,0] — | — o0, 0]
defined by xo(t) =t — log(1 —¢) for ¢ < 0, which is such that xo(¢) <¢, 1 < x( < 2 and
xo(t) =1/(1 —t)%. We set

UEZIOg(|S|2+52)7 Tle :5_X0(06)'
As |s| < e @ < el we have 0. < 0 for ¢ small, and
Ne =€ — 0. = e —log(e 2 4 £2).

Given a relatively compact subset X. = {¢ < ¢} cC X, we thus have n. > 2« for
e < €(c) small enough. Simple calculations yield

i{D’s, s}

i{D’s,D's} i{D’'s,s} N{s,D's} {iOgs,s}
s2+e2  (|s2+e2)2 s +e?
g2 i{D’'s,s} N{s,D's} {iOgs, s}

[s2 (sP+e2)? s +e2

2 .
e ., 9 {iOgs, s}
Wld(fe/\d UE—W,

ido, =

L TN 174
idd'o. =

WV

=

thanks to Lagrange’s inequality i{D’s, s} A {s, D’'s} < |s|?i{D’s, D’s}. On the other
hand, we have d'n. = —x((0c)do. with 1 < x((0:) < 2, hence

—id'd"n. = xy(o)id'd" o + x{ (02)id' o ANd" o

{i®gs, s}
5|2+ €2

1 52 X8<U€) s ! 1" /
2 <X6(0'5) W + X6(0'5>2)1d Te A d Te — XO(UE)

We consider the original metric of L multiplied by the weight |s|=2". In this way, we get
a curvature form
—1 {i®E87 8}

. . 1
1@L—|—7‘1d/d”10g|8\2 Z §X6(U€)O‘ |s|2 + &2

by hypothesis (a), thanks to the semipositivity of the left hand side and the fact that
%X{)(as)ﬁ < # As n. > 2a on X, for € small, we infer

: < g g 2 < g/ gl Xg(UE) < q/ /! 62 < q/ /!
n(10r +id'd" log |s|”) —id'd"n. — = sidne ANd'ne > ———7idn. ANd'ne
Xo(oe) Xo(oe)]s]
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on X,.. Hence, if \. = x{(0-)?/x{(02), we obtain

B. == [n.(i0 +id'd"log|s|?) —id'd"n. — A 'id'n- Ad"n- , A
82 2

9
> | — idn Ad"ne , Al = —————(d"n)(d"ne)*
a7 e A e )

Xo (o)
as an operator on (n, q)-forms (see the proof of Lemma 12.1).

Let 6 : R — [0,1] be a smooth cut-off function such that 6(¢) = 1 on | — 00, 1/2],
Suppf C ] —oo,1[ and || < 3. For € > 0 small, we consider the (n,q)-form F. =
0(c2|s|?) Fs and its D"-derivative

ge = D'"F. = (14+¢72|5]*)0' (e %|5*)d"0- A Fso + 0(c2|5|*) D" Fy,
[as is easily seen from the equality 1 + ¢72|s|? = ¢72e%=]. We observe that g. has its
support contained in the tubular neighborhood |s| < &; moreover, as ¢ — 0, the second
term in the right hand side converges uniformly to 0 on every compact set; it will therefore
produce no contribution in the limit. On the other hand, the first term has the same
order of magnitude as d”o. and d"’n., and can be controlled in terms of B.. In fact, for
any (n,q)-form v and any (n,q + 1)-form v we have

[{d"ne A, o) = [{u, (7)) * < [ul?|(d"ne) o] = [ul*((d"ne) (d ") v, v)

Xo(0¢)

~ e2 ‘U| < €U7U>-

This implies

B /0_52
(B2 @ ). (e n)) < X002

The main term in g. can be written

gl = (147250 (e 2[5 x0(0e) " d e A .
On Supp ggl) C {|s| < e}, since x{(oe) > 1, we thus find

(B g, o) < (L+e72|s?)? 0/ (725 )? | Foo .

Instead of working on X itself, we will work rather on the relatively compact subset
X \Y,, where Y, = YNX,. = YN{¢ < ¢}. Weknow that X .\Y, is again complete Kéhler
by a standard Lemma (see [Dem82b], Th. 1.5). In this way, we avoid the singularity of
the weight |s| 72" along Y. We find

/ <Bglg§”,g§”>|s\‘2’“de</ |Fao|2(1 + £72]5[2)20 (e 2s]2)2|s| ~2"dV,,.
X . N\Y, X . N\Y,

Now, we let ¢ — 0 and view s as “transverse local coordinates” around Y. As F.
coincides with f on Y, it is not hard to see that the right hand side converges to
¢r [y |fIP|A"(ds)|~2dVy,, where ¢, is the “universal” constant

Li” AT (dz) A AT (dZ)

|Z|27"

qz/ (1 + [0 (22) < too
z€Cr, |z|<1
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depending only on 7. The second term
g§2) — 0(8_2|8|2)d//F00

in g. satisfies Supp(gs (2 )) C {|s| < e} and |g§2)\ = O(|s|) (just look at the Taylor expansion
of d"F near Y). From this we easily conclude that

/x y<B g, g [s| 7T dVx o = O(?),

provided that B. remains locally uniformly bounded below near Y (this is the case for
instance if we have strict inequalities in the curvature assumption (a)). If this holds true,
we apply Proposition 12.4 on X\ Y, with the additional weight factor |s|~2". Otherwise,
we use the modified estimate stated in Remark 12.5 in order to solve the approximate
equation D"u + §'/2h = g. with § > 0 small. This yields sections u = ucc5, b = hecs
such that

/ (e + Ae) ™ utgre 5 2|5] 2" AV, + / e sl 2" dV,
X . \Y.

XeNYe

<9 / (B.+61) g, g.)|s| 2" dV,
XNY,

and the right hand side is under control in all cases. The extra error term §'/2h can
be removed at the end by letting ¢ tend to 0. Since there is essentially no additional
difficulty involved in this process, we will assume for SiIIlpliClt?I of exposmon that we do
have the required lower bound for B. and the estimates of go’ and g6 as above. For
d = 0, the above estimate provides a solution u. . of the equation D"u.. = g. = D"F,
on X. \Y,, such that

/ (1 + Ae) e8| 7 dVxw < 2/ (B ges ge) |87 dVx
X\, X \Y.

11
<20 [, ot + 00

Here we have
= log(|s|* +¢%) <log(e™** +¢%) < —2a + O(¢?) < =2+ O(?),
Ne =€ — Xo(0:) < (14 0O(e))o?
X6(06)2 2 2
=(1—-0)*+(1—0.) <(3+0(¢))o:
(2] ( )7+ ( ) < ( (€))
e+ A < (44 0(€))0? < (44 0(e)) (—log(|s[* +£2)) .

A=

As F. is uniformly bounded with support in {|s| < €}, we conclude from an obvious
volume estimate that

|F.|? Const
dVx o < —.
/Xc (s + %) (= log([s]? +2))2 " = (loge)?
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Therefore, thanks to the usual inequality |t +u|? < (1 +k)[t]? + (1 + k7 1)|u|? applied to
the sum F, . = f. — u.. with k = |loge|, we obtain from our previous estimates

WV < Scr / _P
2 v, [A7(ds)?

/ |[Fecl®
xov. (I8 +e2)7(=log(s|* + €?))

dVy., + O(|loge| ™).

In addition to this, we have d”’F. . = 0 by construction, and this equation can be seen
to extend from X, \ Y. to X, by the L? estimate ([Dem82b], Lemma 6.9).

If ¢ = 0, then u. . must also be smooth, and the non integrability of the weight |s| 2"
along Y shows that u. . vanishes on Y, therefore

Foory =Foy = Fory = f.

The theorem and its final estimate are thus obtained by extracting weak limits, first as
e — 0, and then as ¢ — +oo. The initial assumption that ¥ = {s = A"(ds) = 0} is
empty can be easily removed in two steps: i) the result is true if X is Stein, since we can
always find a complex hypersurface Z in X such that ¥ C YNZ C Y, and then apply the
extension theorem on the Stein manifold X \ Z, in combination with L? extension; ii)
the whole procedure still works when ¥ is nowhere dense in Y (and possibly nonempty).
Indeed local L? extensions E still exist by step i) applied on small coordinate balls Uj ;
we then set Fiopo = ) Gj]?j and observe that | D" F,|?|s| 2" is locally integrable, thanks to
the estimate ij ;1215|727 (log |s])"2dV < +o00 and the fact that | 3> d”8; A f;| = O(|s]%)
for suitable § > 0 [as follows from Hilbert’s Nullstensatz applied to f; — ﬁ at singular
points of Y ].

When g > 1, the arguments needed to get a smooth solution involve more delicate
considerations, and we will skip the details, which are extremely technical and not very
enlightening.

(12.7) Remarks.

(a) When g = 0, the estimates provided by Theorem 12.6 are independent of the Kéhler
metric w. In fact, if f and F' are holomorphic sections of A"T% ® L over Y (resp. X),
viewed as (n,0)-forms with values in L, we can “divide” f by A"(ds) € A"(TX/TY)* ®
det E to get a section f/A"(ds) of APTy @ L ® (det E)~! over Y. We then find

|2V, =" {F, F},

7”‘2 — i "(ds "(ds
Ve = LA () /A ()

where {e, o} is the canonical bilinear pairing described in (3.3).

(b) The hermitian structure on FE is not really used in depth. In fact, one only needs F
to be equipped with a Finsler metric, that is, a smooth complex homogeneous function
of degree 2 on E [or equivalently, a smooth hermitian metric on the tautological bundle
Op(g)(—1) of lines of E over the projectivized bundle P(E), see (4.12)]. The section
s of E induces a section [s] of P(E) over X \ s7!(0) and a corresponding section 3 of
the pull-back line bundle [s]*@pg)(—1). A trivial check shows that Theorem 12.6 as
well as its proof extend to the case of a Finsler metric on F, if we replace everywhere
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{i©gs, s} by {iO(g+0p ) (~1)5: 5 } (especially in hypothesis 12.6 b)). A minor issue is that
|A"(ds)| is (a priori) no longer defined, since no obvious hermitian norm exists on det E.
A posteriori, we have the following ad hoc definition of a metric on (det E)* which makes
the L? estimates work as before: for x € X and & € A"E*, we set

iENE

|Z|2r

(

1
€17 = —/ (14 [2])%6"(|2]*)?
c z€FE,

where |z| is the Finsler norm on E, [the constant ¢, is there to make the result agree
with the hermitian case; it is not hard to see that this metric does not depend on the
choice of 6].

¢) Even when ¢ = 0, the regularity of u. . s requires some explanations, in case > 0.
q g y JEs q p
In fact, the equation
D/IU/C,€,5 + 61/2hc,€,5 =g = D//Fs

does not immediately imply smoothness of u. ¢ 5 (since h. . s need not be smooth in gene-
ral). However, if we take the pair (e s, hec.s) to be the minimal L? solution orthogonal
to the kernel of D” @¢'/21d, then it must be in the closure of the image of the adjoint ope-
rator D”* @ 6'/21d, i.e. it must satisfy the additional condition D"*hees = 51/2uc’6’5,
whence (A" + §1d)he.s = (D"D"* 4 §1d)h..s5 = 6'/2D"F., and therefore h.. s is
smooth by the ellipticity of A”. O

We now present a few interesting corollaries. The first one is a surjectivity theorem
for restriction morphisms in Dolbeault cohomology.

(12.8) Corollary. Let X be a projective algebraic manifold and E a holomorphic vec-
tor bundle of rank r over X, s a holomorphic section of E which is everywhere trans-
verse to the zero section, Y = s71(0), and let L be a holomorphic line bundle such that
F=LY"®E* s Griffiths positive (by this, we just mean formally that
%i@L ®1Idg —iOp >t 0). Then the restriction morphism

HYY(X,A"T% ® L) — H"(Y,A\"T% ® L)
is surjective for every q = 0.

Proof. A short computation gives
D/
idd" log|s|? = id’<7{s" |25})
s

_ i({D/S,D/S} B {D's,s} N{s,D’s} N {s,@ES}) - _{i®gs, s}

|52 |s]* |52 |52

thanks to Lagrange’s inequality and the fact that O is antisymmetric. Hence, if § is a
small positive constant such that

1
—i0p + -0 ® Idg Z2arir 0w ® Idg > 0,
T

we find
10 +ridd log|s|> > réw.
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The compactness of X implies iOp < Cw ® Idg for some C' > 0. Theorem 12.6 can thus
be applied with @ = r§/C and Corollary 12.8 follows. By remark 12.7 b), the above
surjectivity property even holds if L'/" ® E* is just assumed to be ample (in the sense
that the associated line bundle 7*L'/" ® @ p(p)(1) is positive on the projectivized bundle
m: P(E) — X of lines of E). O

Another interesting corollary is the following special case, dealing with bounded
pseudoconvex domains 2 CC C™. Even this simple version retains highly interesting
information on the behavior of holomorphic and plurisubharmonic functions.

(12.9) Corollary. Let 2 C C" be a bounded pseudoconver domain, and let Y C X be a
nonsingular complex submanifold defined by a section s of some hermitian vector bundle
E with bounded curvature tensor on ). Assume that s is everywhere transverse to the
zero section and that |s| < e~ on Q. Then there is a constant C > 0 (depending only
on E), with the following property: for every psh function ¢ on ), every holomorphic
function f on'Y with [, |f]*|A"(ds)|"?e~¥dVy < +oo, there exists an extension F of f
to Q0 such that

/17

—PdVs.
@ WY

/ |F|2 e PdVqo < C
q |s[*"(—log|s])?

Proof. We apply essentially the same idea as for the previous corollary, in the SpeCiZal case
when L = Q x C is the trivial bundle equipped with a weight function e~¢~4l?I". The
choice of a sufficiently large constant A > 0 guarantees that the curvature assumption

12.6 a) is satisfied (A just depends on the presupposed bound for the curvature tensor
of E). O

(12.10) Remark. The special case when Y = {2} is a point is especially interesting. In
that case, we just take s(z) = (ediam Q)1 (z — 2¢), viewed as a section of the rank r = n

trivial vector bundle Q x C™ with |s| < e~!. We take a = 1 and replace |s|*>"(—log|s|)?
in the denominator by |s|2("~%), using the inequality

1 1
—log|s| = glog|s|_E < g|s|_5, Ve > 0.

For any given value fy, we then find a holomorphic function f such that f(z¢) = fo and

ACH I R— Cn 2 (z
/Q |2_20‘2(n_6)e v qVa < 62(diamQ)2(”_5)|fO‘ e—#(20)

§ 12.D. Skoda’s division theorem for ideals of holomorphic functions

Following a strategy inpired by T. Ohsawa [Ohs02, Ohs04], we reprove here a ver-
sion of Skoda’s division theorem for ideals of holomorphic functions, by reducing it to an
extension problem. Our approach uses Manivel’s version of the extension theorem pre-
sented above, and leads to results very close to those of Skoda [Sko80], albeit somewhat
weaker.

Let (X,w) be a Ké&hler manifold, dim X = n, and let ¢ : £ — @ a holomorphic
morphism of hermitian vector bundles over X. Assume for a moment that g is everywhere
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surjective. Given a holomorphic line bundle . — X, we are interested in conditions
insuring that the induced morphism g : HY(X, Kx ® E® L) - HY (X, Kx ® Q® L) is
also surjective (as is observed frequently in algebraic geometry, it will be easier to twist
by an adjoint line bundle Kx ® L than by L alone). For that purpose, it is natural to
consider the subbundle S = Ker g C E and the exact sequence

(12.11) 0—S 1 ELQ—0

where 7 : S — FE is the inclusion, as well as the dual exact sequence
(12.11) 0—Q Lp I o,

which we will twist by suitable line bundles. The main idea of [Ohs02, Ohs04] is that
finding a lifting of a section by g is essentially equivalent to extending the related section
on Y = P(Q*) =P(Q) to X = P(E*) = P(E), using the obvious embedding Y C X of
the projectivized bundles. In fact, if rg = rg — rg are the respective ranks of our vector
bundles, we have the classical formula

(12.12) Ky = Kpg) = 7" (Kx © det E) ® Opg(—1s)

where 7 : P(E) — X is the canonical projection. Therefore, since E coincides with the
direct image sheaf m,Opg)(1), a section of H°(X,Kx ® E® L) can also be seen as a
section of

(12.13) HY (%, Ky ® Oy(rsg +1) @ n*(L @ det E7)).

Now, since @y (1) cy = Oy(1) = Op(g)(1), the lifting problem is equivalent to extending
to % a section of the line bundle (Ky ® &) where &£ = Oy (rs+1) @ 7*(L @ det E~1).
As a submanifold, Y is the zero locus of the bundle morphism

Oppy(—1) = 7" E* = n*(E*/Q") = 7" 5",
hence it is the (transverse) zero locus of a naturally defined section
(12.14) s€ HO(%,€) where € := 775" ® Op(g)(1).

Let us assume that E is endowed with a smooth hermitian metric h such that O j is
Griffiths semi-positive. We equip @ with the quotient metric and S, Op(g)(1), det E,
‘€ (...) with the induced metrics. A sufficient curvature condition needed to apply the
Ohsawa-Takegoshi-Manivel extension theorem is

Oy,
10 + rgid'd” log |s|* > 6%

s
for ¢ > 0 small enough (i.e. in some range € € [0,&0], g < 1). Since id'd"” log|s|* >

—iBap(r) (1) — %, we obtain the sufficient condition

{iOr+g+s, s}

(1215> 71-*iG)L@det g-1+ (1 - €>i®@]P’(E)(1) - (TS + 5) ‘S|2

>0, e € [0, &p].
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The assumption that E is Griffiths semi-positive implies iOget g = 0, i@@w( g1 =0 and
also

{1@7‘.*5* S, 8}

Kk

(12.16) < iOget -

In fact this is equivalent to proving that S ®det ) is Griffiths semi-positive, but we have
in fact S®detQ = S®detS™! ® det E = A™5~18* ® det E, which is a quotient of
A"sTIE* @ det E = A"#~"sT1E > (. This shows that (12.15) is implied by the simpler
condition

(12.17) iO7 > 1O4et E + (TS + 50>i®detQ7

in particular L = det E ® (det Q)*, k > rg, satisfies the curvature condition. We derive
from there:

(12.18) Theorem. Assume that (X,w) is a Kdhler manifold possessing a complete
Kdhler metric 0, and let g : E — Q be a surjective morphism of holomorphic vector bun-
dles, where (E, hg) is a Griffiths semi-positive hermitian bundle. Consider a hermitian
holomorphic line bundle (L,hy) such that

i@L—(Ts-i-e)i@detQ—i@detE20, rs =Tg —TrQ, e>0.

Then for every L? holomorphic section f € H(X,Kx ® Q ® L) there exists a L holo-
morphic section h € H* (X, Kx ® E® L) such that f = g-h and |h||* < Cprp.ell fII*.

Proof. We apply Theorem 12.6 with respect to the data (%, Y, €, ¥£) and a = &1,
r = rg. Since |s| < 1, we have to multiply s by § = exp(—1/¢) to enforce hypothesis
12.6 b). This affects the final estimate only as far as the term log|s| is concerned,
since both |s|>" and |A"(ds)|> = 1 are multiplied by §%". Finally, we apply Fubini’s
theorem to reduce integrals over X or Y to integrals over X, observing that all fibers of
X = P(F) — X are isometric and therefore produce the same fiber integral. Theorem
12.18 follows. By exercising a little more care in the estimates, one sees that the constant
Ch.rp. is actually bounded by C,, ,.,e~2, where the e~2 comes from the term (—log|s|)?,
after s has been multiplied by exp(—1/¢). O

Skoda’s original method is slightly more accurate. It shows that one can take
Ch.rp.e = € ', and, more importantly, replaces the curvature hypothesis by the weaker
one
(12.19)

107 — (k+¢€)iOdet 9 —1Odet £ = 0, k =min(rg,n), rs =rg—rg, n=dimX, ¢ >0,

which does not seem so easy to obtain with the present method. It is however possible to
get estimates also when () is endowed with a metric given a priori, that can be distinct
from the quotient metric of E by g. Then the map ¢g*(gg*)~! : Q — E is the lifting of
@ orthogonal to S = Ker g. The quotient metric | ® |" on @ is therefore defined in terms
of the original metric | @ | by

[0 = |g*(99") "0l = {(99") 'v,v) = det(gg") " (gg%v, )
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where §§¥ € End(Q) denotes the endomorphism of ) whose matrix is the transposed
comatrix of gg*. For every w € det ), we find

] = det(g9™) ™" [w]*.

If Q" denotes the bundle @ with the quotient metric, we get

1Ot 0/ = 1Odet ¢ + 1d'd" log det(gg™).
In order that the hypotheses of Theorem 12.18 be satisfied, we are led to define a new
metric | e |" on L by |u|? = |ul? (det(gg*))_m_g. Then

10 =101 + (m +¢)id'd" logdet(gg*) = (m + €) iOget ¢'-

Theorem 12.18 applied to (E,Q’, L") can now be reformulated:
(12.20) Theorem. Let X be a weakly pseudoconvex manifold equipped with a Kdhler
metric w, let E — Q be a generically surjective morphism of hermitian vector bundles

with E Griffiths semi-positive, and let L — X be a hermitian holomorphic line bundle.
Assume that

107 — (rg +€)iOget @ — 1Oget £ = 0, rs=rg—rqg, €>0.
Then for every holomorphic section f of Kx ® Q) ® L such that

I= [ (65 F. ) (etgg) T v < +ov,
X
there exists a holomorphic section of Kx ® E ® L such that f = g-h and
/ |h|? (det gg*) "= dV < Cppp e L.
X

In case Q) is of rank 1, the estimate reduces to

J B2 A < Cope [ 7Pl av

Proof. if Z C X is the analytic locus where g : E — @ is not surjective and X, = {¢ < ¢}
is an exhaustion of X by weakly pseudoconvex relatively compact open subsets, we exploit
here the fact that X, \ Z carries a complete metric (see [Dem82b]). It is easy to see that
the L? conditions forces a section defined a priori only on X \ Z to extend to X. U

The special case where E = @’gp and Q = @q are trivial bundles over a weakly
pseudocovex open set 2 C C" is already a quite substantial theorem, which goes back
to [Sko72b]. In this case, we take L to be the hermitian line bundle (@, e~ %) associated
with an arbitrary plurisubharmonic function ¢ on €.

(12.21) Corollary (Skoda’s division theorem). Let f, ¢1,...,9, be holomorphic func-
tions on a weakly pseudoconvex open set @ C C™ such that [, |f2]g| 2Pt —2ee=2qV <
+oo for some plurisubharmonic function ¢. Then there exist holomorphic functions h;,
1<j<p, such that f =) gjh; on Q, and

/ ]2 |g| 20~ D20~ qv < ), / F2 gl "2 P aV,
X X



98 Jean-Pierre Demailly, Analytic methods in algebraic geometry

§ 13. Approximation of closed positive currents by analytic cy-
cles

§ 13.A. Approximation of plurisubharmonic functions via Bergman kernels

We prove here, as an application of the Ohsawa-Takegoshi extension theorem, that
every psh function on a pseudoconvex open set 2 C C" can be approximated very
accurately by functions of the form clog |f|, where ¢ > 0 and f is a holomorphic function.
The main idea is taken from [Dem92]. For other applications to algebraic geometry, see
[Dem93b] and Demailly-Kollar [DKO01]. Recall that the Lelong number of a function
¢ € Psh(Q) at a point zg is defined to be

su
(13.1) v(p,xg) = liminf& = lim M.
z—zo log |Z — x0| r—04 logr

In particular, if ¢ = log|f| with f € @(2), then v (¢, xg) is equal to the vanishing order
ord,, (f) = sup{k € N D*f(z0) = 0, V]a| < k}.

(13.2) Theorem. Let ¢ be a plurisubharmonic function on a bounded pseudoconvex open
set Q@ C C™. For every m > 0, let #Hq(mey) be the Hilbert space of holomorphic functions
[ on Q such that [, |f|*e>™?d\ < 400 and let p,, = 5-log > |o¢|* where (o) is an
orthonormal basis of Hq(mey). Then there are constants C1,Co > 0 independent of m
such that

(&5 1
a) ¢(z) — — < pm(2) < sup () + —log—
(a) ©(2) - (2) |C—z|<r() —log

for every z € Q and r < d(z,09). In particular, ¢,, converges to ¢ pointwise and
in Li. . topology on Q when m — +oo and

(b) v(p,z)— % < v(om,2) < v(p,z) for every z € Q.

Proof. (a) Note that > |o¢(2)|? is the square of the norm of the evaluation linear form
ev, : [ — f(2) on Hq(mey), since o4(z) = ev,(oy) is the ¢-th coordinate of ev, in the
orthonormal basis (0y). In other words, we have

Y loe(2)P = sup |f(2)]?
feB(1)
where B(1) is the unit ball of #(m¢) (The sum is called the Bergman kernel associated
with # o (mep).) As ¢ is locally bounded from above, the L? topology is actually stronger
than the topology of uniform convergence on compact subsets of (2. It follows that the
series Y |oy|? converges uniformly on 2 and that its sum is real analytic. Moreover, by
what we just explained, we have

1
pm(2) = sup —log|f(z).
feB() M
For zp € Q and r < d(z9, 09), the mean value inequality applied to the psh function |f|?
implies
—rEn Tl |[f(2)I7dA(2)
ﬂ-nTZn/n! |z—z—0|<r

1
exp (Qm sup gp(z))/|f|26_2m“’d)\.
Q

= onge2n
T /n' |z—zo|<T

| f(20)> <
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If we take the supremum over all f € B(1) we get

1 1

om(20) < sup  @(2) + 5—log —nan
2= 20| <r 2m 7 wnr2n/n)

and the second inequality in (a) is proved — as we see, this is an easy consequence of the
mean value inequality. Conversely, the Ohsawa-Takegoshi extension theorem (Corollary
12.9) applied to the 0-dimensional subvariety {zo} C € shows that for any a € C there
is a holomorphic function f on € such that f(z¢) = a and

/ ‘f‘Ze—Qm@d)\ < C'3|a\26_2m“0(20),
Q
where C3 only depends on n and diam 2. We fix a such that the right hand side is 1.

