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0. Introduction and main definitions

The present research is concerned with the existence of logarithmic and orbifold jet
differentials on projective varieties. For the sake of generality, and in view of potential
applications to the case of foliations, we work throughout this paper in the category of
directed varieties, and generalize them by introducing the concept of directed orbifold.

0.1. Definition. Let X be a complex manifold or variety. A directed structure (X,V') on
X is defined to be a subsheaf V- C O(Tx) such that O(Tx)/V is torsion free. A morphism
of directed varieties ¥ : (X,V) — (Y,W) is a holomorphic map ¥ : X — Y such that
dU (V) C U*W. We say that (X, V) is non singular if X is non singular and V is locally
free, i.e., is a holomorphic subbundle of T'x .

We refer to the absolute case as being the situation when V = T, the relative case
when V' = Tx /g for some fibration X — S, and the foliated case when V is integrable, i.e.
[V,V] C V, that is, V is the tangent sheaf to a holomorphic foliation. We now combine
these concepts with orbifold structures in the sense of Campana [Cam04].

0.2. Definition. A directed orbifold is a triple (X,V,A) where (X,V) is a directed variety
and A = > (1 — pij)Aj an effective real divisor, where Aj; is an irreducible hypersurface

and p; € |1,00] an associated “ramification number”. We denote by [A] = Y A, the
corresponding reduced divisor, and by |A| =|JA; its support.

(a) We will say that (X,V,A) is non singular if (X, V) is non singular and A is a simple
normal crossing divisor such that A is transverse to V. If r = rank(V'), we mean by
this that there are at most r components A; meeting at any point x € X, and that for
any p-tuple (j1,...,Jp) of indices, 1 < p < r, we have dimV, N ﬂ?zl Tn;,w=1—pat
any point x € (V_; Ay,

(b) If (X, V,A) is non singular, the canonical divisor of (X,V,A) is defined to be
KV,A =Ky +A

(in additive notation), where Ky = det V*.

(c) The so called logarithmic case corresponds to all multiplicities p; = oo being taken infi-

nite, so that A =5 A; = [A].

In case V' = T, we recover the concept of orbifold introduced in [Cam04], except
possibly for the fact that we allow here p; € R, p; > 1 (even though the case p; € N* is
of greater interest). It would certainly be interesting to investigate the case when (X, V, A)
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is singular, by allowing singularities in V' and tangencies between V and A, and to study
whether the results discussed in this paper can be extended in some way, e.g. by introducing
suitable multiplier ideal sheaves taking care of singularities, as was done in [Dem15] for the
study of directed varieties (X, V). For the sake of technical simplicity, we will refrain to do
so here, and will therefore leave for future work the study of singular directed orbifolds.

0.3. Definition. Let (X,V,A) be a singular directed orbifold. We say that f : C — X is
an orbifold entire curve if f is a non constant holomorphic map such that :

(a) f is tangent to V' (i.e. f'(t) € Vi) at every point, or equivalently f : (C,Tc) — (X, V)
is a morphism of directed varieties;

(b) f(C) is not identically contained in |A|;
(c) at every point tg € C such that f(ty) € Aj, f meets A; with ramification number > p;,
i.e., if Aj = {z; = 0} near f(tg), then z; o f(t) vanishes with multiplicity > p; at to.

In the case of a logarithmic component A; (p; = 00), condition (c) is to be replaced by the
assumption

(c) f(C) does not meet A;.
One can now consider a category of directed orbifolds as follows.

0.4. Definition. Consider directed orbifolds (X,V,A), (Y, W, A) with

A= (1-%)&, A:Z<1—L)AJ~.

PA.j

A morphism ¥ : (X, V,A) — (Y,W,A) is a morphism ¥ : (X,V) — (Y, W) of directed
varieties satisfying the additional following properties (a,b,c).

(a) for every component A;, W=1(A;) consists of a union of components A;, i € I(j),
eventually after adding a number of extra components A; with pa; =1

(b) in case pp; < oo, for every i € I(j) and z € A;, the derivatives D*¥(z) of ¥ at z,
computed in suitable local coordinates on X and Y, vanish for all multi-indices o € N"
with 0 < |a| < pa;/pai;

(c) if Aj is a logarithmic component (pa; = 00), then ®~1(A;) = Uier) Di where the
(Ai)ier(j) consist of logarithmic components (pa; = o0).

It is easy to check that the composite of directed orbifold morphisms is actually a directed
orbifold morphism, and that the composition of an orbifold entire curve f : C — (X, V, A)
with a directed orbifold morphism ¥ : (X,V,A) — (Y, W, A) produces an orbifold entire
curve Vo f : C — (Y, W, A). One of our main goals is to investigate the following generalized
Green-Griffiths conjecture

0.5. Conjecture. Let (X,V,A) be a non singular directed orbifold of generated type, in
the sense that the canonical divisor Ky + A is big. Then then should exist an algebraic
subvariety Y C X containing all orbifold entire curves f: C — (X, V,A).

As in the absolute case (V = Tx, A = 0), the idea is to show, at least as a first step
towards the conjecture, that orbifold entire curves must satisfy suitable algebraic differential
equations. In section 1, we introduce graded algebras

(0.6) B ErmV*(A)

meN
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of sheaves of “orbifold jet differentials”. These sheaves correspond to algebraic differential
operators P(f; f', f",..., f*¥)) acting on germs of k-jets of curves that are tangent to V'
and satisfy the ramification conditions prescribed by A. The strategy relies on the following
standard vanishing theorem.

