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0. INTRODUCTION

Recent developments in the theory of Kobayashi hyperbolicity have shown that a very convenient
framework is the category of directed varieties. By definition, a directed variety is a pair (X, V)
where X is a complex manifold or variety, and V' C Tx a complex analytic linear subspace that
may itself possess singularities. Such a structure is defined alternatively as a saturated coherent
subsheaf V of O(Tx). One can then introduce a natural concept of canonical sheaf sequence K- ‘[;]
that generalizes the usual canonical sheaf det(V*) in the case where V' is nonsingular; one says that
(X,V) is of general type if K‘[;} is big (see section 2 for details).

Following classical ideas of A. Bloch [Blo26a, 26b], Green-Griffiths [GG79] greatly advanced the
study of Kobayashi hyperbolicity through a powerful use of jet bundles; as an application, they
obtained a new geometric proof of the Bloch conjecture. In this vein, to any directed variety (X, V)

Both authors are supported by the ERC project ALKAGE, contract 670846 from September 2015.
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one can associate a bundle J*V of k-jets of holomorphic curves f : (C,0) — X tangent to V. This
gives rise to tautological rank 1 sheaves O xgc (m) on the weighted projectivized bundles

(0.1) s X9 = X, X5C .= (JFV ~{0})/C.

By taking direct images (cf. [GG79] and [Dem95], see also section 3), one gets sheaves of jet
differentials

(0.2) O(EpmV*) = (ﬂk)*oxgc (m).
The goal of this work is to obtain precise estimates for the dimensions of the cohomology groups
(0.3) HY(X,0(EpmV™)) and HY(X,0(ErmV™))),

along the lines of [Dem11]. The crucial technical argument is an application of holomorphic Morse
inequalities to the rank one sheaf Oycc(m), suitably twisted. The main contribution of the present
exposition is to analyze the role of singularities in a more systematic way than in our previous
papers [Dem11, 12, 15, 18]. The method to cope with singularities is to introduce ad hoc sheaves of
holomorphic sections that are bounded near singular points. In a quite general setting, these sheaves
interact very well with holomorphic Morse inequalities, and allow us to extend the estimates of the
nonsingular case in a simple manner. Another new idea is to introduce the dual sheaf O((Ej,,V*)*),
which can be seen as a sheaf of differential operators acting on functions of J*V. In this direction,
we prove an existence theorem for twisted differential operators. It somehow extends the existence
theorem of slanted vector fields on jet spaces, as established by Siu [Siu04], Paun [Pau08] and Merker
[Mer09]. The positivity conditions needed to get the existence of twisted differential operators are
much weaker than those needed for the existence of twisted vector fields, but the draw-back of the
present approach is that we get a priori no information on the degeneration loci.

Paolo de Bartolomeis was one of the great world experts of deformation theory. In the present
context, it would be interesting to investigate the deformation theory of directed varieties, in the
smooth and singular contexts as well. For instance, for a deformation (X,V) — S of directed
structures over a base S, a natural question is the invariance of “directed plurigenera” h%(X;, K Q)
(where P K 17 refers to the sheaf of bounded sections, see §2), or at least the invariance of the volume
of Ky, along the fibers X; of X — S.

The first author wishes to thank Mihai Paun for raising several important issues that play a very
significant role in this work.

1. CATEGORY OF DIRECTED VARIETIES

We first recall the main definitions concerning the category of directed varieties. We start with
the nonsingular case and then explain in detail the additional concepts and requirements that we
introduce in the presence of singularities.

1.1. Definition. A (complex, nonsingular) directed variety is a pair (X,V) consisting of a
n-dimensional complex manifold X equipped with a holomorphic subbundle V- C Tx. A mor-
phism @ : (X, V) — (Y, W) in the category of directed varieties is a holomorphic map such that
d®,(Vz) C Wy(y) for every point x € X.

The absolute situation is the case V' = T’x and the relative situation is the case when V' =Ty g
is the relative tangent space to a smooth holomorphic map X — S. In general, we can associate
to V a sheaf V = O(V) C O(Tx) of holomorphic sections. No assumption need be made on the
Lie bracket tensor [e,0] : V x V — O(Tx)/V, i.e. we do not assume any sort of integrability for V;
if this happens, then V defines a holomorphic foliation on X.

1.2. Complement to the definition (singular case). Usually we are interested in questions
that are birationally invariant; in such cases one can always blow-up X and reduce the situation
to the case when X is nonsingular. Even then, the tangent bundle Tx need not have many
holomorphic subbundles, but it always possesses many analytic subsheaves, thus it is important
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to allow singularities for V. When defining a directed structure V on X, we assume that there
exists a dense Zariski open set X’ = X \Y C X such that Vix: is a subbundle of T’x|x: and the
closure W in the total space of T'x is an analytic subset. The rank r € {0,1,...,n} of V is by
definition the dimension of V, at points € X’; the dimension may be larger at points x € Y.
This happens e.g. on X = C" for the rank 1 linear space V generated by the Euler vector field
e(z) = CYXi¢jen zja%j: then V, = Ce(z) for z # 0, and Vp = C". The singular set Sing(V) is
by definition the complement of the largest open subset on which V is a subbundle of T ; it is
equal to the indeterminacy set of the meromorphic map X ---> Gr(T’x,r) into the Grassmannian
bundle of r-dimensional subspaces of Tx, hence codim(Sing(V)) > 2. The category of directed
varieties (X, V') is obtained by allowing X to be an arbitrary reduced complex space; if X < Z is
a local embedding in a smooth ambient variety Z, we assume that there exists a Zariski open set
X" C X" = Xieg on which Vix» is a subbundle of T/, and that V|x»~ is a closed analytic subset
of Tz (similarly T’y is defined to be the closure of Tx/ in T7).

2. PLURICANONICAL SHEAVES OF A DIRECTED VARIETY

Let (X,V) be a directed projective manifold where V is possibly singular, and let r = rank V.
If w: X 5 Xisa proper modification (a composition of blow-ups with smooth centers, say),
we get a directed manifold (X, V) by taking V to be the closure of u71(V’), where V' = Vix is
the restriction of V over a Zariski open set X’ C X \ Sing(V) such that p : p=1(X’) — X' is a
biholomorphism. We say that (X, V) is a modification of (X, V) and write V = p*V.