Then || f|| < 1 and so we get

log Cs

1 1
o (z0) > —1 -1 — - .
©m(20) — og | f(z0)| - og a| = ¢(2) 5

The inequalities given in (a) are thus proved. Taking r = 1/m, we find that
limy— 400 SUP|¢ 5 <1/m P(C) = ¥(2) by the upper semicontinuity of ¢, and therefore
lim ¢, (2) = (2), since lim X log(Com™) = 0.

(b) The above estimates imply

Cl 1 02
sup @(2) — — < sup @m(2) < sup o) + —log —.
|z—zo|<r m |z—zo|<T |z—z0|<2r m rn

After dividing by logr < 0 when r — 0, we infer

C
SUP|. sy <c2r P(2) + 7 108 TF _ Sy <r Pm(2) _ Sy < 9(2) — T
logr h logr h logr ’
and from this and definition (13.1), it follows immediately that
n
V(cp,x)—aéu(cpm,z)éu(cp,z) U

Theorem 13.2 implies in a straightforward manner the deep result of [Siu74] on the
analyticity of the Lelong number upperlevel sets.

(13.3) Corollary [Siu74]). Let ¢ be a plurisubharmonic function on a complex mani-
fold X . Then, for every ¢ > 0, the Lelong number upperlevel set

Ep) ={z€X; v(p,2) = c}
1s an analytic subset of X.

Proof. Since analyticity is a local property, it is enough to consider the case of a psh
function ¢ on a pseudoconvex open set 2 C C™. The inequalities obtained in 13.2 b)
imply that

m>=mg
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Now, it is clear that F.(¢,,) is the analytic set defined by the equations aéa) (z) = 0 for all
multi-indices « such that |a| < me. Thus E.(¢) is analytic as a (countable) intersection
of analytic sets. U

(13.4) Remark. It can be easily shown that the Lelong numbers of any closed positive
(p, p)-current coincide (at least locally) with the Lelong numbers of a suitable plurisub-
harmonic potential ¢ (see Skoda [Sko72a]). Hence Siu’s theorem also holds true for the
Lelong number upperlevel sets E.(T') of any closed positive (p, p)-current T'.

§ 13.B. Global approximation of closed (1,1)-currents on a compact complex
manifold

We take here X to be an arbitrary compact complex manifold (no Kéhler assumption
is needed). Now, let T be a closed (1,1)-current on X. We assume that T is almost
positive, i.e. that there exists a (1, 1)-form v with continuous coefficients such that 7" > -~ ;
the case of positive currents (v = 0) is of course the most important.

(13.5) Lemma. There exists a smooth closed (1,1)-form a representing the same 90-
cohomology class as T and an almost psh function ¢ on X such that T = o + %859@.
(We say that a function ¢ is almost psh if its complex Hessian is bounded below by a
(1,1)-form with locally bounded coefficients, that is, if i00¢ is almost positive).

Proof. Select an open covering (U;) of X by coordinate balls such that T = %85% over
U;, and construct a global function ¢ = ) 6;¢; by means of a partition of unity (¢;)
subordinate to U;. Now, we observe that ¢ — ¢ is smooth on Uy because all differences
¢, — i, are smooth in the intersections U; NUy and ¢ — ¢ = > 0;(p; — ¢x)). Therefore
a:=T— %85@ is smoth. O

By replacing T' with T'—« and  with v —«, we can assume without loss of generality
that {T'} = 0, i.e. that T' = 20Jy with an almost psh function ¢ on X such that

200p = .
Our goal is to approximate 7" in the weak topology by currents 1;, = %a&pm such
their potentials ,, have analytic singularities in the sense of Definition 1.10, more

precisely, defined on a neighborhood V,, of any point o € X in the form ¢,,(z) =
cm log |o;j.m|* + O(1), where ¢, > 0 and the o}, are holomorphic functions on V.

We select a finite covering (W,) of X with open coordinate charts. Given § > 0, we
take in each W, a maximal family of points with (coordinate) distance to the boundary
> 30 and mutual distance > §/2. In this way, we get for 6 > 0 small a finite covering
of X by open balls U; of radius § (actually every point is even at distance < /2 of
one of the centers, otherwise the family of points would not be maximal), such that
the concentric ball U; of radius 20 is relatively compact in the corresponding chart W,,.
Let 7; : U; — B(a;,20) be the isomorphism given by the coordinates of W,. Let
£(6) be a modulus of continuity for v on the sets Uj, such that lims_oe(d) = 0 and
Yo — Yo < 36(8)w, for all z,2’ € U;. We denote by v, the (1,1)-form with constant
coefficients on B(aj,2d) such that 777, coincides with v — e(d) w at Tj_l(aj). Then we
have

(13.6) 0<y—7/7 <2(0)w on Uj
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for 6 > 0 small. We set ¢; = po Tj_l on B(a;,2d) and let ¢; be the homogeneous

quadratic function in z — a; such that %85% =7, on B(a;,26). Finally, we set

(13.7) Yi(z) = ¢;(2) —qj(2) on B(a;,20).
Then 1; is plurisubharmonic, since

7 —
;68(%‘ or)) =T —1iv;=2~v—1;v; = 0.

We let UJ{ cC UJ'-’ CC U, be concentric balls of radii 6, 1.59, 2J respectively. On each
open set U; the function ¢; := ¢ — ¢; o 7; defined in (13.7) is plurisubharmonic, so
Theorem (13.2) applied with Q = U; produces functions

1 .
(13.8) Vjm = o logz l0j0|®,  (0j¢) = basis of Hy, (mapy).
)4

These functions approximate v; as m tends to +oo and satisfy the inequalities

o 1. G
(13.9) Yj(x) — S Yim(z) < KE‘;&MO + —log .

The functions ;. + ¢; o 7; on U; then have to be glued together by a partition of
unity technique. For this, we rely on the following “discrepancy” lemma, estimating the
variation of the approximating functions on overlapping balls.

(13.10) Lemma. There are constants C; i independent of m and § such that the almost
psh functions w; ., = 2m(;jm + q; 0 7;), i.e.

2

Wjm(x) =2mgq;oT;(x)+ logz }O’j’g(l‘) , T€E UJ{',
V4

satisfy
[wj.m — Wim| < Cjx(logd~ " +me(6)6%)  on U/ NUY.

Proof. The details will be left as an exercise to the reader. The main idea is the following;:
for any holomorphic function f; € #Hy, (my;), a 0 equation du = 9(ff;) can be solved
on Uy, where ¢ is a cut-off function with support in U} N U}/, on a ball of radius < §/4,
equal to 1 on the ball of radius §/8 centered at a given point zo € U;'NU;/. We apply the
L? estimate with respect to the weight (n + 1) log |x — x¢|? + 2maby, where the first term
is picked up so as to force the solution v to vanish at zg, in such a way that Fj, = u—0f;
is holomorphic and Fj(z9) = f;(x0). The discrepancy between the weights on U}" and

"
p 1S

bj(x) = r(x) = — (g5 0 7(x) — qi, o Th(x))

and the 90 of this difference is O(£(6)), so it is easy to correct the discrepancy up to a
O(£(6)8?) term by multiplying our functions by an invertible holomorphic function G .
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In this way, we get a uniform L? control on the L? norm of the solution f; = Gj5Fy =
Gjr(u — 0f;) of the form

/ ‘fk‘Ze—Zmzpk < Cj’k6_2n_4€m0(€(6)62)/ |fj|2€_2m¢j~
Uy Uj

The required estimate follows, using the fact that

2mijm () _ Z |0j’£(x)|2 - sup If(2)]? on U;,
¢ fe%Uj(mwj)’Hngl

and the analogous equality on Uy. U

Now, the actual glueing of our almost psh functions is performed using the following
elementary partition of unity calculation.

(13.11) Lemma. Let U; CC U}’ be locally finite open coverings of a complex manifold X
by relatively compact open sets, and let 6; be smooth nonnegative functions with support
m U]'-’, such that 0; <1 on UJ'-’ and 0; =1 on U]’-. Let Aj > 0 be such that

2(938593 — 603 /\50j> 2 —Ajw on U]H AN U]/

for some positive (1,1)-form w. Finally, let w; be almost psh functions on U; with the
property that i@gwj > v for some real (1,1)-form v on M, and let C; be constants such
that
wi(z) <Cj+ sup  wp(xr) on U \Uj.
k#3,U, >z

Then the function w = log (Z H?ewﬂ') is almost psh and satisfies

J

Proof. If we set a; = 0;0w; + 200;, a straightforward computation shows that

Z(@?(‘)wj + 20j89j)6wj _ Z Hjewa' Qa;
> 0%ews > 0zewi
Z(Oéj A aj+9?65wj+29j859j—289j/\59j)e“’j Zj,k Qje“’j 0 e"x ;A\
Z gj e ( Z 9?8 J)
_ Zj<k }Qjozk—ﬁkozj ’28% evr +Z sz-ewj O0w; +E(29j359j—289j/\59j)ewj
(St g >0

ow =

HOw =

by using the Legendre identity. The first term in the last line is nonnegative and the
second one is > 7. In the third term, if = is in the support of 6;000; — 00; A 06;, then
x € U/ \U; and so wj(z) < Cj +wi(z) for some k # j with Uy 5 x and 0 (z) = 1. This
gives

ZZ (29J(959] — 269] A 59]-)6“’3'

C:
I S A
J |

J
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The expected lower bound follows. O
We apply Lemma (13.11) to functions w; ,,, which are just slight modifications of the

functions w; ,, = 2m(1; , + ¢; © 7;) occurring in (13.10) :

B () = win(@) + 2m( T 4 Coz(8)(6/2 ~ I (@)?))
= 2m(45,m() + 45 0 75(@) + -+ Cos(5)(/2 ~ Iy ()]))

where x — z = 7;(z) is a local coordinate identifying U; to B(0,24§), C} is the constant
occurring in (13.9) and Cj is a sufficiently large constant. It is easy to see that we can
take A; = C46~2 in Lemma (13.11). We have

. C
Wj,m = Wj,m + 2C1 + m§5(5)52 on B(z;,6/2) C Uy,
since |7;(x)| < /2 on B(zj,0/2), while
?:L}j’m < Wi m + 201 — m035(5)52 on U]// N U]/

For m > mg(8) = (log 1 /(£(6)8?), Lemma (13.10) implies |w; m — Wi m| < Csme(8)5?
on U/ NU;/. Hence, for C3 large enough, we get

Wi,m(2) < sup Wi () < sup  wrm(z) on U \Uj,
k;é]a B($k75/2)9‘r k#]: U]/QS:E

and we can take C; = 0 in the hypotheses of Lemma (13.11). The associated function
w = log (Y 9?6““7*”) is given by

C
w=1log > 02 exp (2m(Yym + 45075 + -+ Coc()(0%/2 — |1 ]%)) ).
J

If we define ¢, = ﬁw, we get

1 C, , Gy
m () == %w(l’) 2 jm(x) + g5 07j(x) + P I5(5)52 > ()
in view of (13.9), by picking an index j such that z € B(x;,6/2). In the opposite
direction, the maximum number N of overlapping balls U; does not depend on §, and
we thus get

C, C
w < log N + Qm(max {jm(®) +qjori(z)} + El + 735(5)62)
j

By definition of ¢; we have sup._, <, ¥;(C) < supc_y <, ¢(¢) — ¢; o 7j(x) + Csr thanks
to the uniform Lipschitz continuity of ¢; o 7;, thus by (13.9) again we find

log N C 1 C C
BT 4+ sup P(C) + — + —log —= + —2£(8)8% + Cyr
2m IC—a|<r m o m rm 2

om(r) <
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By taking for instance r = 1/@ and § = d,, — 0, we see that ¢,, converges to . On the
other hand (13.6) implies 00q; o 7;(x) = 7/v; = v — 2e(6)w, thus

%aéwj,m > 2m(y — Cee(d)w).

Lemma (13.11) then produces the lower bound

L 9w > 2m(’y — 065(5)w) — C70 2w,

™

whence .
i(‘)gcpm >y — Cge()w
T

for m > mo(8) = (logd=1)/((6)6%). We can fix § = §,, to be the smallest value of
d > 0 such that mgy(d) < m, then J,, — 0 and we have obtained a sequence of quasi psh
functions ¢,, satisfying the following properties.

(13.12) Theorem. Let ¢ be an almost psh function on a compact complex manifold
X such that %85@ > v for some continuous (1,1)-form ~. Then there is a sequence of
almost psh functions p,, such that ¢, has the same singularities as a logarithm of a sum
of squares of holomorphic functions and a decreasing sequence €,, > 0 converging to 0
such that

; logr

() @(x) <pm(r) < sup @(()+ C(M +r+ €m)
[¢—z|<r m

with respect to coordinate open sets covering X. In particular, ¢,, converges to ¢

pointwise and in L'(X) and

(i) v(.2) = — < V(pm,x) < v(p,z) for every € X
m
(if]) ~0Dpm = 7 — Emw.
Y

In particular, we can apply this to an arbitrary positive or almost positive closed
(1,1)-current T' = a + =90¢.

(13.13) Corollary. Let T be an almost positive closed (1,1)-current on a compact
complex manifold X such that T > 7 for some continuous (1,1)-form ~. Then there
is a sequence of currents T,, whose local potentials have the same singularities as 1/m
times a logarithm of a sum of squares of holomorphic functions and a decreasing sequence
€m > 0 converging to 0 such that

(i) T, converges weakly to T,

(ii) v(T,x) — n <v(Th,z) <v(T,z) for everyx € X;
m

(iii) T = v — Emw.

We say that our currents T, are approrimations of T possessing logarithmic poles.

By using blow-ups of X, the structure of the currents 7;,, can be better understood.
In fact, consider the coherent ideals ¥,, generated locally by the holomorphic functions
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(o (k)

o, ) on Uy, in the local approximations

i = g o8 S I -0

of the potential ¢ of T' on Ug. These ideals are in fact globally defined, because the local
ideals ( ) = = ( §kr)rL) are integrally closed, and they coincide on the intersections Uy N Uy
as they have the same order of vanishing by the proof of Lemma (13,10). By Hironaka
[Hir64], we can find a composition of blow-ups with smooth centers i, : X,m — X such
that p’ ¥, is an invertible ideal sheaf associated with a normal crossing divisor D,,
Now, we can write

. 1 ~

where sp, is the canonical section of G(—D,,) and ¢y, is a smooth potential. This
implies

1
(13.14) fo T = —[Dim] + B
m

where [D,,] is the current of integration over D,, and [, is a smooth closed (1, 1)-form
which satisfies the lower bound 3, > u! (v — emw). (Recall that the pull-back of a
closed (1,1)-current by a holomorphic map f is always well-defined, by taking a local
plurisubharmonic potential ¢ such that 7' = 109y and writing f*T = i00(po f)). In the
remainder of this section, we derive from this a rather important geometric consequence,
first appeared in [DP04]). We need two related definitions.

(13.15) Definition. A Kdhler current on a compact complex space X is a closed positive
current T of bidegree (1,1) which satisfies T > ew for some € > 0 and some smooth
positive hermitian form w on X.

(13.16) Definition. A compact complex manifold is said to be in the Fujiki class €) if
it is bimeromorphic to a Kdhler manifold (or equivalently, using Hironaka’s desingular-
ization theorem, if it admits a proper Kdhler modification).

(13.17) Theorem. A compact complex manifold X is bimeromorphic to a Kdahler mani-
fold (i.e. X € €) if and only if it admits a Kdihler current.

Proof. If X is bimeromorphic to a Kéhler manifold Y, Hironaka’s desingularization
theorem implies that there exists a blow-up Y of Y (obtained by a sequence of blow-ups
with smooth centers) such that the blmeromorphlc map from Y to X can be resolved
into a modification f : Y — X. Then Y is Kihler and the push-forward T' = u,w of a
Kihler form & on Y provides a Kahler current on X. In fact, if w is a smooth hermitian
form on X, there is a constant C' such that p*w < Cw (by compactness of Y'), hence

T =y > po(C7 p*w) = C .

Conversely, assume that X admits a K&hler current 7" > ew. By Theorem 13.13 (iii),

there exists a Kéhler current T = T}, > sw (with m > 1 so large that €, < £/2) in
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the same 90-cohomology class as T', possessing logarithmic poles. Observation (13.14)
implies the existence of a composition of blow-ups p : X — X such that

wT=[D|+5 onX,

where D is a Q-divisor with normal crossings and 5 a smooth closed (1,1)-form such
that 8 > Spu*w. In particular 3 is positive outside the exceptional locus of p. This is not

enough yet to produce a Kéhler form on X , but we are not very far. Suppose that X is
obtained as a tower of blow-ups

)’Z:XN—)XN_1—>-'-—)X1—)X0:X,

where X is the blow-up of X; along a smooth center Y; C X;. Denote by F; 11 C X4
the exceptional divisor, and let u; : X;,1 — X; be the blow-up map. Now, we use the
following simple

(13.18) Lemma. For every Kdhler current T; on X, there exists ;.1 > 0 and a
smooth form w;y1 in the 00-cohomology class of [Ejy1] such that

*
Tj1 = piTj — €j41Uj41
is a Kahler current on X;1.

Proof. The line bundle O(—FE;;1)|Ej+1 is equal to Op(n;)(1) where N; is the normal
bundle to Y; in X;. Pick an arbitrary smooth hermitian metric on Nj, use this metric
to get an induced Fubini-Study metric on Op(y;)(1), and finally extend this metric as
a smooth hermitian metric on the line bundle O(—FE;;1). Such a metric has positive
curvature along tangent vectors of X;,; which are tangent to the fibers of F;;; =
P(N;) — Y. Assume furthermore that 7; > J;w; for some hermitian form w; on X
and a suitable 0 < §; < 1. Then

* *
iy — ejr1uji1 2 050 w5 — Ej41Uj41

where pfw; is semi-positive on X1, positive definite on X1\ Ej11, and also positive
definite on tangent vectors of T'x, |k, , which are not tangent to the fibers of F; 1 — Yj.
The statement is then easily proved by taking ;41 < d; and by using an elementary
compactness argument on the unit sphere bundle of Ty, , associated with any given
hermitian metric. U

End of proof of Theorem 13.17. If u; is the pull-back of u; to the final blow-up )?, we
conclude inductively that p*T' — > e;u; is a Kéhler current. Therefore the smooth form

W= 6 - Zejﬂj = ,u*T— Z&fjﬂj - [D]
is Kéhler and we sce that X is a Kéhler manifold. O
(13.19) Remark. A special case of Theorem (13.16) is the following characterization

of Moishezon varieties (i.e. manifolds which are bimeromorphic to projective algebraic
varieties or, equivalently, whose algebraic dimension is equal to their complex dimension):
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A compact complex manifold X is Moishezon if and only if X possesses a Kdhler current
T such that the De Rham cohomology class {T'} is rational, i.e. {T} € H*(X,Q).

In fact, in the above proof, we get an integral current 7' if we take the push forward
T = p.w of an integral ample class {w} on Y, where p : Y — X is a projective model
of Y. Conversely, if {T'} is rational, we can take the €’s to be rational in Lemma 3.5.
This produces at the end a Kahler metric w with ratlonal De Rham cohomology class
on X. Therefore X is projective by the Kodaira embedding theorem. This result was
already observed in [JS93] (see also [Bon93, Bon98] for a more general perspective based
on a singular version of holomorphic Morse inequalities).

§ 13.C. Global approximation by divisors

We now translate our previous approximation theorems into a more algebro-geome-
tric setting. Namely, we assume that 7" is a closed positive (1, 1)-current which belongs
to the first Chern class ¢ (L) of a holomorphic line bundle L, and we assume here X to
be algebraic (i.e. projective or at the very least Moishezon).

Our goal is to show that T can be approximated by divisors which have roughly the
same Lelong numbers as T'. The existence of weak approximations by divisors has already
been proved in [Lel72] for currents defined on a pseudoconvex open set @ C C™ with
H?(Q,R) = 0, and in [Dem92, 93b] in the situation considered here (cf. also [Dem82b],
although the argument given there is somewhat incorrect). We take the opportunity to
present here a slightly simpler derivation.

Let X be a projective manifold and L a line bundle over X. A singular hermitian
metric h on L is a metric such that the weight function ¢ of h is L{_ in any local
trivialization (such that Ly ~ U x C and [|¢]|, = |¢]e=?(®), € € L, ~ C). The curvature
of L can then be computed in the sense of distributions

i

T = _@L,h = laggﬁ,
2T s

and L is said to be pseudo-effective if L admits a singular hermitian metric h such that
the curvature current 7' = ﬁ@ L.h 1s semi-positive [The weight functions ¢ of L are thus
plurisubharmonic]. In what follows, we sometimes use an additive notation for Pic(X),
i.e. kL is meant for the line bundle L®*.

We will also make use of the concept of complex singularity exponent, following e.g.
[Var82, 83], [ArGV85] and [DKO1]. A quasi-plurisubharmonic (quasi-psh) function is
by definition a function ¢ which is locally equal to the sum of a psh function and of a
smooth function, or equivalently, a locally integrable function ¢ such that i90d¢ is locally
bounded below by —Cw where w is a hermitian metric and C' a constant.

(13.20) Definition. If K is a compact subset of X and ¢ is a quasi-psh function defined
near K, we define

(a) the complex singularity exponent ci (@) to be the supremum of all positive numbers
c such that e=2°¢ is integrable in a neighborhood of every point zy € K, with respect
to the Lebesgue measure in holomorphic coordinates centered at zy. In particular

ck(p) = inf ek (p).



108 Jean-Pierre Demailly, Analytic methods in algebraic geometry

(b) The concept is easily extended to hermitian metrics h = e~2% by putting cx (h) =
ck (), to holomorphic functions f by cx(f) = cx(log|f|), to coherent ideals ¥ =

(91,---.9n) by cx(F) = ck(p) where ¢ = Slog |g;|?. Also for an effective R-
divisor D, we put cx (D) = ck(log|op|) where op is the canonical section.

The main technical result of this section can be stated as follows, in the case of big line
bundles (cf. Proposition (6.14f)).

(13.21) Theorem. Let L be a line bundle on a compact complex manifold X possessing
a singular hermitian metric h with ©r > ew for some € > 0 and some smooth positive

definite hermitian (1,1)-form w on X. For every real number m > 0, consider the space
H = HO (X, L®™ @ F(h™)) of holomorphic sections o of L™ on X such that

t/\aﬁmdwu:u/\aﬁéam%ﬂQ<:+mL
X X

where dV,, = L-w™ is the hermitian volume form. Then for m > 1, #,, is a non zero

m!

finite dimensional Hilbert space and we consider the closed positive (1,1)-current

1

i 1 /1
W(‘?@ 5 108 Ek |G k| Waa 5, 108 Ek |9m.kln ) +OLn

where (gm k) 1<k<N(m) 5 an orthonormal basis of #,. Then :

i or every trivialization Ly ~ U x C on a cordinate open se 0 and every

i) Fi trivialization L UxC dinat t U of X and
compact set K C U, there are constants C1,Coy > 0 independent of m and ¢ such
that

1 1. Cy
L () = o log S [gma(2)? < — log —
o(2) <Y (2) 5, 108 k |Gm k(2)] sup so(x)+m 0g

lz—z|<r T

for every z € K and r < %d(K, oU). In particular, ¥,, converges to ¢ pointwise

and in L . topology on  when m — +oo, hence T,, converges weakly to T = Oy, 5.

(ii) The Lelong numbers v(T, z) = v(p, z) and v(Ty, z) = V(¢m, 2) are related by

v(T,z) — % Sv(Thm,z) <v(T,z) forevery z € X.

(iii) For every compact set K C X, the complex singularity exponents of the metrics
given locally by h = e=2% and h,, = e~ 2Y™ satisfy

CK(h>_1 — < CK(hm)_l < CK(h>_1.