We will be interested in taking modifications realized by iterated blow-ups of certain nonsingular
subvarieties of the singular set Sing(V'), so as to eventually “improve” the singularities of V'; outside
of Sing(V) the effect of blowing-up is irrelevant. The canonical sheaf Ky, resp. the pluricanonical
sheaf sequence K‘[;n ], is defined by using the concept of bounded pluricanonical forms that was
already introduced in [Dem11].

2.1. Definition. For a directed pair (X,V) with X nonsingular, we define Ky, resp. ngn]’ for
any integer m > 0, to be the rank 1 analytic sheaves such that

YK (U) = sheaf of locally bounded sections of Ox (A"V*)(UNnX')

[m]

YKV (U) = sheaf of locally bounded sections of Ox (A"V*)E™)(UN X"

where © = rank(V), X" = X \ Sing(V), V' = Vixs, and “locally bounded” means bounded with
respect to a smooth hermitian metric hx on Tx, on every set U. N X' such that U, is relatively
compact in U.

The above definition of *K &T ] may look like an analytic one, but it can easily be turned into

an equivalent algebraic definition (cf. [Dem18]). Let us recall that, given a coherent ideal sheaf
J = (91,...,9n) and a positive rational (or even real) number p, one defines the p-th integral
closure, denoted formally JP, to be the sheaf of holomorphic functions f that satisfy locally an
inequality | f| < C( X |g;|)P; this is a coherent sheaf that can be identified with the sheaf of functions
satisfying an integral equation f%+a;f% 1+ ... +ay = 0 where as € J7*! for some d > 1 (see e.g.
[agbook]).
2.2. Proposition. Consider the natural morphism O(A"T%) — O(A"V*) where r = rank V' and
O(A"V*) is defined as the quotient of O(A"T%) by r-forms that have zero restrictions to O(A"V*)
on X ~\ Sing(V). The bidual Ly = O(A"V*)*™* is an invertible sheaf, and our natural morphism
can be written

(2.2a) O(N'TY) = ON'V*) = Ly @ Jy C Ly
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where Jy is a certain ideal sheaf of Ox whose zero set is contained in Sing(V') and the arrow on
the left is surjective by definition. Then

[m]

(2.2b) =LY TN

where jV is the integral closure of Jy* in Ox. In particular, bK[ “ s always a coherent sheaf.

A typical example of what may happen is the Euler vector field linear space V' C T¢r : then the
sheaf of holomorphic sections O(V') is trivial and generated by ¢, i.e. O(V) = O¢ne, hence its sheaf
theoretic dual is O(V)* = O¢ne* where €* is the (unbounded) 1-form such that ¢* - ¢ = 1. With
the notation of Proposition 2.2, we have

OV*) = O(A'V*) = Ky = mgOcne* =Ky,
Ly = O(V*)* = Ocne* = O(V),
Jv = my, TP =T =my.

It is equally important to understand the effect of modifications on the sheaves °K &;n ].

2.3. Proposition. For any modification p : ()?,17) — (X,V), there are always well defined
injective natural morphisms of rank 1 sheaves

[m]

(2.34) PRy K[m]) s LEm

and the direct image i (bK[m]) may only increase when p is replaced by a “higher” modification

= opu: XXX andV = w*V by V= 1wV, i.e. there are injections
by Ml ~ (bp-ml ®
We refer to this property as the monotonicity principle.

Proof. (a) The existence of the first arrow is seen as follows: the differential . = dpu : V- WV is
smooth, hence bounded with respect to ambient hermitian metrics on X and X, and going to the
duals reverses the arrows while preserving boundedness with respect to the metrics. We thus get
an arrow

'u*(bv*) N b‘//\—*.
By taking the top exterior power, followed by the m-th tensor product and the integral closure

of the ideals involved, we get an injective arrow u* (bK %;n ]) — bK [?m 3 Finally we apply the direct
image fonctor p, and the canonical morphism F — p,pu*F to get the first inclusion morphism. The
second arrow comes from the fact that p* (°K %T ]) coincides with £3™ (and with det(V*)®™) on the
complement of the codimension 2 set S = Sing(V') U u(Exc(i)), and the fact that for every open
set U C X, sections of Ly defined on U \ S automatically extend to U by the Riemann extension
theorem, even without any boundedness assumption.

(b) Given p/ : X — X, we argue as in (a) that there is a bounded morphism dy’ : V — V. O

By the monotonicity principle and the strong Noetherian property of coherent sheaves, we infer
that there exists a maximal direct image when g : X — X runs over all nonsingular modifications
of X. The following definition is thus legitimate.

2.4. Definition. We define the pluricanonical sheaf K‘[;n] of (X, V) to be the inductive limit

K = lim g () = maoep (K
"

taken over the family of all modifications p : ()/(\',17) — (X, V), with the trivial (filtering) partial

1]

order. The canonical sheaf Ky itself is defined to be the same as Ky,'. By construction, we have
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for every m = 0 inclusions
bl KM < com,
and K‘[;n] = j‘[/m] 'E{G;m for a certain sequence of integrally closed ideals j‘[/m] C Ox

It is clear from this construction that K‘[;n Vs birationally invariant, i.e. that K‘[;n = L (K‘[;Y,L])

for every modification p : (X', V') — (X, V). One of the most central conjectures in the theory
is the

2.5. Generalized Green-Griffiths-Lang conjecture. Let (X,V) be a projective directed
variety. Assume that (X, V') is of “general type” in the sense that there exists m > 1 such that the

invertible sheaf ,u:n(K‘[;n]) is a big line bundle when one takes a log-resolution ., of the ideal j‘[/m].
Then there should exist a proper algebraic subvariety Y C X containing the images f(C) of all
entire curves f : C — X tangent to V.

The main reason for incorporating the ideals J‘[/m} in the definition of K‘[;n ] is that the above
conjecture would otherwise be trivially false: for instance, it is easy to see that a pencil of conics
passing through 4 points in general position in IP’% are tangent to a rank 1 subspace V' C Tp2 such
that Ly = O(V)* ~ Op2(1) is ample; however, all leaves are rational curves. Here, we are in fact
more interested here in the dual situation where a positivity assumption is made for the line bundle

3. JET BUNDLES AND JET DIFFERENTIALS

3.A. NONSINGULAR CASE

Following Green-Griffiths [GrGr79], we consider the bundle Jy X — X of k-jets of germs of para-
metrized curves in X, i.e., the set of equivalence classes of holomorphic maps f : (C,0) — (X, z),
with the equivalence relation f ~ ¢ if and only if all derivatives f()(0) = ¢ (0) coincide for
0 < j < k, when computed in some local coordinate system of X near x. The projection map
JiX — X is simply f — f(0). If (z1,...,2,) are local holomorphic coordinates on an open set
Q) C X, the elements f of any fiber J; X, x € €, can be seen as C"-valued maps

f=f,...,fn): (C,0) > Q2 CC",

and they are completetely determined by their Taylor expansion of order k at ¢t = 0

k

In these coordinates, the fiber Jp X, can thus be identified with the set of k-tuples of vectors
(€1, &) = (f(0),...,f®)(0)) € (C™*. Tt follows that J,X is a holomorphic fiber bundle
with typical fiber (C")* over X. However, J;X is not a vector bundle for k > 2, because of the
nonlinearity of coordinate changes: a coordinate change z — w = ¥(z) on X induces a polynomial
transition automorphism on the fibers of J; X, given by a formula

5=]
(3.1) (o YD =w'(f)- f9) + Z Z i OO () - (FU1, L )
§=2 ji+jot+-+is=j
with suitable integer constants c;,.;, (this is easily checked by induction on s). According to
the above philosophy, we introduce the concept of jet bundle in the general situation of complex
directed manifolds, assuming V' nonsingular to start with.

3.2. Definition. Let (X, V) be a complex directed manifold. We define J,V — X to be the bundle
of k-jets of curves f: (C,0) — X that are tangent to V', i.e., such that f'(t) € Vi@ for allt in a
neighborhood of 0, together with the projection map f — f(0) onto X.
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For any point z¢p € X, there are local coordinates (z1,...,2,) on a neighborhood €2 of zy such
that the fibers (V,).cq can be defined by linear equations
0 .
(3.3) VZ:{U: Z Vig, Ui = Z ajk(2)vg for]:r+1,...,n},
1<j<n J 1<k<r

where (aj;) is a holomorphic (n — ) x r matrix. Let f : D(0,R) — X be a curve tangent to V
such that f(D(0, R)) € Q, and let (f1,..., fn) be the components of f in the coordinates The curve
f is uniquely determined by its initial value z = f(0) and by the first  components (f1,..., f.).
Indeed, as f'(t) € Vi), we can recover the other components by integrating the system of ordinary
differential equations

(3.4) [0 =Y ap(fO) 1),  r+1<ji<n,
1<k<r

on a neighborhood of 0, with initial data f(0) = z. As a consequence, J;V is actually a subbundle
of JiX. In fact, by using (3.4), we see that the fibers J;V, are parametrized by

((F100), - FL00)); (F10), - £2(0))s - (S (0), .., £P(0))) € (€T

for all z € , hence J,V is a locally trivial (C")*-subbundle of .J; X. Alternatively, we can pick a
local holomorphic connection V on V' such that for any germs w =3, ;, wjaizj € O(Tx,z) and

v = ZKKr veeg € O(V), in a local trivializing frame (eq, ..., e,) of Viq we have
500))
(3.5) Vuv(z) = Z wjaeg(x) + Z F%(m)wjvg eu().
1<j<n, 1<e<r J 1<j<n, 1<, pusr

We can of course take the (unique) frame (es)1<¢<, in V such that 9/0z, is the projection of e,
on the first r coordinates, and the trivial connection V? given by the zero Christoffel symbolds
I' = 0 with respect to this frame, but any other holomorphic connection V is acceptable. One then
obtains a trivialization J ka ~ Vfgk by considering

(3.6) TeVe 3 f v (€1, &) = (VF(0), V2£(0),.... VFF(0)) € VP
and computing inductively the successive derivatives V f(t) = f/(t) and V*f(t) via
d
V= VgV = Y S(VT) e+ Y TNV enld):
1<i<r 1<j<n, 1<l,u<r

This identification depends of course on the choice of V and cannot be defined globally in general
(unless we are in the rare situation where V' has a global holomorphic connection). Now, we
consider the natural C*-action on J*V that maps a k-jet t — f(t) to X~ f(t) := f(At), A € C*.
Since V(X - f)(t) = A*V*®f(t), the C* action is described in coordinates by

(3.7) A (1,8, &) = (N, N2, .. 0R), & = VEf(0).

Following [GrGr79], we introduce the bundle E,?SLV* — X of polynomials P(x;&1,...,&) that are
homogeneous on the fibers of J,V of weighted degree m with respect to the C* action, i.e.

(3.8) P(x; M1, A6) = A" P(23 61, .. &),
in other words they are polynomials of the form
(3.9) P(z3&1,...6) = > Gy ..oy (7) €165 - £1F
oy [4+2] o |+ +klag |[=m
where & = (§5,1,...,&,) € C" =V, and £ = ?jl e | = Zléjér o 5. Sections of the

sheaf O(EE%V*) can also be viewed as algebraic differential operators acting on germs of curves
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f:(C,0) = X tangent to V, by putting
(3.9) Pf)(#) = . Aoy, (F(8) (V) (V2 F(£))72 - (VEf(2))
oy [+2] o |+ +klag |[=m
where the aq,...q, () are holomorphic in z. With the graded algebra bundle E,??V* =, E,?SLV*
we associate an analytic fiber bundle
(3.10) X9 = Proj(EFJV™) = (JiV ~ {0})/C*

over X, which has weighted projective spaces P(11"],2["), ... EI']) as fibers; here J,V ~ {0} is the
set of nonconstant jets of order k. As such, it possesses a tautological sheaf OXE.G(l) [the reader
should observe however that O XGG (m) is invertible only when m is a multiple of lem(1,2,...,k)].

3.11. Proposition. By construction, if 7 : X,S'G — X s the natural projection, we have the
direct image formula

(m1):Ox g (m) = O(EESV™)
for all k and m.