1
m

Proof. The major part of the proof is a variation of the arguments already explained in
section 13.A.
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(i) We note that Y |gm.x(2)[* is the square of the norm of the evaluation linear form
o~ o(z) on H,,, hence

1
Ym(z) = sup — log|o(z)]
ceB(1) M

where B(1) is the unit ball of #,,. For r < d(K, 0£2), the mean value inequality applied
to the plurisubharmonic function |o|? implies

1
< - 2
S ey /|| lo(2)PdA ()

1
exp <2m sup cp(m))/ lo|2e™2me .
Q

~
2
" n/nl lz—z|<r

o (2)]”

If we take the supremum over all 0 € B(1) we get

1

m(2) < —log ————
Yn(2) S sup () + 5 —log ——an Tl

|z—z|<r 2m

and the right hand inequality in (i) is proved. Conversely, the Ohsawa-Takegoshi exten-
sion theorem [OhT87], [Ohs88] applied to the O-dimensional subvariety {z} C U shows
that for any a € C there is a holomorphic function f on U such that f(z) = a and

/ ‘f‘Ze—chpd)\ < Cg|a‘26—2m<p(z),
U

where C'3 only depends on n and diamU. Now, provided a remains in a compact set
K C U, we can use a cut-off function 6 with support in U and equal to 1 in a neighborhood
of a, and solve the J-equation dg = O(Af) in the L? space associated with the weight
2mep + 2(n + 1)|log|z — al, that is, the singular hermitian metric h(2)™|z — a|~2("+1)
on L™, For this, we apply the standard Andreotti-Vesentini-Hérmander L? estimates
(see e.g. [Dem82b]| for the required version). This is possible for m > mg thanks to the
hypothesis that ©r, ;, > ew > 0, even if X is non Kahler (X is in any event a Moishezon
variety from our assumptions). The bound mg depends only on € and the geometry of
a finite covering of X by compact sets K; C U;, where U; are coordinate balls (say);
it is independent of the point a and even of the metric h. It follows that g(a) = 0 and
therefore o = 0f — g is a holomorphic section of L®™ such that

/ 02 mdV], = / o2e=2mqv, < O, / F2e=2mdV, < Cs|afZe2me(®),
X X U

in particular o € #,, = H°(X, L®™ ® .¥(h™)). We fix a such that the right hand side
is 1. This gives the inequality

_ log 05
2m

1
Yin(2) = —loglal = ¢(2)
which is the left hand part of statement (i).
(ii) The first inequality in (i) implies v(¢y,, 2) < v(p, z). In the opposite direction, we
find

1
sup Y, (z) < sup 90(06>+E10g

|z—z|<r |z—z|<2r rr
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Divide by logr < 0 and take the limit as r tends to 0. The quotient by logr of the
supremum of a psh function over B(zx,r) tends to the Lelong number at . Thus we

obtain
n

V(¢m7ﬁli) 2 V(907£E) - E

(iii) Again, the first inequality (in (i) immediately yields h,, < Cgh, hence cx(hy,) =
ck (h). For the converse inequality, since we have cyg, (h) = min; cx;, (h), we can assume
without loss of generality that K is contained in a trivializing open patch U of L. Let us
take ¢ < cx (1,). Then, by definition, if V' C X is a sufficiently small open neighborhood
of K, the Holder inequality for the conjugate exponents p =1 +mc ! and ¢ = 1 +m~lc

implies, thanks to equality 1—17 ==

mq’
—2(m/p)e 2 —amp\ /P 2\ /™
€ de - ( Z ‘gm,k| € ) ( Z ‘gm,k| ) de
v Vo 1<k<N(m) 1<k<N (m)
1/p 1/q
—c/m
<[ e ) ([ (X k) i
X 1<k<N(m) Vo 1<k<N(m)
1/q
—c/m
= N(m)'/” /( Z ‘gm,k|2) A < +00.
Vo 1<k<N(m)

From this we infer cx (h) = m/p, ie., cx(h)™! <p/m=1/m+c7t. Asc < cx (V) was
arbitrary, we get cx(h)™! < 1/m+cg(h,,) ! and the inequalities of (iii) are proved. [J

(13.22) Remark. The proof would also work, with a few modifications, when X is a
Stein manifold and L is an arbitrary holomorphic line bundle.

(13.23) Corollary. Let L — X be a holomorphic line bundle and T = 5-©p the
curvature current of some singular hermitian metric h on L.

(1) If L is big and O > ew > 0, there exists a sequence of holomorphic sections
hs € HY(X, q,L) with lim q, = +o00 such that the Q-divisors Dy = qisdiv(hs) satisfy
T =lim Dy in the weak topology and sup,cy |v(Ds,z) — v(T,z)| = 0 as s = +oo.

(ii) If L is just pseudo-effective and ©r, , = 0, for any ample line bundle A, there exists
a sequence of non zero sections hy € HY(X,ps A+ qsL) with ps,qs > 0, lim g, = +00
and limps/qs = 0, such that the divisors Ds = édiv(hs) satisfy T = lim Dy in the
weak topology and sup,cx [V(Ds,z) —v(T,x)] = 0 as s = +o0.

Proof. Part (ii) is a rather straightforward consequence of part (i) applied to mL + A
and T,, = %@mLJFA,hmhA =T+ %@A,hA — T when m tends to infinity. Therefore, it
suffices to prove (i).

(i) By Theorem (13.20), we can find sections g1,...,gny € HY(X,mL) (omitting the
index m for simplicity of notation), such that

T, = %35(% log Z \g]ﬁ) +OrLn= %35<% log Z ‘9]"2)

1N 1N
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converges weakly to T and satisfies v(T,xz) — n/m < v(Ty,,x) < v(T,x). In fact, since
the number N of sections grows at most as O(m™), we can replace >, iy l9;]% by
maxi<j<n |gj]?, as the difference of the potentials tends uniformly to 0 with the help of
the renormalizing constant ﬁ Hence, we can use instead the approximating currents

— 1
—00u Uy, = — log max |g.l.
—00um, m=_ g1<j<N|gg|

~ 1

T =

Now, as L is big, by the proof of (6.7f) we can write kgL = A + D where A is an ample
divisor and D is an effective divisor, for some ky > 0. By enlarging kg, we can even

assume that A is very ample. Let op be the canonical section of D and let hy,..., hy
be sections of H%(X, A). We get a section of HY(X, (mf + ko)L) by considering

Upn = (gih1 + ...+ g5hn)oD

By enlarging N if necessary and putting e.g. g; = gy for j > N, we can assume that the
sections h; generate all 1-jets of sections of A at every point (actually, one can always
achieve this with n+ 1 sections only, so this is not really a big demand). Then, for almost

every N-tuple (hi, ... ,hy), Lemma 13.24 below and the weak continuity of 99 imply
that ,
A L 55108 [ug | = —— div(uem)
m = — —00log |ugm| = — div(ug m
b mm &1te, Im VAL,

converges weakly to fm = %65um as ¢ tends to +oo, and that

1 w+1
V(Thm,z) < V(%Agim,l’) <v(T,x)+ gy
where p = max,¢cx ord,(op). This, together with the first step, implies the proposition
for some subsequence Dy = Ay 5, £(s) > s > 1. We even obtain the more explicit
inequality

n 1 w1
S TR W VAR =
v(T, x) S v Bem, @ v(T, x) + -
(13.24) Lemma. Let Q be an open subset in C" and let gy, ... ,gn € H°(Q,0q) be

non zero functions. Let S C H°(Q, @q) be a finite dimensional subspace whose elements
generate all 1-jets at any point of Q0. Finally, set u = logmax;, |g;| and

we = gthy + ...+ ghn, hj € S~ {0}

Then for all (ha, ..., hn) in (S\{0})" except a set of measure 0, the sequence 3 log |uy|

converges to u in L () and

1 1
v(u, x) <V<Zlog|w\> gy(u,x)—i—z, Vee X, V> 1.
Proof. The sequence % log |ug| is locally uniformly bounded above and we have

.1
Z_liﬂo 7 log }W(Z)‘ = u(2)
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at every point z where all absolute values |g;(z)| are distinct and all h;(z) are nonzero.
This is a set of full measure in  because the sets {|g;|* = |@i|?, j # [} and {h; = 0}
are real analytic and thus of zero measure (without loss of generality, we may assume
that  is connected and that the g;’s are not pairwise proportional). The well-known
uniform integrability properties of plurisubharmonic functions then show that 4 log |uy|
converges to u in L (). It is easy to see that v(u, z) is the minimum of the vanishing
orders ord;(g;), hence

v(log |uel, x) = ord, (us) = v (u, x).
In the opposite direction, consider the set & of all (N 4 1)-tuples
(z,h1, ... hy) € 2 x SN

for which v(log |ue|, ) = £ v(u,z)+ 2. Then & is a constructible set in Q x SV: it has a
locally finite stratification by analytic sets, since

sg:U( U {x;DO‘gj(x)séO}xSN>ﬂ N {(@ (hy); DPug(e) = 0}.

520 j, |al=s |BI<ts+1

The fiber & N ({z} x SN) over a point x € Q where v(u,z) = minord;(g;) = s is
the vector space of N-tuples (h;) € SV satisfying the equations Dﬁ(nghj (z)) =0,
|B] < ¢s + 1. However, if ord;(g;) = s, the linear map

¢
(0, -+ ,0,75,0, ..., 0) = (D?(g5h;(2))) 5 <pasr
has rank n+ 1, because it factorizes into an injective map J1h; — J£8+1(gfhj). It follows
that the fiber & N ({2} x S™) has codimension at least n + 1. Therefore

dim & < dim(Q x SY) — (n+ 1) = dim S~ — 1

and the projection of & on SV has measure zero by Sard’s theorem. By definition
of &, any choice of (hy, ... ,hy) € SV~ U1 pr(&e) produces functions u, such that
v(log |ug|,z) < fv(u,z)+ 1 on . O

(13.25) Exercise. When L is ample and & is a smooth metric with 7' = 5=0p,;, > 0,
show that the approximating divisors can be taken smooth (and thus irreducible if X is
connected).

Hint. In the above proof of Corollary (13.23), the sections g; have no common zeroes and
one can take op = 1. Moreover, a smooth divisor A in an ample linear system is always
connected, otherwise two disjoint parts A’, A” would be big and nef and A’ - A” =0
would contradict the Hovanskii-Teissier inequality when X is connected.

(13.26) Corollary. On a projective manifold X, effective Q-divisors are dense in the
weak topology in the cone P;I’Sl (X)) of closed positive (1,1)-currents T whose cohomology
class {T'} belongs to the Neron-Severi space NSg(X).

Proof. We may add e times a Kéahler metric w so as to get 7'+ cw > 0, and then
perturb by a small combination ) d;a; of classes o in a Z-basis of NS(X) so that
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O =T+ew+ Y djo; > 5w and {6} € H*(X,Q). Then O can be approximated by
Q-divisors by Corollary (13.23), and the conclusion follows. u

(13.27) Comments. We can rephrase the above results by saying that the cone of
closed positive currents P&’Sl(X ) is a completion of the cone of effective Q-divisors. A
considerable advantage of using currents is that the cone of currents is locally compact
in the weak topology, namely the section of the cone consisting of currents 7' of mass
fXT A w" 1 = 1 is compact. This provides a very strong tool for the study of the
asymptotic behavior of linear systems, as required for instance in the Minimal Model
Program of Kawamata-Mori-Shokurov. One should be aware, however, that the cone of
currents is really huge and contains objects which are very far from being algebraic in
any reasonable sense. This occurs very frequently in the realm of complex dynamics. For
instance, if P,,(z,c) denotes the m-th iterate of the quadratic polynomial z +— 22 + ¢,
then P,,(z,c) defines a polynomial of degree 2™ on C?, and the sequence of Q-divisors
Dy, = L 1901log |P,, (2, ¢)| which have mass 1 on C? C PZ can be shown to converge to
a closed positive current 7" of mass 1 on PZ. The support of this current 7' is extremely
complicated : its slices ¢ = cg are the Julia sets J, of the quadratic polynomial z — 22 +c,
and the slice z = 0 is the famous Mandelbrot set M. Therefore, in general, limits of
divisors in asymptotic linear systems may exhibit a fractal behavior.

§ 13.D. Singularity exponents and log canonical thresholds

The goal of this section to relate “log canonical thresholds” with the « invariant
introduced by G. Tian [Tia87] for the study of the existence of Kahler-Einstein metrics.
The approximation technique of closed positive (1,1)-currents introduced above can be
used to show that the a invariant actually coincides with the log canonical threshold (see
also [DKO01], [JKO01], [BGKO05], [Dem08]).

Usually, in these applications, only the case of the anticanonical line bundle L =
—Kx is considered. Here we will consider more generally the case of an arbitrary line
bundle L (or Q-line bundle L) on a complex manifold X, with some additional restrictions
which will be stated later. We introduce a generalized version of Tian’s invariant «, as

defined in [T1a87] (see also [Siu88]).

(13.28) Definition. Assume that X is a compact manifold and that L is a pseudo-
effective line bundle, i.e. L admits a singular hermitian metric hg with O p, = 0. If K
1s a compact subset of X, we put

L) = inf h
ar (L) {h’glil’@o}cK( )

where h runs over all singular hermitian metrics on L such that O, p, > 0.

In algebraic geometry, it is more usual to look instead at linear systems defined by
a family of linearly independent sections oq,01,...0n € HO(X, L®™). We denote by X
the vector subspace generated by these sections and by

13| := P(X) C |mL| := P(H(X,L®™))



114 Jean-Pierre Demailly, Analytic methods in algebraic geometry

the corresponding linear system. Such an (/N +1)-tuple of sections o = (0;)o<;<n defines
a singular hermitian metric h on L by putting in any trivialization

S
(2,05 (z)2) ™ o)l

|€|%L: geLZ?

hence h(z) = |o(z)|~2/™ with p(z) = Lloglo(z)| = 5 log > |oj(2)]? as the associated
weight function. Therefore, we are interested in the number cg (|o|~2/™). In the case
of a single section o (corresponding to a one-point linear system), this is the same as
the log canonical threshold lct g (X, L D) = cx (L D) of the associated divisor D, in the
notation of Section 1 of [CS08]. We will also use the formal notation cx (= |X|) in the
case of a higher dimensional linear system |X| C |mL|. The main result of this section is

(13.29) Theorem. Let L be a big line bundle on a compact complex manifold X. Then
for every compact set K in X we have

1
ag(L) = inf  ¢cg(h)= inf inf CK<—D>.
{h,@LthO} meEZso DE|mL|

Proof. Observe that the inequality

1
inf inf ¢k <—D) > inf  ci(h)
meEZso De|mL]| m {h,@Lﬁ}O}

is trivial, since any divisor D € |mL| gives rise to a singular hermitian metric h.

The converse inequality will follow from the approximation techniques discussed
above. Given a big line bundle L on X, there exists a modification pu : X — X of X
such that X is projective and pu*L = O(A + E) where A is an ample divisor and E an
effective divisor with rational coefficients. By pushing forward by p a smooth metric
ha with positive curvature on A, we get a singular hermitian metric h; on L such that
Or.h, = 1xOan, = cwon X. Then for any § > 0 and any singular hermitian metric h
on L with ©pj > 0, the interpolated metric hs = h‘lshl_‘S satisfies ©r, ; = dew. Since
hi is bounded away from 0, it follows that cx(h) > (1 — §)ck (hs) by monotonicity. By
theorem (13.21, iii) applied to hs, we infer

CK(h(;) = ml—l>r—|r—loo CK(h5,m)7

and we also have .
CK(h5,m) 2 CK(_D5,m>
m

for any divisor Dj ., associated with a section o € H°(X, L®™® .¥(h{")), since the metric
hs.m is given by hs.m = (D1 |9m.k 2)_1/ ™ for an orthornormal basis of such sections. This
clearly implies

1 1
cx(h) = liminf liminf cK(—D5m> > inf  inf cK<—D). O
d—0 m—+oo m m€Zso De|lmL]|
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In the applications, it is frequent to have a finite or compact group G of auto-
morphisms of X and to look at G-invariant objects, namely G-equivariant metrics on
G-equivariant line bundles L ; in the case of a reductive algebraic group G we simply
consider a compact real form GF instead of G itself.

One then gets an « invariant ax (L) by looking only at G-equivariant metrics in
Definition (13.28). All contructions made are then G-equivariant, especially #,, C |mL|
is a G-invariant linear system. For every G-invariant compact set K in X, we thus infer

1
(13.30)  axg(L):= inf cx(h) = inf inf CK(—|2|).
{h G-equiv., O, >0} m&Zso |X|C|mL|, Z¢=% m

When G is a finite group, one can pick for m large enough a G-invariant divisor Ds
associated with a G-invariant section o, possibly after multiplying m by the order of G.
One then gets the slightly simpler equality

1
(13.31) ar.c(L) = inf cx(h)= inf  inf  cx (—D).

{h G-equiv.,®©p, >0} m€Zso Deg|mL|C m

In a similar manner, one can work on an orbifold X rather than on a non singular
variety. The L? techniques work in this setting with almost no change (L? estimates are
essentially insensitive to singularities, since one can just use an orbifold metric on the
open set of regular points).

The main interest of Tian’s invariant acx, ¢ (and of the related concept of log canonical
threshold) is that it provides a neat criterion for the existence of Kéhler-Einstein metrics
for Fano manifolds (see [Tia87], [Siu88], [Nad89], [DKO01]).

(13.32) Theorem. Let X be a Fano manifold, i.e. a projective manifold with —K x am-
ple. Assume that X admits a compact group of automorphisms G such that ax q(Kx) >
n/(n+1). Then X possesses a G-invariant Kdihler-Einstein metric.

We will not give here the details of the proof, which rely on very delicate C*-estimates
(successively for kK = 0,1,2,...) for the Monge-Ampere operator. In fine, the required
estimates can be shown to depend only on the boundedness of the integral [ " e~ 27% for
a suitable constant v € |25, 1], where ¢ is the potential of the Kihler metric w € ¢;(X)
(also viewed as the weight of a hermitian metric on Kx). Now, one can restrict the
estimate to G-invariant weights ¢, and this translates into the sufficient condition (13.32).
The approach explained in [DKO01] simplifies the analysis developped in earlier works by
proving first a general semi-continuity theorem which implies the desired a priori bound
under the assumption of Theorem 13.32. The semi-continuity theorem states as

(13.33) Theorem ([DKO01]). Let K be a compact set in a complex manifold X . Then the
map ¢ — cx (@)~ is upper semi-continuous with respect to the weak ( = L. ) topology on
the space of plurisubharmonic functions. Moreover, if v < cx (), then [, [e727V —e=27%|
converges to 0 when ¢ converges to ¢ in the weak topology.

Sketch of proof. We will content ourselves by explaining the main points. It is convenient
to observe (by a quite easy integration argument suggested to us by J. McNeal) that
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¢k (p) can be calculated by estimating the Lebesgue volume puy ({¢ < logr} of tubular
neighborhoods as r — 0 :
(13.34)

cx(p) =sup {c > 0; r*°uy({y < logr}) is bounded as r — 0, for some U D K }.

The first step is the following important monotonicity result, which is a straightforward
consequence of the L? extension theorem.

(13.35) Proposition. Let ¢ be a quasi-psh function on a complex manifold X, and let
Y C X be a complex submanifold such that oy # —oo on every connected component
of Y. Then, if K is a compact subset of Y, we have

ck(py) < cx(p).
(Here, of course, ck(p) is computed on X, i.e., by means of neighborhoods of K in X).
We need only proving monotonicity for c,(¢y) when 2o is a point of Y. This is done

by just extending the holomorphic function f(z) =1 on B(zp,7)NY with respect to the
weight e~?7% whenever v < ¢, (¢y)-

(13.36) Proposition. Let X, Y be complex manifolds of respective dimensions n, m,
let ¥ C Ox, § C @y be coherent ideals, and let K C X, L CY be compact sets. Put
SO F =pr]S+pr5f COxyy. Then

cxxr(F @ F)=cx(F) +cL(f)
Proof. 1t is enough to show that c(, ,\(J © J) = cu(F) + cy(F) at every point (z,y) €
X x'Y. Without loss of generality, we may assume that X C C", Y C C™ are open sets

and (z,y) = (0,0). Let g = (g1, - - , gp), resp. h = (hq, ... , hy), be systems of generators
of .¥ (resp. ¥) on a neighborhood of 0. Set

p=1log> lgjl, w=log» |l
Then .¥ @ ¥ is generated by the p 4+ g-tuple of functions
gOh=(91(2), ... gp(2), hi(y), - .. s he(y))

and the corresponding psh function ®(z,y) =log (> |g;(x)| + > |hk(y)|) has the same
behavior along the poles as ®'(z,y) = max(p(z),¥(y)) (up to a term O(1) < log2).
Now, for sufficiently small neighborhoods U, V' of 0, we have

pusv ({ max(o(z),¥(y)) <logr}) = pu ({¢ <logr} x py ({v <logr}),

and one can derive from this that
Cyr2lete) < Mva({ max(p(z), Y(y)) < logr}) < Oyr2(ete) |log r|* 1M1
with ¢ = ¢o(p) = ¢o(-¥) and ¢ = ¢o(¥) = co(F). We infer

c,0)(F B J) =c+c =co(F) + co(F). O
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(13.37) Proposition. Let f, g be holomorphic on a complex manifold X. Then, for
every x € X,

cx(f +9) < ca(f) + ca(g)-

More generally, if ¥ and ¥ are coherent ideals, then

eo( I+ F) < eol )+ ea():

Proof. Let A be the diagonal in X x X. Then .Y + ¥ can be seen as the restriction of
J® ¥ to A. Hence Prop. 13.35 and 13.36 combined imply

Co( S+ F) = Claa)(F@ F)a) € Claa)(FDF) = ca(F) + ca(F).
Since (f +g) C (f) + (9), we get

cx(f+9) < ca((f) +(9) < ca(f) + calg) O

Now we can explain in rough terms the strategy of proof of Theorem 13.33. We start
by approximating psh singularities with analytic singularities, using theorem 13.21. By
the argument of Corollary 13.23, we can even reduce ourselves to the case of invertible
ideals (f) near zgp = 0, and look at what happens when we have a uniformly convergent
sequence f, — f. In this case, we use the Taylor expansion of f at 0 to write f = py+sy
where py is a polynomial of degree N and sy (2) = O(|z|V ). Clearly co(sn) < n/(N+
1), and from this we infer |co(f) — co(Pn)| < n/(N + 1) by 13.37. Similarly, we get
the uniform estimate |co(f,) — co(Po,n)| < n/(N + 1) for all indices v. This means
that the proof of the semi-continuity theorem is reduced to handling the situation of
a finite dimensional space of polynomials. This case is well-known — one can apply
Hironaka’s desingularization theorem, in a relative version involving the coefficients of
our polynomials as parameters. The conclusion is obtained by putting together carefully
all required uniform estimates (which involve a lot of L? estimates). U

§ 13.E. Hodge conjecture and approximation of (p,p) currents

§ 14. Subadditivity of multiplier ideals and Fujita’s approximate
Zariski decomposition theorem

We first notice the following basic restriction formula for multiplier ideals, which is
just a rephrasing of the Ohsawa-Takegoshi extension theorem.

(14.1) Restriction formula. Let ¢ be a plurisubharmonic function on a complex mani-
fold X, and let Y C X be a submanifold. Then

Hepy) € He)y.

Thus, in some sense, the singularities of ¢ can only get worse if we restrict to a sub-
manifold (if the restriction of ¢ to some connected component of Y is identically —oo,
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we agree that the corresponding multiplier ideal sheaf is zero). The proof is straight-
forward and just amounts to extending locally a germ of function f on Y near a point
Yo € Y to a function f on a small Stein neighborhood of yy in X, which is possible by
the Ohsawa-Takegoshi extension theorem. As a direct consequence, we get:

(14.2) Subadditivity Theorem.

(i) Let Xy, X be complex manifolds, m; : X1 x Xo — X;, i = 1,2 the projections, and
let p; be a plurisubharmonic function on X;. Then

H(prom + g oma) = 71 F(p1) - m3.H(p2).

(ii) Let X be a complex manifold and let p, 1 be plurisubharmonic functions on X. Then

F( + 1) C F(p) - F()

Proof. (i) Let us fix two relatively compact Stein open subsets Uy C X, Us C Xo.
Then #?(Uy x Us, 1 0 T1 + g 0 mo, mjdV) ® w5dVs) is the Hilbert tensor product of
H2(Ur, ¢1,dV1) and H?(Us, p2,dVs), and admits (f, X f/') as a Hilbert basis, where (f)
and (f]’) are respective Hilbert bases. Since .¥(¢1 o 71 + @2 0 M)y, xv, is generated as
an Oy, xy, module by the (f, X f/") (Proposition 5.7), we conclude that (i) holds true.

(ii) We apply (i) to X3 = X2 = X and the restriction formula to Y = diagonal of X x X.
Then
S +1p) =F((pom +pom)y) C.F(pom +Pom),

S GEGELY(D) y = @) Iw).

(14.3) Proposition. Let f : X — Y be an arbirary holomorphic map, and let ¢ be a
plurisubharmonic function on'Y . Then F(po f) C f*S(¢).

Proof. Let
I'y={(z,f(x);z e X} CXxY

be the graph of f, and let 1x : X XY — X, 7y : X XY — Y be the natural projections.
Then we can view ¢ o f as the restriction of p o my to I'y, as mx is a biholomorphism
from I'y to X. Hence the restriction formula implies

Hpof)=I((pomy)r,) CIHpomy)r, = (73-9(¢)) p, = F*He). O

As an application of subadditivity, we now reprove a result of Fujita [Fuj93], relating
the growth of sections of multiples of a line bundle to the Chern numbers of its “largest
nef part”. Fujita’s original proof is by contradiction, using the Hodge index theorem
and intersection inequalities. The present method arose in the course of joint work with
R. Lazarsfeld [Laz99].

Let X be a projective n-dimensional algebraic variety and L a line bundle over X.
We define the volume of L to be

|
Vol(L) = lim sup %hO(X, kL) € [0, +oo].

k—+o00
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In view of Definition 6.12 and of the Serre-Siegel Lemma 6.13, the line bundle is big if
and only if Vol(L) > 0. If L is ample, we have h?(X,kL) =0 for ¢ > 1 and k£ > 1 by
the Kodaira-Serre vanishing theorem, hence
0 L n
h°(X,kL) ~ x(X,kL) ~ —'k;
n!

by the Riemann-Roch formula. Thus Vol(L) = L™ ( = ¢;(L)") if L is ample. This is
still true if L is nef (numerically effective), i.e. if L - C' > 0 for every effective curve C.
In fact, one can show that h9(X, kL) = O(k™~9) in that case. The following well-known
proposition characterizes big line bundles.

(14.4) Proposition. The line bundle L is big if and only if there is a multiple moL
such that moL = E + A, where E is an effective divisor and A an ample divisor.