3.B. SINGULAR CASE
When V' has singularities and X is nonsingular, we simply consider the inclusion morphism
(X,V) — (X,Tx) into the absolute directed structure. This yields a morphism JiVix: — JiTx|x

in restriction to the Zariski open set X’ = X \ Sing(V'), and we define JiV = J;V|x: to be the
closure of JkV| x in JipTx. It is then easy to see that JiV is an analytic subset of JiTx, hence we
get an inclusion morphism JiV — JiT'x over X, which also induces an inclusion

(3.12) X6 oy x2P5EG

of XSG = (J,V ~ {0})/C* into the absolute Green-Griffiths bundle X***% = (7, Tx ~ {0})/C*.
In analogy with our concept of canonical sheaf, it is natural to mtroduce the following definitions.

3.13. Theorem and definition. Let py, : J*V {0} — X be the natural projection. The sheaf
bOXI?G (m) (here, the b means “locally bounded” sections) is defined as follows: for any open set
U C X,?G, the space of sections bOX]S}G (m)(U) consists of holomorphic operators F(x;&1, ..., &)
on the conical open set

P {(U) NIV € JFVixo € JFTx
that are homogeneous of degree m with respect to the C*-action, and are locally bounded with respect
to a smooth hermitian metric hx on Tx. Namely, if V is a local holomorphic connection on T'x|q

and (&1,...,&;) are the components of a k-jet computed with respect to V, we require that
% 1
(3.13") Pl < cwa (X lediy)”
1<s<k

on p; (Ue), for every relatively compact open subset U. € U N, (Q). Then bOXEG (m) is a rank 1
coherent analytic sheaf, and is independent of the choice of hx and V.

3.14. Definition. With the above notation, the sheafb(’)(E,gSLV*) is the analytic sheaf on X whose
spaces of sections are polynomial differential operators P(x;&1,...,&;) in

PO(EZSVH(U) C O(EZGVH(UNX),
i.e. polynomial functions P = I that satisfy inequality (3.13%) on m, YU.n X"), for all open sets
U. e U C X. In other words, we have

(3.14%) (m1)"Ox 66 (m) = "O(ELLV™).
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Proof. That homogeneous functions on J kV|U must be polynomials on the fibers is a trivial fact
(using e.g. power series expansions in terms of (§1,...,&;)). The coherence of bOXSG (m) is a simple
consequence of the fact that we have a restriction morphism

(315) OXZbS’GG (m)|XIS}G — bOXI(c}G (’I’)’L)

and that, almost by definition, ,, b0 XGG (m) consists of taking the normalization of the image of
the graded ring of sections; this shows again that our concepts are purely algebraic, in spite of the
analytic definition that was given in 3.13. The coherence of b(’)(E,SﬁV*) then follows by the direct
image theorem. It is very important to observe that in condition (3.13*) one must refer to a metric
hx and a connection V on the ambient bundle Tx, and not to a holomorphic connection on V,
since any such connection would be unbounded near Sing(V'), leading to the failure of (3.15). O

It is also clear form the definitions that our sheaf of jet differentials coincides with the already
defined vector bundle on X’ = X \ Sing(V):

% _ GGy /*
(3.16) (PoEgSy )>|x\smg<v> = O(Em VX sing(v))-

When X itself has singularities, one can locally embed X in a smooth ambient variety Z and refer
to smooth hermitian metrics on Z, taking bounded sections on a Zariski open set where both X
and V are smooth. We will not consider this case much further and leave details to the reader.

4. MORSE INEQUALITIES, IN THE SMOOTH AND SINGULAR CONTEXTS

4.A. SMOOTH CASE

The main purpose of holomorphic Morse inequalities is to provide estimates of cohomology
groups with values in high tensor powers of a given line bundle L, once a hermitian metric & on L
is given. We denote by O, = —5-001log h the (1,1)-curvature form of h, and for any (1,1)-form
u(2) =031 ¢j pen Wik(2) dzj A (Fk, we define its ¢g-index set X (u, q) to be the open set

(4.1) X(u,q) = {z € X ; u(z) has signature (n—gq,q)}
(so that ¢ is the number of negative eigenvalues of u(z)). The following statement summarizes the
main results of [Dem85].

4.2. Holomorphic Morse inequalities for smooth metrics. Let X be a compact complex
n-dimensional manifold, E — X a holomorphic vector bundle of rank r, and L a holomorphic line
bundle equipped with a smooth hermitian metric h. The dimensions h?1(X, E ® L™) of cohomology
groups of the tensor powers E ® L™ satisfy the following asymptotic estimates as m — +o00 :

(4.2 WM) Weak Morse inequalities :

W(X,E@L™) <l (—1)70" , + o(m") .
e JX(Orn,9) 7

(4.2 SM) Strong Morse inequalities:
Y (D)X, E®L™) < r— Z/ ~1)9770% ;, + o(m™) .
0<j<q n! 0<j<q? X(Orn)
(4.2 RR) Asymptotic Riemann-Roch formula:
WX E@ L") = 3 (WX Ee L™ =" [ e+ ofm")

0<jsn

In fact, the strong Morse inequality implies the weak form (by adding the inequalities for ¢ and
g — 1), and the asymptotic Riemann-Roch formula (by taking ¢ = n and ¢ = n + 1). By adding
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the strong Morse inequalities for ¢ + 1 and ¢ — 2, one also gets the lower bound

RY(X,E®L™) > h!(X,E®L™) - h‘H(X E®L™) —h™Y(X,E® L™)
mn "
(4.3,) >r— > / )70, — o(m™),

T g—1<j<q+1 X(OrL,nJ)

and especially, for the important case ¢ = 0, the lower bound

(4.30) hO(X, E®L™) > / @Zh — / @Zh —o(m").
(©r,1,0) X(©r,n,1)

4.B. CASE OF METRICS WITH Q-ANALYTIC SINGULARITIES

The above estimates are volume estimates, and therefore are not sensitive to modifications. In
particular, we have the following easy lemma.

4.4. Lemma. Let £ be a coherent analytic sheaf and (L,h) a hermitian line bundle on a reduced
wrreducible compact complex space Z. Then

(i) If Y = Supp(€) has at most p-dimensional irreducible components, we have
hi(Z,E @ O(L™)) = O(mP).

(ii) If n = dim Z and r is the generic rank of €, the Morse inequalities are still valid with X replaced
by Z and the locally free sheaf O(E) replaced by E.

Proof. We prove 4.4 (i), and 4.4 (ii),,c ;y by induction on N, everything being obvious for N = 0.
If Y is not irreducible and Y = (JYj is the decomposition in irreducible components, let £; be
the sheaf of sections of £ that vanish on all components Yj, k # j. Then we have an exact sequence

0—>@5j—>5—>}"—>0

where F is supported on Y/ = J itk Y; NYg, dimY < p— 1. If we use the corresponding exact
sequence and argue by induction on p, we see that it is sufficient to check 4.4 (i)p when Y is

irreducible. If Zy is the reduced ideal sheaf of Y, we have I{?S = 0 for some k£ € N*, and we thus
get a decreasing filtration & = I{@E of € such that & /&1 can be viewed as a coherent sheaf on
the reduced space Yeq, whose structure sheaf is Ox /Zy. Then, by taking Z = Y and exploiting
the exact sequences 0 — Ep11 — & — E¢/Ery1 — 0, we see that 4.4 (ii)ngN implies 4.4 (i)pgN' The
last part of the proof consists in showing that Theorem 4.2, <n and 4.4 (i)pqu imply 4.4 (ii)n<N7
and for this, it is enough to consider the case where dim Z =n = N.

In that case, the Hironaka desingularization theorem implies that there exists a modification
X — Z such that X is nonsingular and F = p*€ is locally free modulo torsion, so that we have
an exact sequence

O%ftors%f—)f/]:torsﬁo

where F/Fiors is locally free (i.e. a vector bundle on X). Therefore, holomorphic inequalities 4.2
can be applied to the groups H4(X, F/Fiors @ O(p*L™)), and since Y = Supp(Fiors) has dimension
p < N—1, part 4.4 (i), y_; of the Lemma shows that the groups H?(X, F @ O(u*L™)) also satisty
holomorphic Morse inequalities. Finally, we use the Leray spectral sequence. It yields a convergent
spectral sequence

HP(Z, R, (F) @ O(L™)) = HPTI(X, F @ O(u*L™))

and we know that RYu.(F) is supported for ¢ > 1 on an analytic subset Y’ C Z, and that the
morphism & — pu*€ = R°u,(F) is an isomorphism outside of codlmensmn 1. From this we
conclude that holomorphic Morse inequalities for the HY(X,F ® O(u*L"™)) (which we already
know), imply holomorphic Morse inequalities for H9(Z, £ ® O(L™)), thanks to 4.4 (i),<_; applied
on Z. O
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In his PhD thesis, Bonavero [Bon93] extended Morse inequalities to the case of singular hermitian
metrics. We state here a variant that allows more general singularities (but in fact, everything can
be reduced to the smooth case 4.2 by means of a desingularization, thus all versions are in fact
equivalent).

4.5. Definition. Let Z be an irreducible and reduced complex space and L a torsion free rank 1
sheaf on Z. A hermitian metric h on L with Q-analytic singularities is a hermitian metric h
defined on a dense open set Z' C Zyg where L is invertible, with the following property: there
exists a smooth modification p : X — Z such that p*L is invertible and the pull-back metric u*h
has normal crossing Q-divisorial singularities, i.e. if g is a local generator of u*L on a small open
set U C X, we have

log lglnp, =¥ — Y Ajlog|z?
for some holomorphic coordinates (z;) on U, A\j € Q \ {0} and ¢ € C*°(U). We will say that h
has Q4 -analytic singularities if one can take all \j € Q4 ~ {0} (or an empty sum).

(Of course the normal crossing hypothesis is not necessary, since it can always be achieved a
posteriori by an application of the Hironaka desingularization theorem). We define the singular
set S = Sing(p*h) to be the common zero set {z; = 0} for the coordinates z; involved above, and
Sing(h) to be the union of x(S) and of the closed analytic subset of Z where £ is not invertible.

4.6. Definition. Let Z be an irreducible and reduced complex space, and L a torsion free rank 1
sheaf on Z equipped with a hermitian metric h with Q-analytic singularities. We define the sheaf
of h-bounded sections ®O(L™)}, to be the sheaf of germs of meromorphic sections o of L™ such that
lo|, is bounded (just consider the restriction to U N Z' where U is a neighborhood of a given point
20 € Z and Z' = Z \ Sing(h) ).

It follows from the definitions that ®O(L™);, is a coherent sheaf of rank 1; in fact, with the
notation of Definition 4.5, it is the direct image by p of (1*£)" ® Ox(—[mD]) where D = > A\;D;
is the Q-divisor of X given by D; = {z; = 0}, and [mD] = ) [mA\;]D; is the round up. Es-
pecially, if Z is normal, £ invertible and h has Qj-analytic singularities (i.e. D > 0), then we
have *O(L™);, € O(L™). Otherwise, we may get some meromorphic sections in ?O(L™);, that are
actually not holomorphic.

4.7. Holomorphic Morse inequalities for singular metrics. Let Z be an irreducible and
reduced complex space, L a torsion free rank 1 sheaf on Z equipped with a hermitian metric h with
Q-analytic singularities, and € be a coherent sheaf of generic rank r. Then, for Z' = Z \ Sing(h)

and all g =10,1,...,n =dim Z, we have estimates
> oot (1) IO — o(m")
J:q717q7q+1 n: Zl(eL,hyj)
<h(Z,E @ O(L™)) < r— (—1)907 , + o(m™).

|
e Jz/(OLma)

Proof. We use a smooth modification p : X — Z such that p*L satisfies the requirements of
Definition 4.5 and p*€ is locally free modulo torsion. The proof of Lemma 4.4 then shows that
the torsion of F = p*& can be neglected. Again, the conclusion follows from the Leray spectral
sequence and the smooth case of Morse inequalities applied to the sequence of invertible line bundles

p—=G® L£P on X,
where B
G =F/Ftors @ ' L7 ® Ox(=[rD]), L =pL*®Ox(-[aD]),
a € N* is a denominator of the Q-divisor D and m = ap +r, 0 < r < a. It follows that there is a

morphism

ERO(L™))) = 1 (G @ LP)
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whose kernel and cokernel are supported on subvarieties Y, Y’ C Z, and by definition p*h® induces

a smooth metric on £. As a consequence OF yipa = ap Orp o0 p~Y(Z ~ Sing(h)) and

/ (190 =a" [ (1R =
X(Oz upard) o Z/(O1,n,q)
4.8. Remark. In Bonavero’s thesis [Bon93], Z is a manifold, £ = Oz(F) and L = Oz(L) are
assumed to be locally free, h = e™¥ is a singular hermitian metric with Q,-analytic singularities
and the cohomology groups involved are the groups