Proof. If the condition is satisfied, the decomposition kmgL = kE + kA gives rise to
an injection H°(X,kA) — H°(X, kmoL), thus Vol(L) > mg™ Vol(A) > 0. Conversely,
assume that L is big, and take A to be a very ample nonsingular divisor in X. The exact
sequence

0 — Ox(kL — A) — Ox (kL) — Op(kLj4) — 0

gives rise to a cohomology exact sequence
0— H°(X,kL— A) — H°(X,kL) — H°(A,kL,),

and h°(A,kLj4) = O(k" ') since dim A = n — 1. Now, the assumption that L is big
implies that h°(X, kL) > ck™ for infinitely many k, hence H°(X, moL — A) # 0 for some
large integer mq. If E is the divisor of a section in H?(X, mgL—A), we find mgL—A = E,
as required. O

(14.5) Lemma. Let G be an arbitrary line bundle. For every € > 0, there exists a
positive integer m and a sequence £, T +oo such that

m n
'm

n!

K (X, 0, (mL—G)) > (Vol(L) —¢),

in other words, Vol(mL — G) = m™(Vol(L) — ¢) for m large enough.

Proof. Clearly, Vol(mL — G) = Vol(mL — (G + E)) for every effective divisor E. We can
take E so large that G+ FE is very ample, and we are thus reduced to the case where G is
very ample by replacing G with G + E. By definition of Vol(L), there exists a sequence
k, T 400 such that
k" €
0 v
hO(X, kyL) > m(Vol(L) _ 5).
We take m > 1 (to be precisely chosen later), and ¢, = [%}, so that k, = ¢, m +r,,
0<r, <m. Then
l,(mL—-G)=k,L— (r,L+1,G).

Fix a constant a € N such that aG — L is an effective divisor. Then r,L < maG (with
respect to the cone of effective divisors), hence

K (X, 6, (mL —G)) = h° (X, k,L — (¢, + am)G).
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We select a smooth divisor D in the very ample linear system |G|. By looking at global
sections associated with the exact sequences of sheaves

0—-0(-(+1)D)®0O(k,L)— O(—jD)® O(k,L) — Op(k,L — jD) — 0,
0 < j < s, we infer inductively that

hO(X, kL —sD) > h%(X,k,L) — Y h°(D,@p(k,L - jD))
0<ji<s
> 10(X, kL) — sh®(D, k,Lip)

n

> k—”(Vol(L) - g) — 5Ok

n!
where C' depends only on L and G. Hence, by putting s = ¢, + am, we get
n

(X, 0,(mL — G)) > % (Vol(L) - g) — (b, + am)k"!

> K”: (Vol(L) - g) — C(ly +am) (L, +1)" Im"
and the desired conclusion follows by taking ¢, > m > 1. O

We are now ready to prove Fujita’s decomposition theorem, as reproved in [DELOO].

(14.6) Theorem (Fujita). Let L be a big line bundle. Then for every e > 0, there

exists a modification p : X — X and a decomposition y*L = E + A, where E is an
effective Q-divisor and A an ample Q-divisor, such that A™ > Vol(L) — ¢.

(14.7) Remark. Of course, if u*L = FE + A with E effective and A nef, we get an
injection

HY(X,kA) < HY(X,kE + kA) = H*(X, kp*L) = H°(X, kL)
for every integer k£ which is a multiple of the denominator of E, hence A™ < Vol(L).

(14.8) Remark. Once Theorem 14.6 is proved, the same kind of argument easily shows
that

|
Vol(L) = lim %hO(X, kL),

k—+oo
because the formula is true for every ample line bundle A.
Proof of Theorem 14.6. It is enough to prove the theorem with A being a big and nef

divisor. In fact, Proposition 14.4 then shows that we can write A = E’ + A" where E’ is
an effective Q-divisor and A’ an ample Q-divisor, hence

E+A=E+eE' +(1—e)A+eA

where A” = (1 —e)A + A’ is ample and the intersection number A”" approaches A"
as closely as we want. Let G be as in Theorem (6.22) (Siu’s theorem on uniform global
generation). Lemma 14.5 implies that Vol(mL — G) > m™(Vol(L) — ¢) for m large. By
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Theorem (6.8) on the existence of analytic Zariski decomposition, there exists a hermitian
metric h,, of weight ¢,, on mL — G such that

H°(X,{(mL—G)) = H(X,((mL — G) @ $(lom))
for every ¢ > 0. We take a smooth modification p : X — X such that
1 Hom) = O5(~E)

is an invertible ideal sheaf in %. This is possible by taking the blow-up of X with respect
to the ideal .¥(¢,,) and by resolving singularities (Hironaka [Hir64]). Theorem 6.22
applied to L' = mL — G implies that @(mL) ® .¥(p,,) is generated by its global sections,
hence its pull-back @(m pu*L — F) is also generated. This implies

muL=E+A
where FE is an effective divisor and A is a nef (semi-ample) divisor in X. We find

H°(X,0A) = HY (X, ((mp*L — E))
> HO(X, p* (6(tmL) © F(om)"))
> H(X, p* (O(fmL) @ F(bpnm))),
thanks to the subadditivity property of multiplier ideals. Moreover, the direct image

s t* S (L) coincides with the integral closure of .¥(¢yp,,), hence with .¥(¢p,,), because
a multiplier ideal sheaf is always integrally closed. From this we infer

HO(X,0A) > H(X,6(mL) @ $(lo,))
5 HO(X,0((mL — G)) @ F(lppm))
= H°(X,0({(mL - G))).

By Lemma 14.5, we find

~ AL
0 n
h (X, LA) > o (Vol(L) —¢)
for infinitely many ¢, therefore Vol(A) = A™ > m™(Vol(L) — ). Theorem 14.6 is proved,
up to a minor change of notation £ — %E, A %A. O

We conclude by using Fujita’s theorem to establish a geometric interpretation of the
volume Vol(L). Suppose as above that X is a smooth projective variety of dimension n,
and that L is a big line bundle on X. Given a large integer £ > 0, denote by By C X
the base-locus of the linear system |kL|. The moving self-intersection number (kL)I™ of
|kL| is defined by choosing n general divisors Dy, ..., D,, € |kL| and putting

(kL) = #(D1 N...ND,N(X —Bk)>.

In other words, we simply count the number of intersection points away from the base
locus of n general divisors in the linear system |kL|. This notion arises for example in
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Matsusaka’s proof of his “big theorem”. We show that the volume Vol(L) of L measures
the rate of growth with respect to k£ of these moving self-intersection numbers:

(14.9) Proposition. One has

kL)
Vol(L) = limsup (kL) .
k—o0 k™

Proof. We start by interpreting (kL)[") geometrically. Let py : X — X be a modifica-
tion of |kL| such that pj|kL| = |Vi| + F), where

Pk = ME(’CL) — Fk

is generated by sections, and H(X,O@x (kL)) = Vi = HY(X,Ox, (Py)), so that By =
pk(Fy). Then evidently (kL)M™ counts the number of intersection points of n general
divisors in Py, and consequently

(kL) = (P)".

Since then Py is big (and nef) for & > 0, we have Vol(Py) = (Px)". Also, Vol(kL) >
Vol(Py) since Py, embeds in pj(kL). Hence

Vol(kL) > (kL)™M Vi > 0.

On the other hand, an easy argument in the spirit of Lemma (14.5) shows that Vol(kL) =
k™ - Vol(L) (cf. also [ELN96], Lemma 3.4), and so we conclude that

(k;L)[”]
kno

(14.10) Vol(L) >

for every k> 0.

For the reverse inequality we use Fujita’s theorem. Fix ¢ > 0, and consider the
decomposition u*L = A+ E on p : X — X constructed in Fujita’s theorem. Let k
be any positive integer such that kA is integral and globally generated. By taking a
common resolution we can assume that X; dominates X, and hence we can write

prkL ~ Ay + Ey,
with Ay globally generated and
(Ap)" = k™ - (Vol(L) — ).

But then Ay embeds in P, and both @(Ay) and @(P) are globally generated, conse-

quently
(Ag)" < (Po)" = (kL)

Therefore

(kL)
k’I’L

But (14.11) holds for any sufficiently large and divisible k, and in view of (14.10) the

Proposition follows. l

(14.11)

> Vol(L) —e.
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§ 15. Hard Lefschetz theorem with multiplier ideal sheaves

§ 15.A. Main statement

The goal of this section is to prove the following surjectivity theorem, which can be
seen as an extension of the hard Lefschetz theorem. We closely follow the exposition of
[DPS00].

(15.1) Theorem. Let (L,h) be a pseudo-effective line bundle on a compact Kdhler
manifold (X,w), of dimension n, let O > 0 be its curvature current and $(h) the
associated multiplier ideal sheaf. Then, the wedge multiplication operator w? A e induces
a surjective morphism

ol HY(X, QY " ®@ L@ J(h) — HY(X,Q% @ L ® F(h)).

The special case when L is nef is due to Takegoshi [Take97]. An even more special case
is when L is semi-positive, i.e. possesses a smooth metric with semi-positive curvature.
In that case the multiple ideal sheaf .¥(h) coincides with @x and we get the following
consequence already observed by Mourougane [Mou99].

(15.2) Corollary. Let (L,h) be a semi-positive line bundle on a compact Kdhler mani-
fold (X,w) of dimension n. Then, the wedge multiplication operator w? A e induces a
surjective morphism

®1: HY'(X,0% "® L) — HI(X, Q0% ® L).

It should be observed that although all objects involved in Theorem (15.1) are alge-
braic when X is a projective manifold, there are no known algebraic proof of the state-
ment; it is not even clear how to define algebraically .¥(h) for the case when h = Ry, is
a metric with minimal singularity. However, even in the special circumstance when L is
nef, the multiplier ideal sheaf is crucially needed (see section 15.E for a counterexample).

The proof of Theorem (15.1) is based on the Bochner formula, combined with a use
of harmonic forms with values in the hermitian line bundle (L, ). The method can be
applied only after h has been made smooth at least in the complement of an analytic set.
However, we have to accept singularities even in the regularized metrics because only a
very small incompressible loss of positivity is acceptable in the Bochner estimate (by the
results of [Dem92], singularities can only be removed at the expense of a fixed loss of
positivity). Also, we need the multiplier ideal sheaves to be preserved by the smoothing
process. This is possible thanks to a suitable “equisingular” regularization process.

§ 15.B. Equisingular approximations of quasi plurisubharmonic functions

Let ¢ be a quasi-psh function. We say that ¢ has logarithmic poles if ¢ is locally
bounded outside an analytic set A and has singularities of the form

p(z) = clog Y |gxl” + O(1)
k
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with ¢ > 0 and g, holomorphic, on a neighborhood of every point of A. Our goal is to
show the following

(15.3) Theorem. Let T = o+ i00p be a closed (1,1)-current on a compact hermitian
manifold (X,w), where a is a smooth closed (1,1)-form and ¢ a quasi-psh function. Let
v be a continuous real (1,1)-form such that T' > ~y. Then one can write ¢ = lim, ;o @y
where

a) . is smooth in the complement X \ Z,, of an analytic set Z,, C X ;

b) (¢.) is a decreasing sequence, and Z, C Z, 41 for all v;

(
(
(c) fX (e72% — e729v)dV,, is finite for every v and converges to 0 as v — +00;
(d) F(py) = Hp) for all v ( “equisingularity”) ;

(

e) T,=a+ 100y, satisfies T, > v — e, w, where lim, o0 €, = 0.

(15.4) Remark. It would be interesting to know whether the ¢, can be taken to have
logarithmic poles along Z,. Unfortunately, the proof given below destroys this property
in the last step. Getting it to hold true seems to be more or less equivalent to proving
the semi-continuity property

lim F((1+¢)p) = F(p).

e—04

Actually, this can be checked in dimensions 1 and 2, but is unknown in higher dimensions
(and probably quite hard to establish).

Proof of Theorem 15.3. Clearly, by replacing T with T — v and «y with v — a, we may
assume that « = 0 and T = 190¢ > . We divide the proof in four steps.

Step 1. Approzimation by quasi-psh functions with logarithmic poles.

By [Dem92], there is a decreasing sequence (1,) of quasi-psh functions with logarithmic
poles such that ¢ = lim, and i00v, > v — e,w. We need a little bit more information
on those functions, hence we first recall the main techniques used for the construction
of (1,). For ¢ > 0 given, fix a covering of X by open balls B; = {|2V)| < r;} with

coordinates z(7) = (z%j), . (J)) such that
(15.5) 0< vy +¢i0d)z29)? < ew on Bj,

for some real number ¢;. This is possible by selecting coordinates in which v is diago-
nalized at the center of the ball, and by taking the radii ; > 0 small enough (thanks
to the fact that v is continuous). We may assume that these coordinates come from
a finite sample of coordinates patches covering X, on which we perform suitable linear
coordinate changes (by invertible matrices lying in some compact subset of the complex
linear group). By taking additional balls, we may also assume that X = B;’ where

1 /

are concentric balls B} = {|z)] <7} =r;/2}, B = {|z9)| <+// = r;/4}. We define

2 ¢j|z))? on Bj,

1
(15.6) Vewj = 5-log Y |,

keN
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where (f, jk)ren is an orthonormal basis of the Hilbert space #, ; of holomorphic func-
tions on Bj; with finite L? norm

HUHQZ/ ju[2e= 2 (etes| =D g\ (@),

B;

(The dependence of v, ,, ; on € is through the choice of the open covering (B;)). Observe
that the choice of ¢; in (15.5) guarantees that ¢ + ¢;|2()|? is plurisubharmonic on B,
and notice also that

(15.7) Yolfge@P = sup  [f(2)

keN fe#o 5, [IFII<1

is the square of the norm of the continuous linear form #, ; — C, f — f(z). We claim
that there exist constants C;, i = 1,2, ... depending only on X and ~ (thus independent
of € and v), such that the following uniform estimates hold:

(15.8) 100 . = —c;i00|zD|? > v — ew on Bj (Bj CC Bj),
C
(15.9) 0(2) <o i(2) < sup @(C) + %log 71 + Cor? Vze B, r<rj—rj,
|¢—=[<r
Cs . 2 ’ /
(15.10)  |Wevj — Vel < —~ + Cye(min(r;, 7)) on B;N By.

Actually, the Hessian estimate (15.8) is obvious from (15.5) and (15.6). As in the proof
of ([Dem92], Prop. 3.1), (15.9) results from the Ohsawa-Takegoshi L? extension theorem
(left hand inequality) and from the mean value inequality (right hand inequality). Finally,
as in ([Dem92], Lemma 3.6 and Lemma 4.6), (15.10) is a consequence of Hérmander’s L?
estimates. We briefly sketch the idea. Assume that the balls B; are small enough, so that
the coordinates z(7) are still defined on a neighborhood of all balls B}, which intersect B;
(these coordinates can be taken to be linear transforms of coordinates belonging to a

fixed finite set of coordinate patches covering X, selected once for all). Fix a point
zo € BN By. By (15.6) and (15.7), we have

1 .
Yei(z0) = log | (z0)| — 5]
for some holomorphic function f on B; with || f|| = 1. We consider the weight function

on both B; and By. The trouble is that a priori we have to deal with different weights,
hence a comparison of weights is needed. By the Taylor formula applied at zp, we get

cx| 2™ — Z(()k)|2 - Cj|Z(j) — z(()j)|2’ < C’e(min(rj,rk))2 on B; N By,

[the only nonzero term of degree 2 has type (1,1) and its Hessian satisfies

—ew < i00(cp |2 W |2 — cj|z(j)|2) <ew
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by (15.5); we may suppose 7; < ¢ so that the terms of order 3 and more are negligible].
By writing |2()|? = |20) — zéj)\g + \z(()j)|2 4+ 2Re(20) — z((f), zé”}, we obtain
cr2®)? = ¢;129 2 = 2¢, Re(z®) — z(()k), Z(()k)> — 2¢j Re(2\9) — z(()j), z(()j)>
+ ck|zék)\2 — cj\zéj)\Q + Ce(min(r;, 7x))>.

We use a cut-off function 6 equal to 1 in a neighborhood of zy; and with support in
Bj N By; as zo € B; N By, the function 6 can be taken to have its derivatives uniformly

bounded when z varies. We solve the equation du = 9(0fe’9) on By, where g is the
holomorphic function

9(2) = (20 — 2 L0y o) L) )y,

Thanks to Héormander’s L? estimates [Hor66], the L? solution for the weight ® yields a
holomorphic function f' = 6fe”9 —u on By such that f/(z9) = f(z9) and

/B |fPe 2otz M an M) < ¢ / |fPera[2e 2 etenl= M gp () <
k

B;NBy

C’ exp(?y(cﬂz(()k)\Q — cj|z(()j)\2 + Ce(min(r;, rk))z))/ |f|2€—2V(sD+Cj|z<j)|2)d)\(2(j))_
B;

Let us take the supremum of 1log|f(z0)| = < log|f’(z0)| over all f with | f|| < 1. By
the definition of 1. , 1 ((15.6) and (15.7)) and the bound on || f'||, we find

log C’

Ve v i(20) < Yo j(20) + + Ce(min(r;, rx))?,

whence (15.10) by symmetry. Assume that v is so large that Cs3/v < Cye(inf; r;)?. We
“glue” all functions 1), , ; into a function v, , globally defined on X, and for this we set

es2) = s (Veny(2) +12Cus(r? = 292))  on X.

7 B;.BZ

Every point of X belongs to some ball By, and for such a point we get
C
12 Cue(r? — |20))2) > 12 Cue(r? — ri?) > 20472 > 73 + Cye(min(rj, )2

This, together with (15.10), implies that in 1. ,(z) the supremum is never reached for
indices j such that z € 8B§-, hence 1), ,, is well defined and continuous, and by standard
properties of upper envelopes of (quasi)-plurisubharmonic functions we get

(15.11) i00.,, > v — Csew

for v > 1y(e) large enough. By inequality (15.9) applied with » = e~ V¥, we see that
lim, 4o e (2) = ¢(2). At this point, the difficulty is to show that 1. , is decreasing

with v — this may not be formally true, but we will see at Step 3 that this is essentially
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true. Another difficulty is that we must simultaneously let € go to 0, forcing us to change
the covering as we want the error to get smaller and smaller in (15.11).

Step 2. A comparison of integrals.
We claim that

(1512) I I:/ (6_290 _e_QmaX(%ﬁwu,EH-a)de < 400
X

for every ¢ € ]1,v] and a € R. In fact

I< / e 2°dV, = / e2U—De=2te gy
{p< 5 ve v +a} {p<5ve v} +a

£
< eQ(Z—l)a/ 62€(¢a,y—¢)de < C(/ 62V(ws,u—<p)de> v
X X

by Holder’s inequality. In order to show that these integrals are finite, it is enough, by
the definition and properties of the functions v, , and ., j, to prove that

J

By the strong Noetherian property of coherent ideal sheaves (see e.g. [GR84]), we know
that the sequence of ideal sheaves generated by the holomorphic functions

(fv.jk(2) fu k(W) k<, on Bj x Bj is locally stationary as k¢ increases, hence indepen-
dant of kg on Bj x B: CC B; x Bj for ko large enough. As the sum of the series

Zk fu,j,k(Z)fu,j,k(@) is bounded by

(S 1sa@? @)
& k

and thus uniformly covergent on every compact subset of B; x Bj, and as the space
of sections of a coherent ideal sheaf is closed under the topology of uniform conver-
gence on compact subsets, we infer from the Noetherian property that the holomorphic
function Z;:é Jvjk(2) fo k(W) is a section of the coherent ideal sheaf generated by

+oo
B’
i k=0

’
J

(fu.5.6(2) fu.5.1(W0))k<k, over B} x By, for ko large enough. Hence, by restricting to the
conjugate diagonal w = Z, we get

+o0 ko
Z|fv,j,k(z)|2 <CZ|fy,j,k(2)|2 on B;..
k=0 k=0

This implies

+o0 ko
/ (D 1fusnl?)ear< c / (D" ik
B} k=0 Bi k=0

Property (15.12) is proved.

2) e 204\ = C(ko + 1).
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Step 3. Subadditivity of the approximating sequence 1. , .

We want to compare ¢ 1, 41, and ¢ ., Ve, for every pair of indices vy, v, first when
the functions are associated with the same covering X = |JB,;. Consider a function
f € %Vrl-l/z,j with

/B ‘f(z)‘26—2(m+v2)<ﬁj(z)d)\<z) <1, 0i(2) = p(z) + cj\z(j)|2.

J

We may view f as a function f(z, z) defined on the diagonal A of B; x B;. Consider the
Hilbert space of holomorphic functions u on B; x B; such that

/ (2, w) [2e 213 ()=20225 ) g\ () A\ (w) < +o0.
Bj ><Bj

By the Ohsawa-Takegoshi L? extension theorem [OTS87], there exists a function f(z,w)

on Bj x Bj such that f(z,z) = f(z) and
[ Ifewpe e mmn i) anw)
Bj XBj
< 07/ |F(2)|2e2ntv2)ei(2)g)(2) = Cf,
B

where the constant C7 only depends on the dimension n (it is actually independent of
the radius r; if say 0 < r; < 1). As the Hilbert space under consideration on B; x Bj is
the completed tensor product #,, ; ® #,, ;, we infer that

f(z7w) = Z Chy ks fur . (Z)fllz,j,kz(w)

k1,k2

with Y7, [k, &, |* < C7. By restricting to the diagonal, we obtain

|f<2)|2 = |f<272)‘2 < Z ‘Ckhkz‘QZ |fu1,j,k1<2)|22 ‘fl/z,j,kz(z)‘Q'
k1 ko

k1,k2
From (15.5) and (15.6), we get

V2

log 07 %41
* el %)

V1 + s V1 + Vs

wg,yl,j + ¢€,V2,j7

¢63V1+V23j ~N

in particular
Cs
Ye2ri S Yeprmiy+ o0
and we see that . ov + Cs27" is a decreasing sequence. By Step 2 and Lebesgue’s
monotone convergence theorem, we infer that for every ¢,6 > 0 and a < a9 < 0 fixed,

the integral
Lsw= [ (72 —er2mtotiantu s ay,
X
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converges to 0 as v tends to +oo (take £ = % +1 and 2¥ > ¢ and ag such that dsupy ¢+
ap < 0; we do not have monotonicity strictly speaking but need only replace a by
a+ Cg27" to get it, thereby slightly enlarging the integral).

Step 4. Selection of a suitable upper envelope.
For the simplicity of notation, we assume here that sup y ¢ = 0 (possibly after subtracting
a constant), hence we can take ag = 0 in the above. We may even further assume that

all our functions 1. ,, are nonpositive. By Step 3, for each § = ¢ = 27 we can select an
index v = p(k) such that

(1513) 127’“,27’9,]7(]{:) — / (6—2<P _ 8—2maX(‘Pa(l-i-Q*k)'lpsz’zp(k)))de < 2—k
X

By construction, we have an estimate i(‘?gw?k’zpu@) > ~v — 052 %w, and the functions
Yy« gp(w) are quasi-psh with logarithmic poles. Our estimates (especially (15.9)) imply
that limg s oo Yok 2pr (2) = (2) as soon as 2-P() Jog (1/inf; r;(k)) — 0 (notice that
the r;’s now depend on € = 27F). We set
(15.14) @u(z) = sup(l +27") 1y k0o (2).
k>v

By construction (¢, ) is a decreasing sequence and satisfies the estimates

Y, = max (cp, (1+ 2_”)1&2_”721{)(”)), i00¢, >~y — C52 " w.
Inequality (15.13) implies that

+oo
/ (e72¢ —e729)dV, < Z 2~k = ol—v,
X k=v

Finally, if Z, is the set of poles of ¥y-v 9pe), then Z, C Z, 1 and ¢, is continuous
on X \ Z,. The reason is that in a neighborhood of every point zp € X \ Z,, the term
(1 +2_k>'¢)2—k72p(k) contributes to ¢, only when it is larger than (1 + 27")¢s—v 900 .
Hence, by the almost-monotonicity, the relevant terms of the sup in (15.14) are squeezed
between (1 + 27")¥y-v 9y and (1 4+ 27%) (g0 9oy + C5277), and therefore there is
uniform convergence in a neighborhood of zy. Finally, condition (c¢) implies that

/ IfI2(e72% — e2%*)dV, < 400
U

for every germ of holomorphic function f € G(U) at a point © € X. Therefore both in-
tegrals fU |f|2e=2%dV,, and fU | f|2e=2%»dV,, are simultaneously convergent or divergent,
ie. F(p) = F(py). Theorem 15.3 is proved, except that ¢, is possibly just continuous
instead of being smooth. This can be arranged by Richberg’s regularization theorem
[Ri68], at the expense of an arbitrary small loss in the Hessian form. g

(15.15) Remark. By a very slight variation of the proof, we can strengthen condition
(c) and obtain that for every ¢ > 0

/ (e72t% — e72tPv )V,
X

is finite for v large enough and converges to 0 as v — +o0o. This implies that the sequence
of multiplier ideals .¥(tp, ) is a stationary decreasing sequence, with .f(tp,) = F(tp) for
v large.
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§15.C. A Bochner type inequality

Let (L, h) be a smooth hermitian line bundle on a (non necessarily compact) Kéhler

manifold (Y, w). We denote by | | =| |, the pointwise hermitian norm on AP97Ty ® L
associated with w and h, and by || || =] ||w.x the global L? norm
2 2 w"
lul|* = [ |u|*dV, where dV, = —

We consider the & operator acting on (p, ¢)-forms with values in L, its adjoint 52 with
respect to h and the complex Laplace-Beltrami operator A} = %Z + 525. Let v be a
smooth (n — ¢,0)-form with compact support in Y. Then u = w? A v satisfies

(15.16) Jul? + 1Byl = ol + [ 3 (Al
Y17 e

where A\; < ... < )\, are the curvature eigenvalues of Oy, j, expressed in an orthonormal
frame (0/0z,...,0/0z,) (at some fixed point oy € V), in such a way that

Wey =10 Z de A d?j, (@L,h)wo = 265%,0 =1 Z )\dej N d?j.
1<isn 1<isn
The proof of (15.16) proceeds by checking that
(15.17) (5;5 + 55;)(0 Aw?) — (5; ) Aw? = qiddp Awi™t A,

taking the inner product with ©v = w? A v and i_Iltegratill*g by parts lll the left hand side.
In order to check (15.16), we use the identity 9, = e¥d (e”¥e) =9 + V¥'p 1 e . Let
us work in a local trivialization of L such that ¢(xg) = 0 and Vp(zo) = 0. At ¢ we
then find

=% =  ==* —v —

(0,0+00,)(W! Av) —w?A(D,0v) =

[(5*5 +00) (Wi Av) —wIA (D o) +0(VP e 1 (w? Av)).