HYZ,04(E® L™) @ Z(h™))

where Z(h™) are the L? multiplier ideal sheaves
I(h™) =Z(kyp) = {f € Oz, IV >, / f(2) PR dA(2) < +oo}.
\%4

Here, we have in fact replaced the L? condition by a L™ condition. When pulling-back to X via a
modification p : X — Z resolving the singularities of h into divisorial singularities, the difference
is just a twist by the relative canonical bundle Ky, and the use of the round down [mD | instead
of [mD]. These differences are “bounded” and thus do not make any change in the estimates
produced by the Morse inequalities. For the same reason, we could even allow the singularity D
of u*h to be a R-divisor, although periodicity would be lost in the round up process; one then
needs the fact that Morse inequalities are “uniform” when E remains in a bounded family of vector
bundles, which follows easily from the analytic proof.

5. COHOMOLOGY ESTIMATES FOR SHEAVES OF JET DIFFERENTIALS AND THEIR DUALS

On a directed variety (X, V'), is may be necessary to allow V' to have singular hermitian metrics,
even when (X, V) is smooth: indeed, this leads to more comprehensive curvature conditions, since
one can e.g. relax the ampleness conditions and consider instead big line bundles. However, it is
also useful to consider situations where V' is singular. According to the philosophy of §4, we have
to explain what are the sheaves involved in the presence of such singularities.

5.1. Definition. Let (X, V) be a directed variety, X being nonsingular.

(a) A singular hermitian metric on a linear subspace V' C Tx is a metric h on the fibers of V' such
that the function logh : £ — log |§\i 1s locally integrable on the total space of V.

(b) A singular metric h on V' will be said to have Q-analytic singularities if h can be written as
h = €“O(hx)|v where hx is a smooth positive definite hermitian metric on Tx and ¢ is a weight
with Q-analytic singularities, i.e. one can find a modification u : X — X such that locally
pop = > Aloglgj(2)| + ¥(z), where \j € Q ~ {0}, ¥ € C* and the g; are holomorphic
functions; one can then further assume that D = Y \;D;, D; = {g; = 0}, is a simple normal
crossing divisor on X. We define Sing(h) to be the union p(Supp(D)) U Sing(V).

A singular metric h on V can also be viewed as a singular hermitian metric on the tautological
line bundle Op(y)(—1) on the projectivized bundle P(V) = V ~ {0}/C*, and therefore its dual
metric h~! defines a curvature current OO0,y (1)1 of type (1,1) on P(V)) C P(Tx), such that

(5.2) P00, (1)h1 = %88 log h, where p: V ~ {0} — P(V).

5.3. Remark. In [Deml1], [Dem12], [Dem15], we introduced the concept of an admissible metric
h on V, which is closely related to the concept of a metric with Q. -analytic singularities (in the
sense that the divisor of singularities D is nonnegative); then log h is quasi-plurisubharmonic (i.e.
psh modulo addition of a smooth function) on the total space of V', hence

(53 a) @OP(V)(l)vh_l > —Cw
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for some smooth positive (1,1)-form w on P(V) and some constant C' > 0 ; if h has Q-analytic
singularities, we can choose a smooth modification X — X such that O(p*V) is locally free,

the injection O(p*detV) — O(u*A"Tx) vanishes along an invertible ideal O(—A) C Oy and
w*log(h/hx) has divisorial singularities given by a Q-divisor D. Then

(5.3Db) OO0y (1) u=h=t = [D+ A]l+ 8

for some smooth (1,1)-form 5 on P(p*V). Hence if D+ A > 0 (and especially if D > 0), we still
have

(53 C) GOP(M*V)(l)vﬂ*h71 = —Cw

for any smooth positive (1,1)-form w on P(p*V).

5.4. Bounded sections. If h is a singular metric with Q-analytic singularities on (X, V') and h*

the corresponding dual metric on V*, we consider the Zariski open set X' = X ~ (Sing(V)USing(h))
and define:

(a) bO(V*)p« to be the sheaf of germs of holomorphic sections of V&, which are h*-bounded near
every point of X ;

(b) the h-bounded pluricanonical sequence to be

bK&ZZ}]L = sheaf of germs of holomorphic sections of (det V&,)@)m = (ATVI},)@””
which are det h*-bounded,

so that bK?,n} = bK?Z'}}ZX according to Def. 2.1.

(c) for U C X open, the space of sections (’)(EGG )(U) fb(’)(E,SjgiV}f) consists of functions
P(x;¢&1,...,&) that are holomorphic in x € UﬂX’ and polynomial in the §;’s, satisfying upper
bounds of the form

P <o X lel) . seven
1<s<k

We then have a direct image formula
(@) POBES Vi) = (m). O ().
where bOXkGG(m)h denotes the sheaf of h-bounded sections of bOXEG (m).

If the divisor D of singularities of h is > 0, we have h = e¥hx < Chx locally, hence

[m] [m]

(5.5) 'Ky, C’Ky' and PO(EPGV) € PO(EGSV™).

On the other hand, if D < 0, reversed inequalities and inclusions hold, e.g. °K Q/ ,}l oK Q/ }, therefore

(5.5%) (KU C PRV and OCESSVT C OCESS V)
for the dual Ox-modules.

5.6. Morse integral estimates. Let (X, V) be a directed variety, where X is a nonsingular
compact complex manifold. Fix o singular hermitian metric hy on V' and denote by

1
@V,hv = g Z cijag(z) dz; N\ dfj ® 6; X ep
1<4,j<n, 1<, B<r

the curvature tensor of V' with respect to an hy-orthonormal frame (e,), in the sense of currents.
Let (F,hr) be a singular Q hermitian line bundle on X, and let

(5.6a) 1n(2) = Odet(v+)dethy, T OFhe = — TrEna(v) Oviny + Orpp-
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Assume that h = e‘P(hX)‘V and hg are metrics with Q-analytic singularities and let X be their joint
singular set ¥ = Sing(hy) U Sing(hp). Finally, equip the tautological bundle OXIS;G(—l) with the
induced metric hy . such that

1/p
(5.6D) uf\zv,k,gze@(Zes|fs|i€f> L p=lem(L,2,...,k),

1<s<k
where & = f3)(0) is the k-jet of an integral germ of curve f in (X,V), & = (Vo)* f(0) with respect
to a global smooth connection Vg on Tx and 1 =¢&1 > e3> ... > ¢, > 0. We consider on X,?G
the rank 1 sheaf

(5.6¢) Ek:(’)Xge(l)@ﬂZ(O(];(l—i-;—i-...—i—]i)F))

(it is just a rank 1 “Q-sheaf”, and we actually have to take a power L} with m sufficiently divisible
to get a genuine rank 1 sheaf), equipped with the metric hy g induced by (hyro)~' and hp.
Then, for m > 5,;1 > k> 1, the g-index Morse integral of (L, hv pie) on X,S’G s given by

n+kr—1 (log k‘)n 1
cod) | Ot = oy ([ D"+ Ol(logh) )
XEOLy by ) T (B) Bk nt (k1) X(na)~\E "

for all g =0,1,...,n, and the error term O((logk)™') can be bounded explicitly in terms of Oy,
and Of . Moreover, the left hand side is identically zero for ¢ > n.

Proof. We refer to [Dem11] which contains all details in the smooth case, i.e. when V C Tx is a
subbundle, and when hy, hp are smooth. The main argument is that the (1,1) curvature form
of OXIS.G(l) can be expressed explicitly, modulo small error terms. It is convenient to use polar

coordinates
(5'7) gs = 85—1/2px§/pu57

where us; € SV is in the unit sphere bundle of V' (Jus|, = 1) and x5 > 0. Then at any point
(2,€) € X,S’G, a straightforward calculation shows that the curvature of OXE.G(l) is given by

7 T .
(5.8) eoxgg(l),hvykyg(z’,?E) = wprs(§) — G Z — Z CijaB (%) Usalisg dz; A\ dZ; + O(e)

1<s<k © dgia.B

where

wprs(€) = ~——00log 3 |¢,[2/°
p 2m 1<s<k
is the weighted Fubini-Study metric on the fibers of X ,S’G — X. As k — 400, the double summation
of (5.8) can be seen as a Monte-Carlo evaluation of the curvature tensor u +— (Oyp, u,u) on the
sphere bundle SV. It thus exhibits a probabilistic convergence, and is on average equivalent to a
quantity essentially independent of £, namely

1 x
—= Z le"End(V) Ovhy,

r
1<s<k

proportional t0 ©geq(v+) det(n+) (the integral of a quadratic form on a sphere is just its trace!). Then
(5.6d) follows by analyzing the error terms and computing fiber integrals (the latter depend only
on the weighted Fubini-Study metric and can be easily evaluated). One just needs to add ©pj,. to
estimate the Morse integral of L. The corresponding integrals vanish for ¢ > n because Ly, is semi-
positive (and generically strictly positive) along the fibers of 7y, : X,?G — X, and the only negative
eigenvalues are those coming from 7(z) in the dz;’s. One important point is that the rescaling
factor 5 in (5.8) makes the metric (5.6b) essentially independent of the connection Vg, up to
errors O(¢) (cf. Lemma 2.12 in [Dem11]). Therefore, one can use a local holomorphic connection V
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of V' (say, a trivial flat one) to perform calculations — this is helpful to ensure that the &, are actually
holomorphic coordinates. In the singular case, we use a smooth modification p : X — X that takes
V to a locally free sheaf u*V and converts hy, hp into metrics with Q-divisorial singularities on X,
in such a way that we are reduced to the smooth case, after removing the corresponding divisors and
computing the Morse integrals in the complement of ¥. However, it must be observed that we still
need in (5.6 b) to use a smooth (or local holomorphic) connection Vi on Ty, and not a holomorphic
connection Vy on V', because such a connection would “explode” near the singularities. Far away
from the singularities, there is uniform convergence to what would be obtained from a holomorphic
connection Vy on V. Near Sing(V'), the argument is that the curvature of Oy, is controlled by
the second fundamental form of V' (the relevant term being negative), but the total volume of any
exterior power is convergent and therefore goes to 0 if we pick a sufficiently small neighborhood of
the singular set Sing(V"). This would not work if we had chosen a holomorphic connection on V'
near the singularities! Also notice that the singular factor e? of h = e?(hx))y does not interfere as
it is purely scalar and “diagonal”. O

Our general Morse inequalities 4.7 then yield directly

5.9. Morse inequalities for tautological sheaves. Let (X,V) be a directed variety, where X is
a nonsingular compact complexr manifold, let F' be a Q-line bundle and G a coherent sheaf of rank p
on X. Assume that V and F are equipped with metrics hy and hp with Q-analytic singularities
and let 1 = Oget(v+) det(h*) + OFnp, X' = X \ (Sing(hy) U Sing(hr)). Then for m >k > 1 we
have estimates

mn+kr—1 log k)™ B
Pln+kr—1)! Sz! Egklzr ( 2 / n" = Ol(logk) 1)>’

J=q—1,q,9+1
1 1
< pa yGG b o *b(ﬁ( T4 4z
<h <Xk ’ OX]CGG(m)hk,E ®Trk(0 kr 1+2+ +/£)F)hF®g>
mn—l—kr—l (log k)n
< —1)4" + O((log k)~") |.
Pl kr — D)l (k) /X,(,m)( V" + O((logk)™")
Proof. Apply 4.7 on Z = X,SG to the m-th power of the rank 1 sheaf

. | 1 1
Ly :OXEG(1)®7T,€(OX<M(1+2+...+k)F))

equipped with the metric induced by (hyc)~' and hp, and evaluate the resulting cohomology of
the sheaf of bounded sections of L] ® 7;.G. O

Notice that there is in fact no loss of generality to take hy = (hx);y where hx is a smooth
metric on T, since any additional weight e® with Q-analytic singularities can in fact be moved
to the factor F'. In this case, we simply denote by bOXEG (m) the sheaf of bounded sections and

do not specify the metric on V. By taking the direct image via m; : X ,?G — X and applying the
Leray spectral sequence we obtain the same bounds as above for the cohomology groups

Hq<XbO(E,§GV*) (’)(k (1+2+ +;)F)hF®Q>7

putting now n = edet(V*),det(h}) + OF .. By Serre duality, we infer similar bounds for the “dual”
cohomology groups