However, the term [...]| corresponds to the case of a trivial vector bundle and it is well
known in that case that [A” w? A o] =0, hence [...] = 0. On the other hand

Voo J (wiAv) = (Ve Jw) AwT™H Av = —qidp Awi™! Aw,
and so
e, L . »
(0,04 00,)(w! Av) —wi A (d,0v) = qiddp Aw!™" Av.

Our formula is thus proved when v is smooth and compactly supported. In general, we
have:

(15.18) Proposition. Let (Y,w) be a complete Kdhler manifold and (L,h) a smooth
hermitian line bundle such that the curvature possesses a uniform lower bound Oy, ) >
—Cw. For every measurable (n — q,0)-form v with L? coefficients and values in L such
that u = w9 A v has differentials Ou, 9 u also in L?, we have

[Bull? + 1yull® = o] + /Y > (DNl
1,J

Jjed
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(here, all differentials are computed in the sense of distributions).

Proof. Since (Y, w) is assumed to be complete, there exists a sequence of smooth forms v,
with compact support in Y (obtained by truncating v and taking the convolution with a
regularizing kernel) such that v, — v in L? and such that u, = w9 A v, satisfies u, — u,
Ou, — Ou, 9w, — 0 uin L2 By the curvature assumption, the final integral in the
right hand side of (15.16) must be under control (i.e. the integrand becomes nonnegative
if we add a term C/||u|? on both sides, C' > 0). We thus get the equality by passing to
the limit and using Lebesgue’s monotone convergence theorem. U

§ 15.D. Proof of Theorem (15.1)

To fix the ideas, we first indicate the proof in the much simpler case when (L, h) is
hermitian semi-positive, and then treat the general case.

(15.19) Special case. (L, h) is (smooth) hermitian semi-positive.

Let {8} € H1(X,Q% ® L) be an arbitrary cohomology class. By standard L? Hodge
theory, {5} can be represented by a smooth harmonic (0, ¢)-form S with values in Q% ®
L. We can also view ( as a (n,q)-form with values in L. The pointwise Lefschetz

isomorphism produces a unique (n — ¢,0)-form « such that 5 = w? A a. Proposition
15.18 then yields

ol + [ 37 (300 lans = 1051F +13;81% = 0.
1,J

JjeJ

and the curvature eigenvalues \; are nonnegative by our assumption. Hence Oa = 0 and
{a} € HO(X, Q% ?® L) is mapped to {} by @}, , =wiAe.

(15.20) General case.

There are several difficulties. The first difficulty is that the metric A is no longer
smooth and we cannot directly represent cohomology classes by harmonic forms. We
circumvent this problem by smoothing the metric on an (analytic) Zariski open subset
and by avoiding the remaining poles on the complement. However, some careful estimates
have to be made in order to take the error terms into account.

Fix ¢ = ¢, and let h. = h., be an approximation of h, such that h. is smooth on
X N Z. (Z. being an analytic subset of X), O 5. > —ew, he < h and .¥(he) = S(h).
This is possible by Theorem 15.3. Now, we can find a family

We.s = w+ 8(i00. + w), >0

of complete Kdhler metrics on X ~\ Z., where 1. is a quasi-psh function on X with
e = —00 on Z., 1. on X \ Z. and i00¢. +w > 0 (see e.g. [Dem82b], Théoreme 1.5).
By construction, w, s > w and lims_,ow: 5 = w. We look at the L? Dolbeault complex
K? ; of (n,e)-forms on X \ Z., where the L? norms are induced by w. s on differential
forms and by h. on elements in L. Specifically

K2, = {uwX \ 25N o L /X (W o, + Bt son Ve < ).
NZLe



132 Jean-Pierre Demailly, Analytic methods in algebraic geometry

Let H? s be the corresponding sheaf of germs of locally L? sections on X (the local L?
Condltlon should hold on X, not only on X ~\ Z.!). Then, for all ¢ > 0 and § > 0,
(J{gﬁ,g) is a resolution of the sheaf Q% @ L ® .¥(he) = Q% ® L ® .¥(h). This is because
L? estimates hold locally on small Stein open sets, and the L? condition on X \ Z,. forces
holomorphic sections to extend across Z. ([Dem82b], Lemme 6.9).

Let {#} € HY(X,Q% ® L ® .¥(h)) be a cohomology class represented by a smooth
form with values in Q% ® L ® .f(h) (one can use a Cech cocycle and convert it to an
element in the “€>° Dolbeault complex by means of a partition of unity, thanks to the
usual De Rham-Weil isomorphism). Then

<8I = /X BB nsndVis < 0.

The reason is that |3 |/2\n,qw® ,dV,, decreases as w increases. This is just an easy calculation,
shown by comparing two metrics w, w’ which are expressed in diagonal form in suitable co-
ordinates; the norm |3 |?w,qw on turns out to decrease faster than the volume dV, increases;
see e.g. [Dem82b], Lemme 3.2; a special case is ¢ = 0, then |B|in,qw®thw = i”26 A B
with the identification L ® L ~ C given by the metric h, hence the integrand is even
independent of w in that case.

By the proof of the De Rham-Weil isomorphism, the map « — {a} from the cocycle
space Z9(H? ;) equipped with its L? topology, into H4(X, Q% ® L®.%(h)) equipped with
its finite vector space topology, is continuous. Also, Banach’s open mapping theorem
implies that the coboundary space BY(H? ;) is closed in Z9(H?2 5). This is true for all
§ > 0 (the limit case 6 = 0 yields the strongest L? topology in bidegree (n, q)). Now, f3 is
a O-closed form in the Hilbert space defined by we 5 on X \ Z,, so there is a w, s-harmonic
form u. s in the same cohomology class as (3, such that

(15.21) Remark. The existence of a harmonic representative holds true only for 6 > 0,
because we need to have a complete Kahler metric on X \ Z.. The trick of employing
we s instead of a fixed metric w, however, is not needed when Z. is (or can be taken to
be) empty. This is the case if (L, h) is such that .¥(h) = Ox and L is nef. Indeed, in that
case, from the very definition of nefness, it is easy to prove that we can take the ¢,’s to
be everywhere smooth in Theorem 15.3. However, we will see in § 15.E that multiplier
ideal sheaves are needed even in case L is nef, when .f(h) # Ox.

Let v 5 be the unique (n — ¢, 0)-form such that u. 5 = vo 5 Aw! 5 (ve,5 exists by the
pointwise Lefschetz isomorphism). Then

< 1Blle.s < IBI-
As > jed Aj = —qe by the assumption on Oy, j_, the Bochner formula yields
1 26 < gellBI”.

These uniform bounds imply that there are subsequences u. 5, and v, s, with J, — 0,
possessing weak-L? limits u, = lim,_,, Ue,5, and v, = lim, 4 o Ve 5,. The limit u, =

2
£,0 <
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lim, s o0 Ue s, is with respect to L?(w) = L?(w. ). To check this, notice that in bidegree
(n — ¢,0), the space L?*(w) has the weakest topology of all spaces L?(w. s); indeed, an
easy calculation as in ([Dem82b], Lemme 3.2) yields

\f\?\n,q,ow@thw < |f|?\n,q,o%75®th%’(S if f is of type (n —¢,0).

On the other hand, the limit v, = lim, 1 ves, takes place in all spaces L*(w; s), d > 0,
since the topology gets stronger and stronger as ¢ | 0 [possibly not in L?(w), though,
because in bidegree (n,q) the topology of L?(w) might be strictly stronger than that of
all spaces L?(we s)]. The above estimates yield

loel2 = /X 0o, AV < (1812,

19ve 12 0 < g2l BIIZ o
u: =wiNv. =p in H1(X,Q% ® L ® .¥(h.)).

Again, by arguing in a given Hilbert space L2(_h60), we find L? convergent subsequences
Ue — U, Ve = v as € — 0, and in this way get dv = 0 and

ol < 118117,
u=wiNv=p in H1(X,Q% ® L ® $(h)).

Theorem 15.1 is proved. Notice that the equisingularity property .¥(h.) = .¥(h) is crucial
in the above proof, otherwise we could not infer that v = 8 from the fact that u. = 5.
This is true only because all cohomology classes {u.} lie in the same fixed cohomology
group HY(X, Q% ® L ® .%(h)), whose topology is induced by the topology of L?(w) on
0O-closed forms (e.g. through the De Rham-Weil isomorphism). O

§ 15.E. A counterexample

In view of Corollary 15.2, one might wonder whether the morphism ® would not
still be surjective when L is a nef vector bundle. We will show that this is unfortunately
not so, even in the case of algebraic surfaces.

Let B be an elliptic curve and let V' be the rank 2 vector bundle over B which is
defined as the (unique) non split extension

0—>0p -V — @ — 0.

In particular, the bundle V' is numerically flat, i.e. ¢;(V) = 0, co(V) = 0. We consider
the ruled surface X = P(V'). On that surface there is a unique section C' = P(Op) C X
with C? = 0 and

Ox(C) = Opv)(1)

is a nef line bundle. It is easy to see that
K (X, Opry(m)) = h°(B,S™V) =1

for all m € N (otherwise we would have mC = aC + M where aC is the fixed part
of the linear system |mC| and M # 0 the moving part, thus M? > 0 and C - M > 0,
contradiction). We claim that

hO(X, Q% (kC)) = 2
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for all £ > 2. This follows by tensoring the exact sequence
O—>Q§(|C%Q}(—>7r*Qlc:@C—>O
by Ox (kC) and observing that
Qo = Kx = 0x(—20).
From this, we get
0— H°(X,0x((k—2)C)) = H'(X,Q%6(kC)) — H*(X,Ox(kC))

where h(X, Ox ((k—2)C)) = h%(X,@x (kC)) = 1 for all k > 2. Moreover, the last arrow
is surjective because we can multiply a section of H°(X,@x(kC)) by a nonzero section
in H(X,7*QL) to get a preimage. Our claim follows. We now consider the diagram

HO(X,QL(20)) DY HY(X, Kx(20))

-| Is

HO(X, QL (30)) /\7‘”> HY(X, Kx(30)).

Since Kx(2C) ~ Ox and Kx(3C) ~ @x(C), the cohomology sequence of
0— Kx(20> — Kx(?)o) — Kx(3c>|0 ~ @C —0

immediately implies ¢ = 0 (notice that h'(X, Kx(2C)) = h'(X,Kx(3C)) = 1, since
hY'(B,0@g) = hY(B,V) = 1), and h*(X, Kx(2C)) = h*(B,@g) = 0). Therefore the
diagram implies ¥ = 0, and we get:

(15.22) Proposition. L = Opy)(3) is a counterample to (15.2) in the nef case. O

By Corollary (15.2), we infer that @x (3) cannot be hermitian semi-positive and we thus
again obtain — by a quite different method — the result of [DPS94], example 1.7.

(15.23) Corollary. Let B be an elliptic curve, V' the vector bundle given by the unique
non-split extension
00—V =0 —0.

Let X = P(V). Then L = Ox(1) is nef but not hermitian semi-positive (nor does any
multiple, e.g. the anticanonical line bundle — K x = Ox (—2) is nef but not semi-positive).

§ 16. Invariance of plurigenera of projective varieties

The goal of this section is to give a proof of the following fundamental result on
the invariance of plurigenera, which has been proved by Y.T. Siu [Siu98] in the case of
varieties of general type (in which case the proof has been translated in a purely algebraic
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form by Y. Kawamata [Kaw99]), and by [Siu00] in general. Let us recall that X is said
to be of general type if k(Kx) =n = dim X.

(16.1) Theorem (Siu). Let X — S be a proper holomorphic map defining a family
of smooth projective of varieties of general type on an irreducible base S. Then the
plurigenus p,,(X:) = h%( Xy, mKx,) of fibers is independent of t for all m > 0.

The proof somehow involves taking “limits” of divisors as m — 400, and therefore
transcendental methods are a strong contender in this circle of ideas, because currents
provide a natural compactification of the space of divisors. Quite recently, M. Paun
obtained a very short and elegant proof of (16.1) based merely on the Ohwawa-Takegoshi
extension theorem, and we are going to sketch his arguments below (see also M. Paun
[Pau07], B. Claudon [Cla07] and S. Takayama [Taka07]). In fact, following Paun, one can
prove more general results valid for cohomology with twisted coefficients. Remarkably
enough, no algebraic proof of these results are known at this point, in the case of varieties
of nonnegative Kodaira dimension which are not of general type.

Notice that by connecting any two points of S by a chain of analytic disks, it is
enough to consider the case where S = A is a disk.

(16.2) Theorem (further generalized version of Paun’s theorem). Let m: X — A be a
projective family over the unit disk, and let (Lj, hj)o<j<m—1 be (singular) hermitian line
bundles with semi-positive curvature currents iOp, p, = 0 on X. Assume that

(i) the restriction of h; to the central fiber X is well defined (i.e. not identically +00).
(ii) the multiplier ideal sheaf f(hj x,) is trivial for 1 < j <m — 1.

Then any section o of O(mKy + Y L;)|x, @ F(hox,) over the central fiber X extends
to X.

The invariance of plurigenera is just the case when all line bundles L; and their
metrics h; are trivial. Since the dimension ¢ — h°(X;, mKx,) is always upper semicon-
tinuous and since (16.2) implies the lower semicontinuity, we conclude that the dimension
is constant along analytic disks (hence along any irreducible base S, by joining any two
points through a chain of analytic disks).

In order to prove (16.2), we first state the technical version of the Ohsawa-Takegoshi
L? extension theorem needed for the proof, which is a special case of the Ohsawa-
Takegoshi Theorem — the reader is invited to check that the statement indeed follows
from (16.6).

(16.3) Lemma. Let w: X — A be as before and let (L, h) be a (singular) hermitian line
bundle with semi-positive curvature current i©rp = 0 on X. Let w be a global Kdhler
metric on X, and dVy, dVx, the respective induced volume elements on Xy and X.
Assume that hx, is well defined. Then any holomorphic section u of O(Ky+L)®.%(h|x,)
extends into a section u over X satisfying an L? estimate

[ Nl enave < Go [ fulZendvs,,
x Xo

where Cy = 0 is some universal constant (independent of X, L, ...).
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Proof of (16.2). We write h; = e~ %7 in terms of local plurisubharmonic weights. Fix an
auxiliary line bundle A (which will later be taken to be sufficiently ample), and define
inductively a sequence of line bundles F}, by putting F, = A and

F,=F, 1+ Ky+L, ifp=mg+r, 0<r<m-—1.
By construction we have Fy,1,, = F, + mKy + Zj L; and

F():A, F1:A+K1+L1,,Fp:A+pK1+L1++Lp, 1<p<m—1

The game is to construct inductively families of sections, say ( (p )) j=1...N,, of F}, over
¥, together with ad hoc L? estimates, in such a way that

(a) for p=0,...,m —1, F, is generated by its sections (ﬂ;p))jzl___Np :

~(p) - (p) . .

(b) we have the m-periodicity relations Ny, = N, and u;” is an extension of u;

qug)overfforp mq+r, Whereu(). E&,Oér\ - L

Property (a) can certainly be achieved by taking A ample enough so that Fp, ...,
F,,_1 are generated by their sections, and by choosing the u(p ) appropriately for the first
m indices p = 0,...,m — 1. Now, by induction, we equlp F,_1 with the tautological
metric €%/ |fl§-p_1)(:v)|2, and F, — Ky = F,_1 + L, with that metric multiplied by
h, = e~%r ; it is clear that these metrics have semi-positive curvature currents (the
metric on F), itself if obtained by using a smooth Kéhler metric w on %). In this setting,
we apply the Ohsawa-Takegoshi theorem to the line bundle Fj,_; + L, to extend ugp ) into

a section ﬂ;p ) over . By construction the pointwise norm of that section in Fj,x, in a

local trivialization of the bundles involved is the ratio
| (p) |2
Z ‘u(p 1) 2

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

Sl
Z |u(p)|2 _QDT B Z "L[/(T 1)|2

Ze|ugp 1)|2 E ‘U(O)‘Q
m—1
S lug™ VP

Since the sections (u; (r )) generate their line bundle, the ratios involved are positive func-
tions without zeroes and poles, hence smooth and bounded [possibly after shrinking the
base disc A, as is permitted]. On the other hand, assumption (ii) and the fact that o
has coefficients in the multiplier ideal sheaf .¥(hg|x,) tell us that e™%~, 1 <7 < m and
|o|?e™%° are locally integrable on Xg. It follows that there is a constant C; > 0 such

that
Z | (p) |2

X0 Zg ‘u(p 1)|2

_Qo'r‘

er forp=mqg+r,0<r<m-—1,

lo[?e=?°  for p = Omodm.

—<pr de < Cl
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for all p > 1 [of course, the integral certainly involves finitely many trivializations of the
bundles involved, whereas the integrand expression is just local in each chart]. Induc-

tively, the L? extension theorem produces sections ﬁgp ) of F, over X such that
~(p)
>, u)?
~(p—1
* 3 g )|2

The next idea is to extract the limits of p-th roots of these sections to get a singular
hermitian metric on mKy + > L;. As the functions e™#" are locally bounded below (¢,
being psh), the Holder inequality implies that

[ () av <

The mean value inequality for plurisubharmonic functions shows a fortiori that the se-
(p)|2

e PrdV, < Cy = C()Cl.

quence of psh functions > log Z |u is locally uniformly bounded from above. These
functions should be thought of as Welghts on the Q-line bundles

1 1
2(A Ky Li)+Li+...+L, ing to Ky + — S L 5 too,
p( +q(mKy + Z j)+Li+...+L,) converging to Ky + - Z ;j asp— +oo

and thus they are potentials of currents in a bounded subset of the Kahler cone. Moreover,

~(p)

the sections u; extend oc%u” on Xy, and so we have in particular
] 07

1
pl}gloo 5 logz |u(p)\ pgr}rloo 5 log (Jo|? Z \u(0)| log lo|? Z —0co on Xj.

Therefore, by well known facts of potential theory, the sequence + logZ |u(p )|2 must

have some subsequence which converges in L{ . topology to the potentlal Y of a current
in the first Chern class of Ky + -~ Ls L;, in the form of an upper regularized limit

YP(z) = limsup lim —logz |u(p”

(—z Vtoopy

which is such that 1(z) > L log|o|? on Xy. Hence mKy + > L; possesses a hermitian
metric H = e~™¥, and we have by construction ||o||z < 1 and ©x > 0. In order to
conclude, we equip the bundle

with the metric v = H'= /™[] h;/m, and mKy + ) L; = Ky + G with the metric w®-.
Clearly v has a semi-positive curvature current on X and in a local trivialization we have

o, <l L300 < L)’

on Xo. Since |g[*e%° and e~#r, 7 > 0 are all locally integrable, we see that [o]|2,
is also locally integrable on Xy by the Holder inequality. A new (and final) application
of the L? extension theorem to the hermitian line bundle (G,~) implies that o can be
extended to . Theorem (16.2) is proved. O
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§ 17. Numerical characterization of the Kahler cone

§ 17.A. Positive classes in intermediate (p, p) bidegrees

We first discuss some general positivity concepts for cohomology classes of type (p, p),
although we will not be able to say much about these. Recall that we have a Serre duality
pairing

(17.1) HP9(X,C) x H"™P"9(X,C) — C, (o, 8) > / aABeC.
X

In particular, if we restrict to real classes, this yields a duality pairing

(17.2) HPP(X,R) x H" P"P(X R) — R, (a,B) — / aNpeR.
X

Now, one can define HEY (X, R) to be the closure of the cone of classes of d-closed strongly
positive smooth (p, p)-forms (a (p, p)-form in APPT% is by definition strongly positive if
it is in the convex cone generated by decomposable (p,p) forms ius ATy A ... Adu, AT,
where the u; are (1,0)-forms). Clearly, Héi;l(X, R) = J and the cup product defines a
multilinear map

(17.3) T x ... x K — HYP(X,R)

on the p-fold product of the Kéhler cone and its closure. We also have HEY (X, R) C
HEJ(X,R) where HEJ(X,R) is the cone of classes of d-closed weakly positive currents
of type (p,p), and the Serre duality pairing induces a positive intersection product

(17.4) HEP(X,R) x HZ "™ P(X,R) — Ry,  (o,T)— / a AT € Ry
X

(notice that if « is strongly positive and T' > 0, then o A T is a positive measure).

If ‘€ is a convex cone in a finite dimensional vector space F, we denote by ‘€ the dual
cone, i.e. the set of linear forms u € E* which take nonnegative values on all elements
of ‘€. By the Hahn-Banach theorem, we always have ‘€¥¥ = “€. A basic problem would
be to investigate whether HZ' (X, R) and HS;”" "(X,R) are always dual cones, and
another even harder question, which somehow encompasses the Hodge conjecture, would
be to relate these cones to the cones generated by cohomology classes of effective analytic
cycles. We are essentially unable to address these extremely difficult questions, except
in the special cases p = 1 or p = n — 1 which are much better understood and are the
main target of the following sections.

§ 17.B. Numerically positive classes of type (1,1)

We describe here the main results obtained in [DP04]. The upshot is that the Kéhler
cone depends only on the intersection product of the cohomology ring, the Hodge struc-
ture and the homology classes of analytic cycles. More precisely, we have :

(17.5) Theorem. Let X be a compact Kdihler manifold. Let % be the set of real (1,1)
cohomology classes {a} which are numerically positive on analytic cycles, i.e. such that
fY aP > 0 for every irreducible analytic set' Y in X, p =dimY. Then the Kdhler cone
K of X is one of the connected components of “P.
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(17.6) Special case. If X is projective algebraic, then H = 9.

These results (which are new even in the projective case) can be seen as a general-
ization of the well-known Nakai-Moishezon criterion. Recall that the Nakai-Moishezon
criterion provides a necessary and sufficient criterion for a line bundle to be ample: a
line bundle L — X on a projective algebraic manifold X is ample if and only if

LP-Y:/ el (L) > 0,
Y

for every algebraic subset Y C X, p=dimY.

It turns out that the numerical conditions fY aof > 0 also characterize arbitrary
transcendental Kahler classes when X is projective: this is precisely the meaning of the
special case 17.6.

(17.7) Example. The following example shows that the cone % need not be connected
(and also that the components of % need not be convex, either). Let us consider for
instance a complex torus X = C"/A. It is well-known that a generic torus X does not
possess any analytic subset except finite subsets and X itself. In that case, the numerical
positivity is expressed by the single condition [ @ > 0. However, on a torus, (1,1)-
classes are in one-to-one correspondence with constant hermitian forms « on C™. Thus,
for X generic, % is the set of hermitian forms on C™ such that det(«) > 0, and Theorem
17.5 just expresses the elementary result of linear algebra saying that the set K of positive
definite forms is one of the connected components of the open set & = {det(a) > 0} of
hermitian forms of positive determinant (the other components, of course, are the sets of
forms of signature (p, q), p+ q = n, q even. They are not convex when p > 0 and ¢ > 0).

Sketch of proof of Theorems 17.5 and 17.6. By definition (1.16) (iv), a Kdhler current
is a closed positive current 7" of type (1,1) such that T' > ew for some smooth Kéhler
metric w and € > 0 small enough. The crucial steps of the proof of Theorem 17.5 are
contained in the following statements.

(17.8) Proposition (Paun [Pau98a, 98b]). Let X be a compact complex manifold (or
more generally a compact complex space). Then

(a) The cohomology class of a closed positive (1,1)-current {T'} is nef if and only if
the restriction {T'},z is nef for every irreducible component Z in any of the Lelong
sublevel sets E.(T).

(b) The cohomology class of a Kdhler current {T'} is a Kdhler class (i.e. the class of a
smooth Kdhler form) if and only if the restriction {1}z is a Kdihler class for every
irreducible component Z in any of the Lelong sublevel sets E.(T).

The proof of Proposition 17.8 is not extremely hard if we take for granted the fact
that Kahler currents can be approximated by Kéahler currents with logarithmic poles,
a fact which was first proved in section 3.B (see also [Dem92]). Thus in (b), we may
assume that T = a+100¢ is a current with analytic singularities, where ¢ is a quasi-psh
function with logarithmic poles on some analytic set Z, and ¢ smooth on X \ Z. Now,
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we proceed by an induction on dimension (to do this, we have to consider analytic spaces
rather than with complex manifolds, but it turns out that this makes no difference for
the proof). Hence, by the induction hypothesis, there exists a smooth potential ) on Z
such that oz + 100y > 0 along Z. It is well known that one can then find a potential

1Z on X such that o + 135{5 > 0 in a neighborhood V' of Z (but possibly non positive
elsewhere). Essentially, it is enough to take an arbitrary extension of ¢ to X and to add a
large multiple of the square of the distance to Z, at least near smooth points; otherwise,
we stratify Z by its successive singularity loci, and proceed again by induction on the
dimension of these loci. Finally, we use a a standard gluing procedure : the current
T = a+imax.(p, — C), C > 1, will be equal to a +199¢ > 0 on X \ V, and to a
smooth Kahler form on V. O

The next (and more substantial step) consists of the following result which is remi-
niscent of the Grauert-Riemenschneider conjecture ([Siu84], [Dem85]).

(17.9) Theorem ([DP04]). Let X be a compact Kdhler manifold and let {a} be a nef
class (i.e. {a} € K). Assume that [, ™ > 0. Then {a} contains a Kdhler current T,
in other words {a} € €°.

Step 1. The basic argument is to prove that for every irreducible analytic set ¥ C X
of codimension p, the class {a}? contains a closed positive (p,p)-current © such that
© > §]Y] for some § > 0. For this, we use in an essentail way the Calabi-Yau theorem
[Yau78] on solutions of Monge-Ampere equations, which yields the following result as a
special case:

(17.10) Lemma ([Yau78]). Let (X,w) be a compact Kdhler manifold and n = dim X .
Then for any smooth volume form f > 0 such that fX f= fX w", there exist a Kahler

metric @ = w + 100y in the same Kdhler class as w, such that @™ = f. O

We exploit this by observing that a 4+ cw is a Kahler class. Hence we can solve the
Monge-Ampere equation

(17.10a) (a+ew +i00p.)" = Cow™

where (w.) is the family of Ké&hler metrics on X produced by Lemma 3.4 (iii), such that
their volume is concentrated in an e-tubular neighborhood of Y.

. fX ol fX(oz—l—gw)” S O — fX o

= T >0

C.

_IXW?_ fan -

Let us denote by
A(z) ... < A (2)

the eigenvalues of a.(z) with respect to w.(z), at every point z € X (these functions are
continuous with respect to z, and of course depend also on €). The equation (17.10a) is
equivalent to the fact that

(17.10b) M(2) . dn(z) = C.
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is constant, and the most important observation for us is that the constant C. is bounded
away from 0, thanks to our assumption [, a” > 0.

Fix a regular point oy € Y and a small neighborhood U (meeting only the irreducible
component of zg in Y'). By Lemma 3.4, we have a uniform lower bound

(17.10¢) / WP AW P > 6, (U) > 0.
Uunvy

Now, by looking at the p smallest (resp. (n—p) largest) eigenvalues \; of a. with respect
to we, we find

(17.10d) al = AL A wh,

(17.10€) al P Aw

REs

1
= ﬁ)\p—’_l .. .)\n wf,

The last inequality (17.10e) implies
/ Aptil - Apwy <n!/ al P AW :n!/ (a+ew)" PAWP <M
X X X

for some constant M > 0 (we assume € < 1, say). In particular, for every 6 > 0, the
subset Es C X of points z such that A,11(2) ... Ay (2) > M/ satisfies fE5 wl < 9, hence

(17.10f) / W Aw" TP < 2”_p/ wr < 2"7P6.
Es Es

The combination of (17.10¢) and (17.10f) yields
/ WEAW"TP > 6,(U) — 2"7P6.
(UﬂVE)\E(;

On the other hand (17.10b) and (17.10d) imply

wP on (UNV.)\ Es.

al >

From this we infer

C C
17.10g / al Aw" P > / WP AW > —=(6,(U) —2"7P5) > 0
( ) Uunv, M/(S (UNV.)~E;s M/ (;D( ) )

provided that d is taken small enough, e.g. § = 2~ (~P+1§ (U7). The family of (p,p)-
forms o is uniformly bounded in mass since

/ al NP = / (o + ew)? Aw" P < Const.
b'e be

Inequality (17.10 g) implies that any weak limit © of (a?) carries a positive mass on UNY'.
By Skoda’s extension theorem [Sko82], 1y © is a closed positive current with support in
Y, hence 1y© = ) ¢;[Y;] is a combination of the various components Y; of ¥ with
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coefficients ¢; > 0. Our construction shows that © belongs to the cohomology class
{a}P. Step 1 of Theorem 17.9 is proved.

Step 2. The second and final step consists in using a “diagonal trick”: for this, we apply
Step 1 to

)A(::XXX, ?:diagonalAc)}:, a = pria + pria.

It is then clear that & is nef on X and that

/32@)2” _ (2:) (/Xa”)z >0,

It follows by Step 1 that the class {a}™ contains a Kéhler current © of bidegree (n,n)
such that © > 6[A] for some 6 > 0. Therefore the push-forward

T := (pr1)«(© A praw)
is a positive (1, 1)-current such that
T = 6(pry )« ([A] A prow) = dw.

It follows that 7" is a Kéhler current. On the other hand, T" is numerically equivalent to
(pry)«(a™ A priw), which is the form given in coordinates by

x> - (o) + oz(y))n ANw(y) = Ca(z)

where C' = n [y a(y)" ' Aw(y). Hence T = Ca, which implies that {a} contains a
Kahler current. Theorem 17.9 is proved. U

End of Proof of Theorems 17.5 and 17.6. Clearly the open cone K is contained in 9,
hence in order to show that K is one of the connected components of &, we need only
show that J is closed in %, i.e. that NP C K. Pick a class {a} € HNP. In particular
{a} is nef and satisfies [, @™ > 0. By Theorem 17.9 we conclude that {a} contains a
Kahler current 7. However, an induction on dimension using the assumption fY o? for
all analytic subsets Y (we also use resolution of singularities for Y at this step) shows
that the restriction {a}y is the class of a Kéhler current on Y. We conclude that {a}
is a Kéhler class by 17.8 (b), therefore {a} € K, as desired. O

The projective case 17.6 is a consequence of the following variant of Theorem 17.5.

(17.11) Corollary. Let X be a compact Kihler manifold. A (1,1) cohomology class {a}
on X is Kdhler if and only if there exists a Kahler metric w on X such that fY akf AwP—k >
0 for all irreducible analytic sets Y and all k=1,2,...,p=dimY.

Proof. The assumption clearly implies that

/Y(a—i—tw)p>0
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for all t € R, hence the half-line a + (R )w is entirely contained in the cone % of
numerically positive classes. Since a + tgw is Kahler for ¢y large, we conclude that the
half-line in entirely contained in the connected component K, and therefore « € K. 0O

In the projective case, we can take w = ¢y (H) for a given very ample divisor H, and
the condition fY af AwP~F > 0 is equivalent to

/ af >0
YﬂHlﬂ...ﬂHp_k

for a suitable complete intersection Y N Hy N ... N Hy_y, H; € |H|. This shows that
algebraic cycles are sufficient to test the Kahler property, and the special case 17.6 follows.
On the other hand, we can pass to the limit in 17.11 by replacing o by a + cw, and in
this way we get also a characterization of nef classes.

(17.12) Corollary. Let X be a compact Kdihler manifold. A (1,1) cohomology class {a}
on X is nef if and only if there exists a Kdhler metric w on X such that fy af AwP=F >0
for all irreducible analytic sets Y and all k =1,2,...,p=dimY.

By a formal convexity argument, one can derive from 17.11 or 17.12 the following
interesting consequence about the dual of the cone K.

(17.13) Theorem. Let X be a compact Kdhler manifold.

(a) A (1,1) cohomology class {a} on X is nef if and only for every irreducible analytic
setY in X, p=dim X and every Kdahler metric w on X we have fY aAwP™! >0.
(Actually this numerical condition is needed only for Kdhler classes {w} which belong
to a 2-dimensional space R{a} + R{wo}, where {wo} is a given Kdihler class).

(b) The dual of the nef cone K is the closed convex cone in H""~1(X,R) generated
by cohomology classes of currents of the form [Y] AwP™! in H* =11 X R), where
Y runs over the collection of irreducible analytic subsets of X and {w} over the set
of Kdhler classes of X. This dual cone coincides with H;O_I’n_l(X, R).

Proof. (a) Clearly a nef class {a} satisfies the given numerical condition. The proof of
the converse is more tricky. First, observe that for every integer p > 1, there exists a
polynomial identity of the form

(17.14) (y —o0x)? — (1 —0)Pal = (y — o) /0 Ap(t,0) (1 —t)z + ty)p_l dt

where A,(t,6) = > gcmep @m(t)0™ € Q[t,0] is a polynomial of degree < p — 1 in ¢
(moreover, the polynomial A, is unique under this limitation for the degree). To see
this, we observe that (y —dx)P — (1 —§)PzP vanishes identically for x = y, so it is divisible
by y — z. By homogeneity in (x,y), we have an expansion of the form

(y —6x)P — (1 —0)Pa? = (y — x) Z bemalyP~1t6m

0<e<p—1,0<m<p

in the ring Z[z,y, §]. Formula (17.14) is then equivalent to

(17.14) bom = /Olam(t)( ;1)(1 — )Pt at.
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Since (U, V) — fol U(t)V (t)dt is a non degenerate linear pairing on the space of polyno-
mials of degree < p — 1 and since ((pzl)(l — )P~ 1Y) <p<p_1 is a basis of this space,
(17.147) can be achieved for a unique choice of the polynomials a,,(t). A straightforward
calculation shows that A,(¢,0) = p identically. We can therefore choose dp € [0, 1] so

small that A,(¢,6) > 0 for all ¢ € [0,1], 6 € [0,p] and p=1,2,...,n

Now, fix a Kéahler metric w such that w’ = a+w yields a Kahler class {w’} (just take
a large multiple w = kwg, k > 1, of the given Kéhler metric wq to initialize the process).
A substitution z = w and y = w’ in our polynomial identity yields

(a+ (1 —=0)w)? — (1 —0)Pw? = /01 Ap(t,0) an (1 —tw+ tw')p_ldt.

For every irreducible analytic subset Y C X of dimension p we find

/Y(a+(1—5) (1-9¢ /wp—/ tddt /Yoz/\((l—t)w—i—tw')p_l).

However, (1 — t)w + tw’ is a Kéhler class (contained in R{a} + R{wp}) and therefore
[y an ((1—t)w—i—tw’)p_1 > 0 by the numerical condition. This implies [ (a+(1—8)w)?

0 for all 0 € [0,dp]. We have produced a segment entirely contained in % such that one
extremity {a+w} isin K, so the other extremity {a+(1—dy)w} is also in K. By repeating
the argument inductively after replacing w with (1—dg)w, we see that {a+(1—4dp)"w} € K
for every integer v > 0. From this we infer that {a} is nef, as desired.

(b) Part (a) can be reformulated by saying that the dual cone is the closure of the
convex cone generated by (n—1,n — 1) cohomology classes of the form [Y]AwP~1. Since
these classes are contained in HQO b=l X,R) which is also contained in H = by (17.6),
we infer that

F=HI VX, R) = Cone({[Y] A wp—1}).

§ 17.C. Deformations of compact Kahler manifolds

Our main Theorem 17.5 also has an important application to the deformation theory
of compact Kéahler manifolds.

(17.16) Theorem. Let w: X — S be a deformation of compact Kdihler manifolds over

an irreducible base S. Then there exists a countable union S" =] S, of analytic subsets
S, € S, such that the Kdihler cones Ky C HYY(X;,C) of the fibers X; = m 1(t) are

invariant over S ~\.S" under parallel transport with respect to the (1,1)-projection V1! of
the Gauss-Manin connection V in the decomposition of

AVEIL 0
V= « VB«
0 x V02

on the Hodge bundle H> = H*>% @ HV' @ HY2.

We moreover conjecture that for an arbitrary deformation X — S of compact com-
plex manifolds, the Kahler property is open with respect to the countable Zariski topology
on the base S of the deformation.
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Let us recall the general fact that all fibers X; of a deformation over a connected
base S are diffeomorphic, since X — S is a locally trivial differentiable bundle. This
implies that the cohomology bundle

S>tw HYX,,C)

is locally constant over the base S. The corresponding (flat) connection of this bundle
is called the Gauss-Manin connection, and will be denoted here by V. As is well known,
the Hodge filtration

FP(H*(X,C)= € H"(X:,C)

r+s=k,r>p

defines a holomorphic subbundle of H*(X;, C) (with respect to its locally constant struc-
ture). On the other hand, the Dolbeault groups are given by

HP(X,,C) = FP(H"(X,C)) N FF-P(H*(X,,C)),  k=p+uq,

and they form real analytic subbundles of H*(X;, C). We are interested especially in the
decomposition

H2<Xt7 (C) = H27O(Xt7 C) ©® Hl’l(Xb C) ® HO’Q(XIH (C)

and the induced decomposition of the Gauss-Manin connection acting on H?

V20 * *
vV = * Vl’l *
% % VO,Q

Here the stars indicate suitable bundle morphisms — actually with the lower left and
upper right stars being zero by Griffiths’ transversality property, but we do not really
care here. The notation V?? stands for the induced (real analytic, not necessarily flat)
connection on the subbundle t — HP4(X,, C).

Sketch of Proof of Theorem 17.16. The result is local on the base, hence we may
assume that S is contractible. Then the family is differentiably trivial, the Hodge bundle
t — H?*(X;,C) is the trivial bundle and ¢ — H?(X;,Z) is a trivial lattice. We use
the existence of a relative cycle space CP(¥/S) C CP(X) which consists of all cycles
contained in the fibres of 7 : X — S. It is equipped with a canonical holomorphic
projection

mp : CP(X/S) = S.

We then define the S, ’s to be the images in S of those connected components of C?(%/S)
which do not project onto S. By the fact that the projection is proper on each component,
we infer that S, is an analytic subset of S. The definition of the S,’s imply that the
cohomology classes induced by the analytic cycles {[Z]}, Z C X;, remain exactly the
same for all ¢ € S~ 8’. This result implies in its turn that the conditions defining
the numerically positive cones %; remain the same, except for the fact that the spaces
HY(X;,R) ¢ H*(X;,R) vary along with the Hodge decomposition. At this point, a
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standard calculation implies that the %, are invariant by parallel transport under V1!,
This is done as follows.

Since S is irreducible and S’ is a countable union of analytic sets, it follows that
S\ S’ is arcwise connected by piecewise smooth analytic arcs. Let

v:[0,1] = S\ 5, u—t=~(u)
be such a smooth arc, and let a(u) € HY (X, (), R) be a family of real (1, 1)-cohomology
classes which are constant by parallel transport under V!, This is equivalent to assum-
ing that

V(a(u» S HQ,O(X'y(u)a C) @ HO,Q(X'y(u)a C)

for all u. Suppose that «(0) is a numerically positive class in X y. We then have

a(0? - {(2)} = [ a0y >0
z
for all p-dimensional analytic cycles Z in X, (). Let us denote by
(z(t) € H*(X, Z),  ¢=dimX; —p,

the family of cohomology classes equal to {[Z]} at ¢t = (0), such that V{z(t) = 0 (i.e.
constant with respect to the Gauss-Manin connection). By the above discussion, (z(t)
is of type (q,q) for all t € S, and when Z C X, (o) varies, (z(t) generates all classes of
analytic cycles in X; if t € S~ . Since (7 is V-parallel and Va(u) has no component
of type (1,1), we find

d

T (@) - G (y(w) = pa(u)™ - Va(u) - G (v(w) = 0.

We infer from this that a/(u) is a numerically positive class for all w € [0, 1]. This argument
shows that the set %; of numerically positive classes in H''!(X;, R) is invariant by parallel
transport under V! over S\ 9.

By a standard result of Kodaira-Spencer [KS60] relying on elliptic PDE theory, every
Kahler class in X;, can be deformed to a nearby Kahler class in nearby fibres X;. This
implies that the connected component of %; which corresponds to the Kahler cone K,
must remain the same. The theorem is proved. O

As a by-product of our techniques, especially the regularization theorem for currents,
we also get the following result for which we refer to [DP04].

(17.17) Theorem. A compact complex manifold carries a Kdhler current if and only
if it is bimeromorphic to a Kdhler manifold (or equivalently, dominated by a Kdhler

manifold).

This class of manifolds is called the Fujiki class “€. If we compare this result with the
solution of the Grauert-Riemenschneider conjecture, it is tempting to make the following
conjecture which would somehow encompass both results.
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(17.18) Conjecture. Let X be a compact complex manifold of dimension n. Assume
that X possesses a nef cohomology class {a} of type (1,1) such that [ a™ > 0. Then X
is in the Fujiki class ‘€. [Also, {a} would contain a Kdhler current, as it follows from
Theorem 17.9 if Conjecture 17.18 is proved)].

We want to mention here that most of the above results were already known in the
cases of complex surfaces (i.e. in dimension 2), thanks to the work of N. Buchdahl [Buc99,
00] and A. Lamari [Lam99a, 99b].

Shortly after the original [DP04] manuscript appeared in April 2001, Daniel Huy-
brechts [HuyO1] informed us that Theorem 17.5 can be used to calculate the Kéhler
cone of a very general hyperkéhler manifold: the Kéahler cone is then equal to a suitable
connected component of the positive cone defined by the Beauville-Bogomolov quadratic
form. In the case of an arbitrary hyperkdhler manifold, S.Boucksom [Bou02] later showed
that a (1,1) class {a} is Kéhler if and only if it lies in the positive part of the Beauville-
Bogomolov quadratic cone and moreover |, o @ > 0 for all rational curves C' C X (see also
[Huy99]).

§ 18. Structure of the pseudo-effective cone and mobile intersec-
tion theory

§ 18.A. Classes of mobile curves and of mobile (n — 1,n — 1)-currents

We introduce various positive cones in H*~1"~1(X R), some of which exhibit cer-
tain “mobility” properties, in the sense that they can be more or less freely deformed.
Ampleness is clearly such a property, since a very ample divisor A can be moved in
its linear system |A| so as to cover the whole ambient variety. By extension, a Kéhler
class {w} € HY(X,R) is also considered to be mobile, as illustrated alternatively by
the fact that the Monge-Ampeére volume form (w + i99p)"™ of a Kihler metric in the
same cohomology class can be taken to be equal to an arbitrary volume form f > 0 with
Jx f=[xw" (thanks to Yau’s theorem [Yau78]).

(18.1) Definition. Let X be a smooth projective variety.

(i) One defines NE(X) to be the convex cone generated by cohomology classes of all
effective curves in H"~ 1"~ 1(X R)

(ii) We say that C is a mobile curve if C = Cy, is a member of an analytic family
(Ct)tes such that Utes Cy = X and, as such, is a reduced irreducible 1-cycle. We
define the mobile cone ME(X), to be the convex cone generated by all mobile curves.

(iii) If X is projective, we say that an effective 1-cycle C is a strongly mobile if we have

C:M*(glm...ﬁAn_1>

for suitable very ample divisors ,Z[j on )?, where p : X > Xisa modification. We
let ME®(X) be the convexr cone generated by all strongly mobile effective 1-cycles
(notice that by taking Zj general enough these classes can be represented by reduced
irreducible curves; also, by Hironaka, one could just restrict oneself to compositions
of blow-ups with smooth centers).
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Clearly, we have

ME®(X) C ME(X) C NE(X).

The cone NE(X) is contained in the analogue of the Neron-Severi group for (n—1,n—1)-
classes, namely

NSﬁ_l(X> — (I_In—l,n—l()(7 R) N HQn_Q(X, Z)/tOI‘S) ®Z R

(sometimes also denoted N7 (X) in the litterature). We wish to introduce similar concepts
for cones of non necessarily integral classes, on arbitrary compact Kahler manifolds. The
relevant definition is as follows.

(18.2) Definition. Let X be a compact Kdhler manifold.

(i)

(i)

(iii)

For

We define N = H;El’”_l(X, R) to be the (closed) convex cone in H" 1" 1(X R)
generated by classes of positive currents T' of type (n — 1,n — 1), i.e., of bidimension
(1,1).

We define the cone M* C H*~1"~1(X,R) of strongly mobile classes to be the closure
of the convexr cone generated by classes of currents of the form

,u*(@l AN LTJn_1>

where X — X is an arbitrary modification, and the w; are Kdhler forms on X.

We define the cone Ml ¢ H" 2"~ 1(X ,R) of mobile classes to be the closure of the
convex cone generated by classes of currents of the form

[V ] AGL A o AGp_1)

where [ : X — X is an arbitrary modification, the w; are Kdhler forms on X and
(Yi)tes is an analytic family of effective p-dimensional analytic cycles covering X
such that Yy, is reduced and irreducible, with p running over all {1,2,...,n}.

Clearly, we have
AP C AMC N

X projective, it is also immediately clear from the definitions that

NE(X) C Nys := NNNSEH(X),
X)

(18.3) ME(X) C Jlys := J N NSE(

ME®(X) C Mg = M° N"NSE~H(X).

The upshot of these definitions lie in the following easy observation.

(18.

4) Proposition. Let X be a compact Kéihler manifold. The Serre duality pairing

HY(X, R)x H"™ " 1(X R) — R, (a, B) — /Xa/\ﬁ
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takes nonnegative values
(a) for all pairs (a, B) € H x N;
(b) for all pairs (a, B) € € x M.

Proof. (a) is obvious. In order to prove (b), we may assume that 5 = p.([Yz,] A w1 A
... ANwp_1) for some modification p: X — X, where {a} = {T'} is the class of a positive
(1,1)-current on X and w; are Kahler forms on X. Then for ¢t € S generic

/aAﬂz/TAM*([Z]Awl/\...Aap_l)
X X
:/M*TA[?;]/\&l/\...Aap_l
X

(18.5) - /?(,L*T%AY; AGLA .. ATy >0

provided that we show that the final integral is well defined and that the formal calula-
tions involved in (18.5) are correct. Here, we have used the fact that a closed positive
(1,1)-current T always has a pull-back p*T', which follows from the observation that if
T = a+i00yp with o smooth and ¢ quasi-psh, we may always set *T = p*a+i90(pou),
with ¢ o u quasi-psh and not identically —oo on X. Similarly, we see that the restriction
(w*T) 7, is a well defined positive (1, 1)-current for ¢ generic, by putting

W15, = (Wa)g, +i00((po 1))

and choosing t such that Y, is not contained in_the pluripolar set of —oo poles of p o u
(this is possible thanks to the assumption that Y; covers X; locally near any given point
we can modify « so that & = 0 on a small neighborhood V', and then ¢ is psh on V).
Finally, in order to justify the formal calculations we can use a regularization argument
for T, writing T = lim T}, with T}, = o + 100y, and a decreasing sequence of smooth
almost plurisubharmonic potentials ¢y | ¢ such that the Levi forms have a uniform lower
bound 09y, > —Cw (such a sequence exists by [Dem92]). Then (M*Tk)ri — (u*T) 7
in the weak topology of currents. U

Proposition 18.4 leads to the natural question whether the cones (K, N') and ('€, M)
are dual under Serre duality, The second part of the question is addressed in the next
section. The results proved in § 17 yield a complete answer to the first part — even in the
general Kahler setting.

(18.6) Theorem. Let X be a compact Kihler manifold. Then

(i) F and N are dual cones.

(i) If X is projective algebraic, then Fns = Nef(X) and N'ns = NE(X) and these cones
are dual.

Proof. (i) is a weaker version of (17.13 b).



150 Jean-Pierre Demailly, Analytic methods in algebraic geometry

(ii) The equality Fns = Nef(X) has already been discussed and is a consequence of the
Kodaira embedding theorem. Now, we know that

NE(X) C Nns C Fng = Nef(X)",

where the second inclusion is a consequence of (18.4 a). However, it is already well-known
that NE(X) and NE(X) are dual cones (see [Har70]), hence the inclusions are equalities
(we could also obtain a self-contained proof by reconsidering the arguments used for
(17.13 a) when a and wy are rational classes; one sees by the density of the rationals that
the numerical condition for « is needed only for elements of the form [Y] A wP~! with
w € Q{a} + Q{wo} a rational class, so [Y] AwP~! is then a Q-effective curve). O

§ 18.B. Zariski decomposition and mobile intersections

Let X be compact Kéahler and let o € ‘€° be in the interior of the pseudo—effective
cone. In analogy with the algebraic context such a class « is called “big”, and it can
then be represented by a Kdhler current T, i.e. a closed positive (1,1)-current 7" such
that T > dw for some smooth hermitian metric w and a constant § < 1. We first need a
variant of the regularization theorem proved in section 9.B.

(18.7) Regularization theorem for currents. Let X be a compact complex manifold
equipped with a hermitian metric w. Let T = a + i00¢ be a closed (1,1)-current on X,
where o 1s smooth and ¢ is a quasi-plurisubharmonic function. Assume that T > ~
for some real (1,1)-form ~ on X with real coefficients. Then there exists a sequence
Tn = a + 100, of closed (1,1)-currents such that

(i)  ©m (and thus T,,) is smooth on the complement X \ Z,, of an analytic set Z,,, and
the Z,,’s form an increasing sequence

JoCZ1C...C L, C...CX.

(ii) There is a uniform estimate Ty, > v — dpw with lim | 6,, = 0 as m tends to +oo.

(iii) The sequence () is non increasing, and we have lim | @, = @. As a consequence,
T, converges weakly toT' as m tends to +oo.

(iv) Near Z,,, the potential ¢,, has logarithmic poles, namely, for every xo € Z,,, there
is a neighborhood U of xo such that pm(2) = A\ 1og >, |gm.e|®> + O(1) for suitable
holomorphic functions (gm.e) on U and A\, > 0. Moreover, there is a (global) proper

modification iy, : X, — X of X, obtained as a sequence of blow-ups with smooth
centers, such that ¢, o u,, can be written locally on X,, as

@ © (W) = A (3 mglog [ef? + f(w))

where (§; = 0) are local generators of suitable (global) divisors Dy on X, such
that > Dy has normal crossings, ny are positive integers, and the f’s are smooth
functions on X,,.

Sketch of proof. We essentially repeat the proofs of Theorems (13.2) and (13.12) with
additional considerations. One fact that does not follow readily from these proofs is
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the monotonicity of the sequence ¢,, (which we will not really need anyway). For this,
we can take m = 2" and use the subadditivity technique already explained in Step 3
of the proof of Theorem (15.3b). The map pu,, is obtained by blowing-up the (global)
ideals ¥,, defined by the holomorphic functions (g;, ) in the local approximations ¢,, ~
7= log 3 il gj.m|?. By Hironaka [Hir64], we can achieve that u}, f,, is an invertible ideal
sheaf associated with a normal crossing divisor. U

(18.8) Corollary. If T is a Kdhler current, then one can write T = limT,, for a
sequence of Kdahler currents T, which have logarithmic poles with coefficients in %Z, i.e.
there are modifications piy, : X, — X such that

H:me = [Em] + Bm

where E,, is an effective Q-divisor on X,, with coefficients in %Z (the “fized part”) and
Bm 15 a closed semi-positive form (the “mobile part”).