H"‘q(X (toEgGy) wto( - = (1+ % +ot %)F)hF ®g’>

with ¢’ = Kx ® G*, but the duality holds only when G and *O(EFCV*) are locally free, which is
the case if V' is nonsingular. In fact, there is no change for the dominant term of the bounds if G is
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not locally free, because we can replace G by Ky ® G* and then G’ equals G**, which coincides with
G outside of codimension 1 (cf. the proof of Lemma 4.4), and anyway the dominant term depends
only on the generic rank p = rankG. When V is singular, we have by definition an injection
JRV < JETx. Tt yields a restriction morphism

O(EmTx) = "O(EFLTY) — PO(EFL V™),

,m

and by duality an injection
(5.10) (COELSV))" — O(BEGTY)*

where the right hand side is a vector bundle. In order to deal properly with the duality, one
way is use a modification p : X — X such that /L*(bO(E,SSLT;()) is locally free modulo torsion.
This modification can be chosen independent of m because at any point =, ,, bOx,x(E,ggV*)
is a finitely generated graded algebra over Ox , (equal to the integral closure of the image of the
finitely generated algebra ,, O va(E,SS’@T %) in its field of quotients). Once this is done, one can
instead pull-back to X and apply Serre duality on X. Again, the dominant term is unchanged as
the replacement of Kx by Kx leaves it unaffected. This is especially interesting for ¢ = n since
we then obtain an estimate of holomorphic sections of (y* bO(E,SS’LV*))* on X, and therefore of
u*((u* b(’)(EE’S’LV*))*) on X. If we reinterpret these operations in terms of metrics and bounded
sections, we obtain precisely the sheaf of bounded sections bO((E,SS;V*)*), defined as the space
of sections of (E,SS’LV*)* on X ~ Sing(V) that are bounded with respect to a smooth metric on
(E,?SLT;()*, and we see that we have in fact

PO((EFSVH)) = pa (0 POEGSV))) = (COEGGV))"
From these considerations we infer

5.11. Morse inequalities for holomorphic jet differentials and their duals. Let (X, V) be
a directed variety, where X is a nonsingular compact complex manifold, let F be a Q-line bundle
and G a coherent sheaf of rank p on X. Assume that F is equipped with a metric hrp with Q-
analytic singularities and let hx be a smooth metric on Tx. For m > k > 1 we have the following
estimates.

(a) Let 7 = Ogey(v+)det(hs) + OFnp and X' = X \ (Sing(V') U Sing(hr)). Then

mnThr—1 (IOg k.)n a—in _
P (n+kr — 1)t nl (k)" ( Z /X'(n,j)(_l) 7"~ Olllog) 1)>’

Jj=q—1,9,q+1

< hCI(X,bO(E,ggV*) @%(%(1 + % T %)F)hF ®g>

mn+kr—1 (log k)n

(n+ kr — 1)! nl (k)" </X’(77,Q)(_1)qnn +Ollls k)l)> |

(b) Let 1* = Odet(v) det(hy) T OFnp and X' = X \ (Sing(V) U Sing(hr)). Then

mn-i—k?“—l (10gk‘)n e -
T — T (k!)T< 2 /X,(n*,j)(l)q T(r)" = Of(log ) 1)>,

Jj=q—1,q,q+1

<p

< e (X, PO((EESV)) @ bO(%(l + % T %)F)hF ® g)

mn+kr—1 (IOg k)"

) 4o :
SOt k=l nl (R (/X/(n*,q)(‘l) ()" +O((log k) 1)).
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Proof. (a) is a consequence of our direct image argument. part (b) follows by duality if we observe
that X (n,n —q¢) = X(q,—n) and change F into —F; this has the effect of replacing —n by n* and

(=1)" 99" by (=1)9(n*)™. 0

5.12. Definition. Let £ be a rank one sheaf equipped with a hermitian metric hy with Q-analytic
singularities. We say for short that *L is big if there exists m € N* and a log resolution j: X — X
of the sheaf °L™ = bﬁhmﬁ of bounded sections such that p*(°L™) is a big line bundle. When taking
the product L ® F with an invertible sheaf and speaking of the bigness of L® F, we agree implicitly
to take the tensor product hy @ hx with a smooth metric on F, so that *(L @ F)™ = (L™) @ F™.

With this terminology in mind, we can now state an important application of our Morse esti-
mates, in relation with positivity properties of the canonical or anticanonical sheaf of a directed
variety.

5.13. Corollary. Let X be a projective n-dimensional manifold, (X, V) a directed structure, and
F' an invertible sheaf on X. We consider here bounded sections with respect to a smooth hermitian
metric hx on Tx.

(a) If 'Ky @ F is big, there are many sections in

m 1 1
MY S f)F) k> 1.
k:r( —|—2—|- +k > form >k >

H° (X, ro(BiGV) @'o(
(b) If *O(det(V)) ® F is big, there are many sections in
1

Z(1+;+...+k)F)> form >k > 1.

The asymptotic growth is of the form cm™ * ~1(log k)" /((n + kr — 1)! (k!)") where r = rank V and
the constant ¢ > 0 depends only on X, V and F'.

HO <X,b(9((E,§,SiV*)*) ®b(9(

Proof. In case (a), by [Dem90], we can find a singular metric hr on F' such that

N = Ok, det(hx)*) T OFhp

is a Kahler current, i.e. n > cw for some Kéahler metric w on X and some small constant ¢ > 0. In
fact, we can work with the invertible sheaf ;* (*’Ky ®F) on X and observe that the push forward of a
Kéhler current on X is a Kéhler current on X. Then all chambers X'(7, q) are empty except X'(n,0)
which yields a strictly positive Morse integral, whence the result. Part (b) is entirely similar, using
n* instead of 1. Notice that this does not necessarily imply that the higher cohomology groups
vanish, only that hfnyk = O((log k:)_l)h?nJg asm > k> 1. O
5.14. Remark. Since O(E,SS’LV*) is the sheaf of homogeneous polynomials of degree m on J*V/,
its dual O((ESSV*)*) can be thought of as a sheaf of differential operators of degree m on J¥V.
Hence, our result (5.13b) can be seen as an extension of the results of Siu [Siu04], Paun [Pau08],
Merker [Mer09] on the existence of slanted vector fields on jet bundles.
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