Proof. We apply Theorem (18.7) with v = ew and m so large that d,, < /2. Then T}, has
analytic singularities and T, > Sw, so we get a composition of blow-ups p,, : X, — X
such

where E,, is an effective Q-divisor and 3,, > Su;,,w. In particular, 3, is strictly positive
outside the exceptional divisors, by playing with the multiplicities of the components
of the exceptional divisors in F,,, we could even achieve that (3, is a Kéhler class on
X .. Notice also that by construction, pu., is obtained by blowing-up the multiplier ideal
sheaves .¥(mT') = .¥(my) associated to a potential ¢ of T'. O

The more familiar algebraic analogue would be to take o = ¢;(L) with a big line
bundle L and to blow-up the base locus of |mL|, m > 1, to get a Q-divisor decomposition

pr, L~ En + Dy, E,, effective, D,, free.

Such a blow-up is usually referred to as a “log resolution” of the linear system |mL|, and
we say that F,, + D,, is an approximate Zariski decomposition of L. We will also use
this terminology for Kéahler currents with logarithmic poles.

NSk (X,) o

Hns

NEns\ /_/
K G = iy = (B + B

(18.9) Definition. We define the volume, or mobile self-intersection of a big class
a € €° to be

Vol(«) = sup /~ g" >0
X

TEx
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where the supremum is taken over all Kahler currents T € o with logarithmic poles, and
w*T = [E] + B with respect to some modification p: X — X.

By Fujita [Fuj94] and Demailly-Ein-Lazarsfeld [DELO0], if L is a big line bundle, we
have |
Vol(ei(L)) = lim D" = lim ——h%(X,mL),

m—+00 m—+oo mn

and in these terms, we get the following statement.

(18.10) Proposition. Let L be a big line bundle on the projective manifold X. Let
€ > 0. Then there exists a modification p: X, — X and a decomposition p*(L) = E +
with E an effective Q-divisor and (8 a big and nef Q-divisor such that

Vol(L) — e < Vol(B) < Vol(L).

It is very useful to observe that the supremum in Definition 18.9 is actually achieved
by a collection of currents whose singularities satisfy a filtering property. Namely, if
T, = o+ 2'85@1 and 15 = o + iagcpg are two Kéahler currents with logarithmic poles in
the class of «, then

(18.11) T=a+iddp,  ¢=max(p1, )

is again a Kahler current with weaker singularities than 77 and 7%. One could define as
well

= 1

where m = lem(my, ms) is the lowest common multiple of the denominators occuring in
T1,T,. Now, take a simultaneous log-resolution p,, : X,, — X for which the singularities
of T and T are resolved as Q-divisors F; and E5. Then clearly the associated divisor in
the decomposition p*, T = [E]+  is given by F = min(FE, F3). By doing so, the volume
f X, B™ gets increased, as we shall see in the proof of Theorem 18.12 below.

(18.12) Theorem (Boucksom [Bou02]). Let X be a compact Kdhler manifold. We

denote here by Hg’(f(X) the cone of cohomology classes of type (k,k) which have non-
negative intersection with all closed semi-positive smooth forms of bidegree (n —k,n—k).

(i) For each integer k = 1,2,...,n, there exists a canonical “mobile intersection prod-
uct”
<o o k,k
& x - x é—>H>0(X), (a1,...,ak) = (a1 - ag -+ ag_1 - o)

such that Vol(a) = (a™) whenever « is a big class.

(ii) The product is increasing, homogeneous of degree 1 and superadditive in each arqu-
ment, 1.€.
1

<O{1...(O{‘Ij+a‘/j/>...ak>2<a1...a9...ak>+<a1...aj...ak>‘
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It coincides with the ordinary intersection product when the o € T are nef classes.

(iii) The mobile intersection product satisfies the Teissier-Hovanskii inequalities

(a1 - ag - ap) > ((o/f})l/” e ((a"})l/” (with <a§?> = Vol(¢;) ).

n

(iv) For k =1, the above “product” reduces to a (non linear) projection operator
€ — €1, a— (a)

onto a certain convex subcone ‘€1 of € such that K C €, C €. Moreover, there is
a “divisorial Zariski decomposition”

a={N(a)} +(a)

where N(«) is a uniquely defined effective divisor which is called the “negative diviso-
rial part” of a. The map o — N(«) is homogeneous and subadditive, and N(a) =0
if and only if a € €.

(v) The components of N(a) always consist of divisors whose cohomology classes are
linearly independent, especially N(«) has at most p = ranky NS(X) components.

Proof. We essentially repeat the arguments developped in [Bou02], with some simplifi-
cations arising from the fact that X is supposed to be Kéhler from the start.

(i) First assume that all classes «; are big, i.e. a; € ‘€°. Fix a smooth closed (n—k,n—k)
semi-positive form u on X. We select Kahler currents 7; € a; with logarithmic poles,

and a simultaneous log-resolution p : X — X such that
Wy = [Ej] + B;.

We consider the direct image current g, (51 A... A Bg) (which is a closed positive current
of bidegree (k, k) on X) and the corresponding integrals

/~51/\.../\5k/\,u*u20.
X

If we change the representative 7T with another current Tj{ , we may always take a si-
multaneous log-resolution such that p*T] = [E%] + 8}, and by using (18.11") we can
always assume that E; < E;. Then D; = E; — E; is an effective divisor and we find
[E5] + B; = [E}] + B}, hence 8 = B; + [D;]. A substitution in the integral implies

/~5;/\62/\...A6kmﬁu
X

:/~51ABg/\...Aﬁk/\u*u—l—/~[D1]/\ﬁg/\.../\ﬂk/\,u*u
X

X

>/~51/\52/\.../\5k/\,u*u.
X
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Similarly, we can replace successively all forms 3; by the 5}, and by doing so, we find

/~51A5§A...A5,;Au*u>/Nﬁl/\ﬁg/\...AﬁkAu*u.
X X

We claim that the closed positive currents p. (81 A ... A Bg) are uniformly bounded in
mass. In fact, if w is a Kahler metric in X, there exists a constant C; > 0 such that
Cj{w} — a; is a Kéhler class. Hence Cjw — T; = ; for some Kahler form v; on X. By
pulling back with p, we find Cju*w — ([E;] + 8;) = p*,, hence

B; = Cip*w — ([Ej] + p*v;).

By performing again a substitution in the integrals, we find

/~61/\.../\6k/\,u*u<C’l...C’k/N,u*wk/\u*u:C’l...C'k/ WA
X X X

and this is true especially for v = w™ ¥. We can now arrange that for each of the

integrals associated with a countable dense family of forms u, the supremum is achieved
by a sequence of currents (gt )«(B81,m A .. A Br,m) obtained as direct images by a suitable
sequence of modifications u,, : X,, — X. By extracting a subsequence, we can achieve
that this sequence is weakly convergent and we set

(a1 -ag--ag) = Hm 7T {(tm)«(Bim A Bom Ao A Brm)}

m——+oo

(the monotonicity is not in terms of the currents themselves, but in terms of the integrals
obtained when we evaluate against a smooth closed semi-positive form u). By evaluating
against a basis of positive classes {u} € H"~%"~%(X), we infer by Serre duality that the
class of (v - ag - - ) is uniquely defined (although, in general, the representing current
is not unique).

(ii) It is indeed clear from the definition that the mobile intersection product is homoge-
neous, increasing and superadditive in each argument, at least when the o;’s are in €°.
However, we can extend the product to the closed cone € by monotonicity, by setting

(a1 -ag---ag) =lim [((aq + 6w) - (a2 + 0w) - - - (o + dw))
510

for arbitrary classes a; € € (again, monotonicity occurs only where we evaluate against
closed semi-positive forms u). By weak compactness, the mobile intersection product
can always be represented by a closed positive current of bidegree (k, k).

(iii) The Teissier-Hovanskii inequalities are a direct consequence of the fact that they
hold true for nef classes, so we just have to apply them to the classes ;,, on X,, and
pass to the limit.

(iv) When k = 1 and a € €°, we have

a= Hm {(gm)«Tm} = Hm (tm)[Em] + {(ttm)+Bm}

m—r—+400 m——+400
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and () = limy,— 4 o0o{(ttm)«Bm} by definition. However, the images Fi,, = (tm)«Fm
are effective Q-divisors in X, and the filtering property implies that F}, is a decreasing
sequence. It must therefore converge to a (uniquely defined) limit F' = lim F},, := N(«)
which is an effective R-divisor, and we get the asserted decomposition in the limit.

Since N(a) = a — («) we easily see that N(«) is subadditive and that N(«a) = 0 if
« is the class of a smooth semi-positive form. When « is no longer a big class, we define

<a>:§ﬁ}¢<0‘+5w>7 N(a):%igTN(a%—éw)

(the subadditivity of N implies N(a + (0 + ¢)w) < N(a + éw)). The divisorial Zariski
decomposition follows except maybe for the fact that N(«) might be a convergent count-
able sum of divisors. However, this will be ruled out when (v) is proved. As N(.) is
subadditive and homogeneous, the set ‘€; = {a € € ; N(a) = 0} is a closed convex
conne, and we find that o — () is a projection of ‘€ onto €; (according to [Bou02], €,
consists of those pseudo-effective classes which are “nef in codimension 17).

(v) Let @ € ‘€°, and assume that N («) contains linearly dependent components F;. Then
already all currents T' € « should be such that u*T = [E] +  where F' = u,E contains
those linearly dependent components. Write F' = ) A\;F;, A; > 0 and assume that

chFj =0

Jjed

for a certain non trivial linear combination. Then some of the coefficients c¢; must be
negative (and some other positive). Then E is numerically equivalent to

E/EE—l—tu*(Z)\ij),

and by choosing t > 0 appropriate, we obtain an effective divisor £’ which has a zero
coefficient on one of the components p* Fj,. By replacing E with min(E, E’) via (18.11'),
we eliminate the component p*F,. This is a contradiction since N(a) was supposed to
contain Fj,. U

(18.13) Definition. For a class « € H»'(X,R), we define the numerical dimension
nd(a) to be nd(a) = —o0 if a is not pseudo-effective, and

nd(a) = max{p € N; (a?) # 0}, nd(a) € {0,1,...,n}

if a is pseudo-effective.

By the results of [DP04], a class is big (« € ‘€°) if and only if nd(«) = n. Classes of
numerical dimension 0 can be described much more precisely, again following Boucksom
[Bou02].

(18.14) Theorem. Let X be a compact Kdhler manifold. Then the subset g of
irreducible divisors D in X such that nd(D) = 0 is countable, and these divisors are rigid
as well as their multiples. If o € € is a pseudo-effective class of numerical dimension 0,

then a is numerically equivalent to an effective R-divisor D = ZjeJ A;jDj, for some finite
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subset (Dj)jes C Do such that the cohomology classes {D;} are linearly independent and
some \j > 0. If such a linear combination is of numerical dimension 0, then so is any
other linear combination of the same divisors.

Proof. It is immediate from the definition that a pseudo-effective class is of numerical
dimension 0 if and only if (o) = 0, in other words if @« = N(a). Thus a = > \;D;
as described in 18.14, and since \;(D;) < (a), the divisors D; must themselves have
numerical dimension 0. There is at most one such divisor D in any given cohomology
class in NS(X)N€ C H?(X,Z), otherwise two such divisors D = D’ would yield a blow-
up 1 : X — X resolving the intersection, and by taking min(p*D, u*D’) via (18.11'), we
would find p*D = E + 5, f # 0, so that {D} would not be of numerical dimension 0.
This implies that there are at most countably many divisors of numerical dimension 0,
and that these divisors are rigid as well as their multiples. U

(18.15) Remark. If L is an arbitrary holomorphic line bundle, we define its numerical
dimension to be nd(L) = nd(ci(L)). Using the cananical maps @,z and pulling-back
the Fubini-Study metric it is immediate to see that nd(L) > k(L) (which generalizes the
analogue inequality already seen for nef line bundles, see (6.18)).

The above general concept of numerical dimension leads to a very natural formulation
of the abundance conjecture for Kahler varieties.

(18.16) Generalized abundance conjecture. Let X be an arbitrary compact Kdhler
manifold X .

(a) The Kodaira dimension of X should be equal to its numerical dimension : k(Kx) =
nd(Kx) .

(b) More generally, let A be a Q-divisor which is kit (Kawamata log terminal, i.e. such
that cx (A) > 1). Then k(Kx + A) =nd(Kx + A).

This appears to be a fairly strong statement. In fact, already in the case A = 0, it is
not difficult to show that the generalized abundance conjecture would contain the C,, ,,
conjectures.

(18.17) Remark. It is obvious that abundance holds in the case nd(Kx) = —oo (if L
is not pseudo-effective, no multiple of L can have sections), or in the case nd(Kx) =n
which implies K x big (the latter property follows e.g. from the solution of the Grauert-
Riemenschneider conjecture in the form proven in [Dem85], see also [DP04]).

In the remaining cases, the most tractable situation is the case when nd(Kx) = 0. In
fact Theorem 18.14 then gives Kx = ) A;D; for some effective divisor with numerically
independent components, nd(D;) = 0. It follows that the \; are rational and therefore

(%) Kx ~Y XNDj+F  where \; € Q", nd(D;) =0 and F € Pic’(X).

If we assume additionally that ¢(X) = h%!(X) is zero, then mK x is linearly equivalent to
an integral divisor for some multiple m, and it follows immediately that x(X) = 0. The
case of a general projective manifold with nd(K x) = 0 and positive irregularity ¢(X) > 0
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has been solved by Campana-Peternell [CP04], Corollary 3.7. It would be interesting to
understand the Kéhler case as well.

§ 18.C. The orthogonality estimate

The goal of this section is to show that, in an appropriate sense, approximate Zariski
decompositions are almost orthogonal.

(18.18) Theorem. Let X be a projective manifold, and let « = {T'} € €}q be a big
class represented by a Kahler current T'. Consider an approximate Zariski decomposition

i Tm = [Em] + [Dm]
Then
(Dt Ep)? <20 (Cw)™(Vol(a) — DY)
where w = ¢1(H) is a Kdhler form and C > 0 is a constant such that £« is dominated

by Cw (i.e., Cw + « is nef).

Proof. For every t € [0,1], we have
Vol(a) = Vol(Ey, + Dy,) = Vol(tE,, + Dyy,).
Now, by our choice of C, we can write F,, as a difference of two nef divisors

Ey =p*a— Dp = pp(a+ Cw) — (D, + Cppw).

(18.19) Lemma. For all nef R-divisors A, B we have
Vol(A—B) > A" —nA""'.B
as soon as the right hand side is positive.

Proof. In case A and B are integral (Cartier) divisors, this is a consequence of the
holomorphic Morse inequalities 7.4 (see [Dem01]); one can also argue by an elementary
estimate of to H%(X, mA — By — ... — B,;,) via the Riemann-Roch formula (assuming A
and B very ample, By, ..., By, € |B| generic). If A and B are Q-Cartier, we conclude by
the homogeneity of the volume. The general case of R-divisors follows by approximation
using the upper semi-continuity of the volume [Bou02, 3.1.26]. U

(18.20) Remark. We hope that Lemma 18.19 also holds true on an arbitrary Kéahler
manifold for arbitrary nef (non necessarily integral) classes. This would follow from a
generalization of holomorphic Morse inequalities to non integral classes. However the
proof of such a result seems technically much more involved than in the case of integral
classes.

(18.21) Lemma. Let 31,...,03, and 81, ..., B, be nef classes on a compact Kdihler man-

ifold X such that each difference ﬁ} — Bj is pseudo-effective. Then the n-th intersection
products satisfy
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Proof. We can proceed step by step and replace just one 3; by 5'j = 8; +T; where T is
a closed positive (1,1)-current and the other classes 8, = S, k # j are limits of Kéhler
forms. The inequality is then obvious. U

End of proof of Theorem 18.18. In order to exploit the lower bound of the volume, we
write

tE,, + D, = A— B, A=Dp, +tu,(a+Cw), B=t(D,,+ Cuyw).

By our choice of the constant C', both A and B are nef. Lemma 18.19 and the binomial
formula imply

Vol(tE,,+D,,) > A" —nA""'. B

=D" +ntD" 1k (a+ Cw) + Ztk (Z) DR (a0 + Cw)P
k=2

—nt D" (D, + Cut,w)
n—1
—1
2 k=1 pn—l-k . Cw)* - (D, + Cut w).
S (M) bk ot (D Ot

Now, we use the obvious inequalities
Dy < i (Cw), (e + Cw) < 25, (Cw), Dy + Cpigyw < 207, (Cw)

in which all members are nef (and where the inequality < means that the difference of
classes is pseudo-effective). We use Lemma 18.21 to bound the last summation in the
estimate of the volume, and in this way we get

n—1

n—1
Vol(tEy, + D) > Dy, + ntDp b - Epy —nt? Y~ 28141 ( } )(Cw)”.
k=1

We will always take ¢ smaller than 1/10n so that the last summation is bounded by
4(n —1)(1 4 1/5n)"~2 < 4ne'/® < 5n. This implies

Vol(tE,, + D,,) = D" +nt D™ . E,, — 5n*t*(Cw)".
Now, the choice t = -+ (D! . E,,)((Cw)™)~! gives by substituting

10n
1 (Dn—l . Em)2
——" = < Vol(E,, + D,,) — D! < Vol(a) — D!
(and we have indeed ¢ < ﬁ by Lemma 18.21), whence Theorem 18.18. Of course, the
constant 20 is certainly not optimal. O

(18.22) Corollary. If a € €xs, then the divisorial Zariski decomposition o = N () +
() is such that
(@™ 1. N(a) =0.

Proof. By replacing a with a+ dcq (H), one sees that it is sufficient to consider the case
where « is big. Then the orthogonality estimate implies
(ﬂm>*(DgﬂL_1) (Hm ) Em = D;Lz_l *(Hm) " (m )5 Em < D;Lz_l - Ep < C(Vol(a) — D;qu)l/Q-

Since (™) = lim () (D% 1Y), N(a) = im(pm )« Fy and lim D7, = Vol(a), we get the
desired conclusion in the limit. O



§18. Structure of the pseudo-effective cone and mobile intersection theory 159

§ 18.D. Dual of the pseudo-effective cone
The following statement was first proved in [BDPP04].

(18.23) Theorem. If X is projective, the cones ‘€ns = Eff (X) and ME*(X) are dual.

In other words, a line bundle L is pseudo-effective if (and only if) L - C > 0 for
all mobile curves, i.e., L -C > 0 for every very generic curve C' (not contained in a
countable union of algebraic subvarieties). In fact, by definition of ME®(X), it is enough
to consider only those curves C which are images of generic complete intersection of
very ample divisors on some variety X, under a modification p: X — X. By a standard
blowing-up argument, it also follows that a line bundle L on a normal Moishezon variety
is pseudo-effective if and only if L - C' > 0 for every mobile curve C.

Proof. By (18.4 b) we have in any case
Ens C (ME®(X))".

If the inclusion is strict, there is an element a € 9 €ng on the boundary of ‘€yng which is
in the interior of ME®(X)".

NSgr(X) HY (X, R) Hn=Ln=l(X R) (X)

Let w = ¢1(H) be an ample class. Since a € 0€ys, the class o + dw is big for every
d > 0, and since o € ((ME?*(X))¥)° we still have @ — ew € (ME®*(X))" for £ > 0 small.
Therefore

(18.24) a-I'>ew-T

for every strongly mobile curve I', and therefore for every I' € ME*(X). We are going to
contradict (18.24). Since « + dw is big, we have an approximate Zariski decomposition

ws(a+ dw) = E5 + Ds.
We pick T' = (us5)«(Dy ') € ME®(X). By the Hovanskii-Teissier concavity inequality

w-T > (wn)l/n(Dgz>(n—1)/n‘
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On the other hand

a-T =a-(us)(Dy")
= pje- D} < pi(at dw) - Dy
= (Es; + Ds) - Dy~' = Dy + Dy~ - Es.

By the orthogonality estimate, we find

a-T < D} + (20(Cw)™(Vol(ax + dw) — ng))l/2

w-I (wn)1/n(Dp)(n=1)/n

Vol(a + dw) — D})1/?
GRS

< C/(ng>1/n + Cl/(

However, since o € 9'€ysg, the class a cannot be big so

lim Dy = Vol(a) = 0.
6—0

We can also take Ds to approximate Vol(a+dw) in such a way that (Vol(a+dw) —DF)1/2
tends to 0 much faster than DJ. Notice that Dj > ¢"w", so in fact it is enough to take

Vol(a + 6w) — D§ < §°",
which gives (a-I")/(w-T') < (C" + C")d. This contradicts (18.24) for ¢ small. O

(18.25) Conjecture. The Kahler analogue should be :
For an arbitrary compact Kdhler manifold X, the cones ‘€ and M are dual.

duality m

NSg(X) HY'(X,R)  H" L (X, R) NSz (X))

If holomorphic Morse inequalities were known also in the Kahler case, we would infer
by the same proof that “a not pseudo-effective” implies the existence of a modification
p:X — X and a Kihler metric @ on X such that a - p,(@)""! < 0. In the special
case when a = Kx is not pseudo-effective, we would expect the Kéhler manifold X
to be covered by rational curves. The main trouble is that characteristic p techniques
are no longer available. On the other hand it is tempting to approach the question via
techniques of symplectic geometry :
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(18.26) Question. Let (M,w) be a compact real symplectic manifold. Fix an almost
complex structure J compatible with w, and assume that c1 (M, J) - w™ 1 > 0 (the condi-
tion does not depend on the choice of J, but only on w). Does it follow that M is covered
by rational J-pseudoholomorphic curves ¢

The relation between the various cones of mobile curves and currents in (18.1) and
(18.2) is now a rather direct consequence of Theorem 18.23. In fact, using ideas hinted
in [DPS96], one can say a little bit more. Given an irreducible curve C' C X, we consider
its normal “bundle” No = Hom(.¥/.%, @), where .7 is the ideal sheaf of C. If C is a
general member of a covering family (C}), then N¢ is nef. By [DPS96], the dual cone
of the pseudo-effective cone of X contains the closed cone spanned by curves with nef
normal bundle, which in turn contains the cone of mobile curves. In this way we get :

(18.27) Theorem. Let X be a projective manifold. Then the following cones coincide:
i) the cone Mg = M NANSEH(X);

(
(ii) the cone Mg = M* N NSE 1 (X);

(iii) the closed cone ME®(X) of strongly mobile curves;
(

(

iv) the closed cone ME(X) of mobile curves;

v) the closed cone MEyet(X) of curves with nef normal bundle.

Proof. We have already seen that
ME®(X) C ME(X) C ME¢(X) C (éns)”

and
ME?®(X) C Mg(X) C Mns C (Eng)”

by 18.4 (iii). Now Theorem 18.23 implies (Mns)” = ME®*(X), and 18.27 follows. O

(18.28) Corollary. Let X be a projective manifold and L a line bundle on X.

(i) L is pseudo-effective if and only if L - C = 0 for all curves C with nef normal
sheaf N¢ .

(ii) If L is big, then L-C > 0 for all curves C with nef normal sheaf N¢-.

Corollary 18.28 (i) strenghtens results from [PSS99]. It is however not yet clear
whether Mg is equal to the closed cone of curves with ample normal bundle (although
we certainly expect this to be true). An important special case of Theorem 18.23 is

(18.29) Theorem. If X is a projective manifold, then Kx is pseudo-effective (i.e.
Kx € €ns), if and only if X is not uniruled (i.e. not covered by rational curves).

Proof. If X is covered by rational curves CY, then it is well-known that the normal bundle

N¢, is nef for a general member C, thus

Kx - -Cy= K¢, -Cy — Ng, - Cy < =2,
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and K x cannot be pseudo-effective. Conversely, if Kx ¢ ‘€ns, Theorem 18.23 shows that
there is a mobile curve C; such that K x -C; < 0. The standard “bend-and-break” lemma
of Mori theory then produces a covering family I'; of rational curves with Kx - I'y < 0,
so X is uniruled. dJ

The generalized abundance conjecture 18.16 would then yield the stronger result :

(18.30) Conjecture. Let X be a projective manifold. If X is not uniruled, then Kx is
a Q-effective divisor and k(X) =nd(Kx) = 0.

§ 19. Super-canonical metrics and abundance

§ 19.A. Construction of super-canonical metrics

Let X be a compact complex manifold and (L, hy, ) a holomorphic line bundle over
X equipped with a singular hermitian metric hy, , = e~ 7hy, with satisfies [e™7 < +o0
locally on X, where hy, is a smooth metric on L. In fact, we can more generally consider
the case where (L, hr ) is a “hermitian R-line bundle”; by this we mean that we have
chosen a smooth real d-closed (1,1) form ay, on X (whose dd® cohomology class is equal
to ¢1(L)), and a specific current 77, representing it, namely 77, = ar + dd®y, such
that v is a locally integrable function satisfying [e™7 < 4oo. An important special
case is obtained by considering a klt (Kawamata log terminal) effective divisor A. In
this situation A = > ¢;A; with ¢; € R, and if g; is a local generator of the ideal
sheaf @(—A;) identifying it to the trivial invertible sheaf g;@, we take v = ¢; log|g;|?,
Tr,~ = > ¢j[A;] (current of integration on A) and af, given by any smooth representative
of the same dd°-cohomology class; the klt condition precisely means that

(19.1) /6_7:/ lg;|7%% < +o0
% VH ’

on a small neighborhood V' of any point in the support |A| = [JA; (condition (19.1)
implies ¢; < 1 for every j, and this in turn is sufficient to imply A klt if A is a normal
crossing divisor; the line bundle L is then the real line bundle G(A), which makes sens
as a genuine line bundle only if ¢; € Z). For each kit pair (X, A) such that Kx + A is
pseudo-effective, H. Tsuji [Tsu07a, Tsu07b] has introduced a “super-canonical metric”
which generalizes the metric introduced by Narasimhan and Simha [NS68] for projective
algebraic varieties with ample canonical divisor. We take the opportunity to present here
a simpler, more direct and more general approach.

We assume from now on that Kx + L is pseudo-effective, i.e. that the class ¢ (Kx )+
{ar} is pseudo-effective, and under this condition, we are going to define a “super-
canonical metric” on Kx + L. Select an arbitrary smooth hermitian metric w on X.
We then find induced hermitian metrics hx, on Kx and hg, 41 = hx,hr on Kx + L,
whose curvature is the smooth real (1,1)-form

o = @Kx+L,hKX+L = @KX,UJ +ar.

A singular hermitian metric on Kx + L is a metric of the form hg, 1., = e ¥ hg 41
where ¢ is locally integrable, and by the pseudo-effectivity assumption, we can find quasi-
psh functions ¢ such that a + dd“p > 0. The metrics on L and Kx + L can now be
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“subtracted” to give rise to a metric

hL”YhI_(iH—L,cp = eSO—Vth[—éH_L _ 6w—7hl—(i( — e*7dV,
on K)_(l = A"Tx, since h;(; = dV,, is just the hermitian (n,n) volume form on X.

Therefore the integral [ < h Lﬂh;(; +1,, has an intrinsic meaning, and it makes sense to
require that

(19.2) / hihie 1., :/ e 7dV, < 1
X X

in view of the fact that ¢ is locally bounded from above and of the assumption

/6_'y < +00.

Observe that condition (19.2) can always be achieved by subtracting a constant to .
Now, we can generalize Tsuji’s super-canonical metrics on klt pairs (cf. [Tsu07b]) as
follows.

(19.3) Definition. Let X be a compact complex manifold and let (L, hr) be a hermitian
R-line bundle on X associated with a smooth real closed (1,1) form ap. Assume that
Kx + L is pseudo-effective and that L is equipped with a singular hermitian metric
hr~ = e "hr such that f e~V < 400 locally on X. Take a hermitian metric w on X and
define & = Ok 1rhi, 1 = Okyw + ar. Then we define the super-canonical metric
hean of Kx + L to be

Mk +L,can = igf hix+r,p @€ hgyiLcan =€ **"hg,ir, where

Yean () = sup (x) for all ¢ with o+ dd°p > 0, / e’ 7dV, < 1.
© X

In particular, this gives a definition of the super-canonical metric on Kx + A for
every klt pair (X, A) such that Kx + A is pseudo-effective, and as an even more special
case, a super-canonical metric on Kx when Kx is pseudo-effective.

In the sequel, we assume that v has analytic singularities, otherwise not much can
be said. The mean value inequality then immediately shows that the quasi-psh func-
tions ¢ involved in definition (19.3) are globally uniformly bounded outside of the poles
of 7, and therefore everywhere on X, hence the envelopes pcan = sup, ¢ are indeed
well defined and bounded above. As a consequence, we get a “super-canonical” current
Tean = @+ ddpean = 0 and hgy 41, can satisfies

(194) / hL?’Vhf_(i(—FL can — / QWCan_'Yde < +o0.
X ’ X

It is easy to see that in Definition (19.3) the supremum is a maximum and that @ean =
(¢can)* everywhere, so that taking the upper semicontinuous regularization is not needed.
In fact if o € X is given and we write

(@can)™ (o) = imsup @ean () = lim @ean(z,) = lim @, (z,)

=T v—+4oo v——+4o0
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with suitable sequences x, — zo and (¢,) such that [ ~ €?r77dV, < 1, the well-known
weak compactness properties of quasi-psh functions in L! topology imply the existence
of a subsequence of (y,) converging in L' and almost everywhere to a quasi-psh limit
. Since f + €9777dV,, < 1 holds true for every v, Fatou’s lemma implies that we have
S  €¥77dV, < 1 in the limit. By taking a subsequence, we can assume that ¢, — ¢ in
L(X). Then for every ¢ > 0 the mean value UCB(xl,,s) ¢, satisfies

][ o= lim oo > lm (1) = (Pean)” (@0),
B(zg,e)

v—+4o0 B(x,,,s) v—+4oo

hence we get p(zg) = lim_, fB(xo’e) © 2 (Ycan)™(0) = @can(x0), and therefore the sup
is a maximum and @ean = @i, By elaborating on this argument, one can infer certain
regularity properties of the envelope.

(19.5) Theorem ([BmDO09]). Let X be a compact complex manifold and (L,hr) a
holomorphic R-line bundle such that Kx + L is big. Assume that L is equipped with a
singular hermitian metric hy, , = e Vhy, with analytic singularities such that [e™7 <
+o0 (klt condition). Denote by Zy the set of poles of a singular metric hg = e ¥ hg, 1,
with analytic singularities on Kx + L and by Z., the poles of vy (assumed analytic). Then
the associated super-canonical metric heay is continuous on X \ (Zy U Zy).

In fact, using the regularization techniques of [Dem94al, it is shown in [BmDO09] that
hcan possesses some computable logarithmic modulus of continuity. In order to shorten
the exposition, we will only give a proof of the continuity in the algebraic case, using
approximation by pluri-canonical sections.

(19.6) Algebraic version of the super-canonical metric. Since the klt condition
is open and K x + L is assumed to be big, we can always perturb L a little bit, and after
blowing-up X, assume that X is projective and that (L, hr ) is obtained as a sum of
Q-divisors

L=G+A

where A is kIt and G is equipped with a smooth metric hg (from which hz, . is inferred,
with A as its poles, so that ©r 4, = Og . + [A]). Clearly this situation is “dense”
in what we have been considering before, just as QQ is dense in R. In this case, it is
possible to give a more algebraic definition of the super-canonical metric ¢cay,, following
the original idea of Narasimhan-Simha [NS68] (see also H. Tsuji [Tsu07a]) — the case
considered by these authors is the special situation where G = 0, hg = 1 (and moreover
A =0 and Kx ample, for [NS68]). In fact, if m is a large integer which is a multiple of
the denominators involved in G and A, we can consider sections

o€ H'(X,m(Kx + G+ A)).
We view them rather as sections of m(Kx + G) with poles along the support |A| of our

divisor. Then (o A7) ™h¢ is a volume form with integrable poles along |A| (this is the
klt condition for A). Therefore one can normalize o by requiring that

/ (o A7)V ™hg = 1.
X
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Each of these sections defines a singular hermitian metric on Kx + L = Kx + G + A,
and we can take the regularized upper envelope

1 k
alg _ _
(19.7) otn = (sup Z1oglo )

m,o

of the weights associated with a smooth metric hx,r. It is clear that ¢ < pean
since the supremum is taken on the smaller set of weights p = L —log |a\hm K and the
+

equalities

AV, = ol eV = (0 AT Me Ty = (0 AD) iy = (0 AD) e

imply [  €977dV, < 1. We claim that the inequality o8 < pean is an equality. The
proof is an immediate consequence of the following statement based in turn on the
Ohsawa-Takegoshi theorem and the approximation technique of [Dem92].

(19.8) Proposition. With L =G+ A, w, & = Ok 1L hyx ., Y s above and Kx + L
assumed to be big, fix a singular hermitian metric e~ Yhgi 11 of curvature a+ddp > 0,
such that fX e?~7dV, < 1. Then ¢ is equal to a reqularized limit

=11l 11 '
= 1msupE 0g|am|hm -

m—+00
for a suitable sequence oy, € HO(X, m(Kx + G + A)) with [ (om A Tm)/™hg < 1.

Proof. By our assumption, there exists a quasi-psh function ¢y with analytic singularity
set Zy such that
o+ ddPg = eqw >0

and we can assume [, e*°7dV,, < 1 (the strict inequality will be useful later). For
m > p > 1, this defines a singular metric exp(—(m —p)yp — po)hE, ,p on m(Kx + L)
with curvature > pegw, and therefore a singular metric

hr = exp(—(m —p)e _p¢0>h%X+LhI_(i(

on L' = (m —1)Kx +mL, whose curvature O/ 5, > (peg — Co)w is arbitrary large if p
is large enough. Let us fix a finite covering of X by coordinate balls. Pick a point zy and
one of the coordinate balls B containing xy. By the Ohsawa-Takegoshi extension theorem
applied on the ball B, we can find a section o of Kx + L' = m(K x + L) which has norm
1 at xp with respect to the metric hx, 4+ and fB |JB|%K +L/de < (4 for some uniform
constant C depending on the finite covering, but indepeﬁdent of m, p, o . Now, we use
a cut-off function (x) with #(x) = 1 near z to truncate op and solve a d-equation for
(n, 1)-forms with values in L to get a global section o on X with |o(xg) = 1. For
this we need to multiply our metric by a truncated factor exp(—2nf(z) log |z — x¢|) so as
to get solutions of O vanishing at z9. However, this perturbs the curvature by bounded
terms and we can absorb them again by taking p larger. In this way we obtain

|hKX+U

(19.9) [ v = [ ol e ey, < oo
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m

Taking p > 1, the Holder inequality for congugate exponents m, —"5

/(a/\a hg—/ \U|2/m e dV,,

1
:/ <|a\hm o (m—p)w—pwo)m(e(l—%)(ﬁ%%_v)de
be

implies

gcf(/ <8(1_£)<p+ o — ’7) de) "
X
p—1 mn:1
< 02% </ (8%0—7) T (8%(w0—7)> mlde)
X

p—1

< 02% (/ eﬁ(wo—v)de) o
X

using the hypothesis f e?~7dV,, < 1 and another application of Holder’s inequality.
Since klt is an open condition and hmp_H_oof epo1 (Yo V)dV = f e¥o=7dV, < 1, we
can take p large enough to ensure that

/ e T (PN qy < 05 < 1.
X

Therefore, we see that

1 p—1
/ (0 AG)mhe < CFCy™ <1
X
for p large enough. On the other hand
0@, = o)y eIl ) =,
thus
1 2 _ p p
(19.10) —loglo(@o)liy , = (12 )e(@o) + Lvo(wo)
and, as a consequence
1 2
Lloglo(wo)ty__, — (o)
whenever m — +oo, £ — 0, as long as 9g(2¢) > —oo. In the above argument, we
can in fact interpolate in finitely many points x1, x2, ..., 2, provided that p > Cugq.

Therefore if we take a suitable dense subset {z,} and a “diagonal” sequence associated
with sections o, € H*(X,m(Kx + L)) with m > p = p,, > ¢ = ¢, — +0o0, we infer
that

: 1 2 t
(19.11) <hmsup . log |am(x)\h$X+L> > limsup ¢(zq) = ¢(z)

m——+oo Tq—rx

(the latter equality occurring if {z,} is suitably chosen with respect to ¢). In the other
direction, (19.9) implies a mean value estimate

1
Tnr2n /n)

C
/ lo(2)[3m dz < 75 sup e(m—PIetrio
B(z,r) Kx+k " B(x,r)
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on every coordinate ball B(z,r) C X. The function |am|%;? s plurisubharmonic after
x+

we correct the non necessarily positively curved smooth metric hg, 4+ by a factor of the
form exp(Cg|z — z|?), hence the mean value inequality shows that

1

2 Pm
m log ‘Um($)|h;g

1 C
< — logT5 + Cer? + sup (1 — —)904— p—mwo.
x+L m ren B(z,r) m m
By taking in particular » = 1/m and letting m — +o0, p,/m — 0, we see that the

opposite of inequality (19.9) also holds. O

(19.12) Remark. We can rephrase our results in slightly different terms. In fact, let
us put

1
alg 2 0
O —sgp—log\a|hm L o€ H'(X,m(Kx + G+ A)),

with normalized sections o such that [, (0 A7) ™hg = 1. Then ¢&# is quasi-psh (the
supremum is taken over a compact set in a finite dimensional vector space) and by passing
to the regularized supremum over all o and all ¢ in (19.10) we get

D p
Pcan > (Pirlbg > (1 - E)‘;Ocan(x> + ElﬂO(’r)

AS @pcan is bounded from above, we find in particular

. C
0 < Pcan — (Pn}bg < E(|¢O(x)| + 1)

This implies that (¢218) converges uniformly to ¢ca, on every compact subset of X C Zg,
and in this way we infer again (in a purely qualitative manner) that ¢ea, is continuous
on X N\ Zy. Moreover, we also see that in (19.7) the upper semicontinuous regularization
is not needed on X \ Zj; in case Kx + L is ample, it is not needed at all and we have
uniform convergence of (¢28) towards (ean on the whole of X. Obtaining such a uniform
convergence when Ky + L is just big looks like a more delicate question, related e.g. to
abundance of Kx + L on those subvarieties Y where the restriction (Kx + L)y would
be e.g. nef but not big.

(19.13) Generalization. In the general case where L is a R-line bundle and Kx + L
is merely pseudo-effective, a similar algebraic approximation can be obtained. We take
instead sections

o€ H'(X,mKx + |mG| + [mA] + p,,A)

where (A, ha) is a positive line bundle, © 4.1, > eow, and replace the definition of 218
by

1 *
alg __ : - 2
(19.14) Pean = (Bfﬂilig sup mloglalthXHmaHpmA) )
2, L
(19.15) /X(U/\U)mh[%GHpmA s L

where m > p,,, > 1 and ht{n Tré | is chosen to converge uniformly to hq.
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We then find again @ean = ©*8, with an almost identical proof — though we no
longer have a sup in the envelope, but just a limsup. The analogue of Proposition
(19.8) also holds true in this context, with an appropriate sequence of sections o, €

HY(X,mKx + |mG| + |mA| + pnA).

(19.16) Remark. It would be nice to have a better understanding of the super-canonical
metrics. In case X is a curve, this should be easier. In fact X then has a hermitian metric
w with constant curvature, which we normalize by requiring that [ w =1, and we can
also suppose fX e Yw = 1. The class A = ¢1(Kx + L) > 0 is a number and we take
o = dw. Our envelope is @can = sup ¢ where Aw +ddp > 0 and [, e*Tw < 1. If A =0
then ¢ must be constant and clearly ¢can = 0. Otherwise, if G(z,a) denotes the Green
function such that [ G(z,a)w(z) =0 and dd°G(z,a) = 6, —w(z), we find

Yean(2) = sup (/\G(z,a) — log/

6AG<z,a)—v(z>w(Z>)

acX zeX

by taking already the envelope over ¢(z) = AG(z, a) — Const. It is natural to ask whether
this is always an equality, i.e. whether the extremal functions are always given by one of
the Green functions, especially when v = 0.

§ 19.B. Invariance of plurigenera and positivity of curvature of super-cano-
nical metrics

The concept of super-canonical metric can be used to give a very interesting result
on the positivity of relative pluricanonical divisors, which itself can be seen to imply the
invariance of plurigenera. The main idea is due to H. Tsuji [Tsu07al, and some important
details were fixed by Berndtsson and Paun [BnP09], using techniques inspired from their
results on positivity of direct images [Bnd06], [BnP08|.

(19.17) Theorem. Let w: X — S be a deformation of projective algebraic manifolds
over some irreducible complex space S (m being assumed locally projective over S). Let
&£ — X be a holomorphic line bundle equipped with a hermitian metric hz , of weight
such that i© p, >0 (i.e. v is plurisubharmonic), and the_'V < 400, t.e. we assume
the metric to be kit over all fibers X; = w=1(t). Then the metric defined on Ky + £ as
the fiberwise super-canonical metric has semi-positive curvature over ‘X. In particular,
t — hO( Xy, m(Kx, + £L1x,)) is constant for all m > 0.

Once the metric is known to have a plurisuharmonic weight on the total space of ¥,
the Ohsawa-Takegoshi theorem can be used exactly as at the end of the proof of lemma
(16.3). Therefore the final statement is just an easy consequence. The cases when
& = Oy is trivial or when ¥,x, = O(A,) for a family of kit Q-divisors are especially
interesting.

Proof (Sketch). By our assumptions, there exists (at least locally over S) a relatively
ample line bundle i over X. We have to show that the weight of the global super-
canonical metric is plurisubharmonic, and for this, it is enough to look at analytic disks
A — S. We may thus as well assume that S = A is the unit disk. Consider the super-
canonical metric hean o over the fiber X(y. The approximation argument seen above (see
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(19.9) and remark (19.13)) show that hcan,o has a weight @can o which is a regularized
upper limit
1 *
1 .
cp?agn’o = (hm sup — log |O’m|2)

m——400

defined by sections o, € H%(Xo,m(Kx, + £x,) + Pm|x,) such that

/ ‘0-|26_(m_pm)‘10can,0_pm'lp()de < 02
Xo

with the suitable weights. Now, by section 12, these sections extend to sections o,
defined on the whole family %, satisfying a similar L? estimate (possibly with a slightly
larger constant C% under control). If we set

o = (limsup llog|5m\2) ,
m—+oo TN

then & is plurisubharmonic by construction, and ¢¢,, = ® by the defining property of

the super-canonical metric. Finally, we also have ¢can 0 = ®x, from the approximation

technique. It follows easily that .., satisfies the mean value inequality with respect to

any disk centered on the central fiber Xy. Since we can consider arbitrary analytic disks

A — S, the plurisubharmonicity of ., follows. d

§19.C. Tsuji’s strategy for studying abundance

H. Tsuji [TsuO7c| has recently proposed the following interesting prospective ap-
proach of the abundance conjecture.

(19.18) Conjecture/question. Let (X, A) be a kit pair such that Kx + A is pseudo-
effective and has numerical dimension nd(Kx + A) > 0. Then for every point x € X
there exists a closed positive current T, € c¢i1(Kx + A) such that the Lelong number at x
satisfies v(T,,x) > 0.

It would be quite tempting to try to produce such currents e.g. by a suitable modifi-
cation of the construction of super-canonical metrics, trying to enforce singularities of the
metric at any prescribed point x € X. A related procedure would be to enforce enough
vanishing of sections of A +m(Kx + A) at point x, where A is a sufficiently ample line
bundle. The number of these sections grows as em? where p = nd(Kx + A). Hence, by
an easy linear algebra argument, one can prescribe a vanishing order s ~ ¢/m?/™ of such
a section o, whence a Lelong number ~ ¢/m= 1 for the corresponding rescaled current
of integration 1" = % [Z5] on the zero divisor. Unfortunately, this tends to 0 as m — +oo
whenever p < n. Therefore, one should use a more clever argument which takes into
account the fact that, most probably, all directions do not behave in an “isotropic way”,
and vanishing should be prescribed only in certain directions.

Assuming that (19.17) holds true, a simple semi-continuity argument would imply
that there exists a small number ¢ > 0 such that the analytic set Z, = E.(T,) contains
x, and one would expect conjecturally that these sets can be reorganized as the generic
fibers of a reduction map f : X --— Y, together with a klt divisor A’ on Y such that
(in first approximation, and maybe only after replacing X, Y by suitable blow-ups), one
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has Kx + A = f*(Ky + A" + Ry) + 8 where Ry is a suitable orbifold divisor (in the
sense of Campana [Cam04]) and § a suitable pseudo-effective class. The expectation is
that dimY = p = nd(Kx + A) and that (Y, A’) is of general type, i.e. nd(Ky +A’) = p.

§ 20. Siu’s analytic approach and Paun’s non vanishing theorem

We describe here briefly some recent developments without giving much detail about
proofs. Recall that given a pair (X, A) where X is a normal projective variety and A
an effective R-divisor, the transform of (X, A) by a birational morphism g : X = X of
normal varieties is the unique pair (X, A) such that K&+ A=p"(Kx +A)+E where
E is an effective p-exceptional divisor (we assume here that Kx + A and K5 + A are
R-Cartier divisors).

In [BCHMOG6|, Birkar, Cascini, Hacon and McKernan proved several fundamental
conjectures which had been expected for more than two decades, concerning the exis-
tence of minimal models and the finiteness of the canonical ring for arbitrary projective
varieties. The latter result was also announced independently by Siu in [Siu06]. The
main results can be summarized in the following statement.

(20.1) Theorem. Let (X,A) be a kit pair where A is big.
(i) If Kx + A is pseudo-effective, (X, A) has a log-minimal model, i.e. there is a bi-

rational transformation ()?,3) with X Q-factorial, such that K5 + A is nef and
satisfies additionally strict inequalities for the discrepancies of p-exceptional divi-

SOTS.

(ii) If Kx + A is not pseudo-effective, then (X,A) has a Mori fiber space, i.e. there
exists a birational transformation (X,A) and a morphism ¢ : X — Y such that
—(K5 + A) is p-ample.

(ili) If moreover A is a Q-divisor, the log-canonical ring @, H*(X, m(Kx + A)) is
finitely generated.

The proof, for which we can only refer to [BCHMO06], is an extremely subtle induc-
tion on dimension involving finiteness of flips (a certain class of birational transforms
improving positivity of Kx + A step by step), and a generalization of Shokurov’s non
vanishing theorem [Sho85]. The original proof of this non vanishing result was itself
based on an induction on dimension, using the existence of minimal models in dimension
n — 1. Independently, Y.T. Siu [Siu06] announced an analytic proof of the finiteness of
canonical rings @m>0 H°(X,mKx), along with an analytic variant of Shokurov’s non
vanishing theorem; in his approach, multiplier ideals and Skoda’s division theorem are
used in crucial ways. Let us mention a basic statement in this direction which illustrates
the connection with Skoda’s result, and is interesting for two reasons : i) it does not re-
quire any strict positivity assumption, ii) it shows that it is enough to have a sufficiently
good approximation of the minimal singularity metric hni, by sections of sufficiently
large linear systems |pKx|.

(20.2) Proposition. Let X be a projective n-dimensional manifold with Kx pseudo-
effective. Let hyin = e~ %™ be a metric with minimal singularity on Kx (e.g. the super-
canonical metric), and let ¢ > 0 be the log canonical threshold of Ymin, i.e. heo—0 —
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e (co=0)¢min ¢ T1 for § > 0 small. Assume that there exists an integer p > 0 so that the
linear system |pK x| provides a weight 1, = % log >~ |oj|? whose singularity approzimates
Ymin sufficiently well, namely

1+c¢—90

on )sOmin +0(1) for some § > 0.

¢p>(1+

Then @m>0H®(X,mKx) is finitely generated, and a set of generators is actually pro-
vided by a basis of sections of Do<menp+1H (X, mKx).

Proof. A simple argument based on the curve selection lemma (see e.g. [Dem01], Lemma
11.16) shows that one can extract a system g = (g1, . .. gn) of at most n sections from (o)
in such a way that the singularities are unchanged, i.e. Ci log|o| < log|g| < Calog|o|.
We apply Skoda’s division (7.20) with E = 03", Q = O(pKx) and L = @((m—p—1)Kx)
[so that Kx ® Q ® L = Ox(mKx)], and with the metric induced by hpi, on Kx. By
definition of a metric with minimal singularities, every section f in H*(X,mKx) =
H(X,Kx ® Q ® L) is such that |f|? < Ce™¥min, The weight of the metric on Q ® L
is (m — 1)@min. Accordingly, we find

|f12]g], 2n 2 e (mmDemin < Clexp (mcpmin —p(n+&)(¥p — Pmin) — (M — 1>§0min)
< Cexp (= (co— 0/2)min)

for ¢ > 0 small, thus the left hand side is in L'. Skoda’s theorem implies that we can write
f=g-h=> gjh; withh; € H*(X,Kx®L) = H°(X, (m—p)Kx). The argument holds
as soon as the curvature condition m —p —1 > (n — 1 + ¢)p is satisfied, i.e. m > np + 2.
Therefore all multiples m > np + 2 are generated by sections of lower degree m — p, and
the result follows. O

Recently, Paun [Pau08] has been able to provide a very strong Shokurov-type analytic
non vanishing statement, and in the vein of Siu’s approach [Siu06], he gave a very detailed
independent proof which does not require any intricate induction on dimension (i.e. not
involving the existence of minimal models).

(20.3) Theorem (Paun [Pau08]). Let X be a projective manifold, and let oy, € NSg(X)
be a cohomology class in the real Neron-Severi space of X, such that :

(a) The adjoint class c1(Kx) + ar is pseudoeffective, i.e. there exist a closed positive
current

@Kx-i-L € Cl(Kx) + ar;

(b) The class a, contains a Kdhler current Oy, (so that ay, is big), such that the respec-
tive potentials w1 of O and pi+1 of O, 1 salisfy

eI+e)(Prx+L—¢L) Llloc

where € 1s a positive real number.

Then the adjoint class c1(Kx) + o contains an effective R-divisor.
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The proof is a clever application of the Kawamata-Viehweg-Nadel vanishing the-
orem, combined with a perturbation trick of Shokurov [Sho85] and with diophantine
approximation to reduce the situation to the case of Q-divisors. Shokurov’s trick allows
to single out components of the divisors involved, so as to be able to take restrictions
and apply induction on dimension. One should notice that the poles of ¢; may help
in achieving condition (20.3 b), so one obtains a stronger condition by requiring (b’)
exp((1+¢&)pry+1) € Ll for € > 0 small, namely that ¢ (Kx )+« is klt. The resulting
weaker statement then makes sense in a pure algebraic setting. In [BrP09], Birkar and
Paun announced a relative version of (20.3), and they showed that this can be used to
reprove a relative version of Theorem (20.1). The notes of Mihai Paun [Pau09] give a
fairly precise account of these techniques, and incorporate as well some ideas of Ein-
Lazarsfeld-Mustata-Nakamaye-Popa [E-P06] and of A. Corti and V. Lazi¢ (see [Lzc09)]).
A similar purely algebraic approach has been described by C. Hacon last year in his
Oberwolfach lectures [Hac08].
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