0.7. Proposition. Let (X,V,A) be a projective non singular directed orbifold, and A
an ample divisor on X. Then, for every orbifold entire curve f : C — (X,V,A)
and every global jet differential operator P € H®(X, ExmV*(A) ® Ox(—A)), we have
P(f; £ " f®) =0.

The next step consists precisely of finding sufficient conditions that ensure the existence of
many global sections P € H(X, Ex ., V*(A) ® Ox(—A)). In this direction, among other
more general results, we prove

0.8. Theorem. Let A = Zj(l — pij)Aj a simple normal crossing orbifold divisor on P"

with deg A; = d;. Then there exist jet differentials of order n and large degree m on P™(A),
with a small negative twist Opy (—me), under any of the following two assumptions, where

cn = O((2n logn)™) :

(a) all components A; possess the same degree d and ramification number p > n, and the
number of components satisfies

1 2\ = s\ ~!
N}cnmax(—,—) (1——) ,
p d 1;[1

p

(b) A admits a component (1 — p%)Al with py = 2¢, and dy > 4c,.

1. Logarithmic and orbifold jet differentials

1.A. Directed varieties and associated jet differentials

Let (X,V) be a non singular directed variety. We set n = dim¢ X, r = rankc V, and
following the exposition of [Dem97], we denote by 7 : J*V — X the bundle of k-jets of
holomorphic curves tangent to V' at each point. The canonical bundle of V' is defined to be

(1.1) Ky =det(V*) = A"V*™.

If f:(C,0) = X, t~ f(t) is a germ of holomorphic curve tangent to V', we denote by fi3;(0)
its k-jet at ¢t = 0. For xyp € X given, we take a coordinate system (z1,...,z,) centered at
xo such that V,, = Span(a%)KMgr. Then there exists a neighborhood U of zg such that

Vir admits a holomorphic frame (e, )1<u<r of the form
0 0
(1.2) en(2) = — + Z axu(2)z7—, 1<p<r,

with ay,(0) = 0. Germs of curves f : (C,0) — X tangent to V|; are obtained by integrating
the system of ordinary differential equations

(1.3) AB = a(f®) fit), r+1<A<n,

1<psr
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when we write f = (fi,...,fn) in coordinates. Therefore any such germ of curve f is
uniquely determined by its initial point z = f(0) and its projection f = (fi,..., fr) on the
first 7 coordinates. By definition, every k-jet fiz) € J by, = W,;l(z) is uniquely determined
by its initial point f(0) = z ~ (z1,..., z,) and the Taylor expansion of order k

(1.4) f(t)—f(0) =t& + %tQSQ—F- . %tkfm—O(tk“), t € D(0,¢), &, €C", 1< s< k.

Alternatively, we can pick an arbitrary local holomorphic connection V on V|i; and represent
the k-jet fi11(0) by (&1, ..,8k), where £ = V°f(0) € V. is defined inductively by Vif=Ff
and V* f = V (V571 f). This gives a local biholomorphic trivialization of J*V|;; of the form

(1.5) TVie = VEE fwg(0) = Gy &) = (VF(0), .., VH(0)) 5

the particular choice of the “trivial connection” Vq of Viy that turns (en)i<u<r into a
parallel frame precisely yields the components &, € Vjiy ~ C” appearing in (1.4). We could
of course also use a C* connection V = Vo +1I" where I' € C*°(U, T% ® Hom(V,V)), and in
this case, the corresponding trivialization (1.5) is just a C'°° diffeomorphism; the advantage,
though, is that we can always produce such a global C*° connection V by using a partition
of unity on X, and then (1.5) becomes a global C'*° diffeomorphism. Now, there is a global
holomorphic C* action on J*V given at the level of germs by f +— a-f where a- f(t) := f(at),
a € C*. With respect to our trivializations (1.5), this is the weighted C* action defined by

(16> « - (517527 s agk) - (afla&2£27 s a&kfk)7 58 cV.

We see that J¥V — X is an algebraic fiber bundle with typical fiber C™, and that the
projectivized k-jet bundle

(1.7) X, (V)= (JFV {op)/C*, s Xe(V) = X
is a ]P’(l[r] 2l ,k[r]) weighted projective bundle over X, of total dimension
(1.8) dim Xy (V) =n+ kr — 1.

1.9. Definition. We define Ox(E),m V™) to be the sheaf over X of holomorphic functions
P(z; &1,...,&) on JEV that are weighted polynomials of degree m in (&1,...,Em).

In coordinates and in multi-index notation, we can write

P(z; &1, &) = > P £ P
Qe o eN”

|y |[+2]|az |+ +k|ag|=m

where the aq,.. .o, (2) are holomorphic functions in z = (z1,..., 2,) and £ actually means

5?5 - 5?’?1 s Sa;,r for fs - (63,17 s afs,r) € CT, Qg = (as,la s 7a8,7‘> S er

and |as| = 25:1 o ;. Such sections can be interpreted as algebraic differential operators
acting on holomorphic curves f : D(0, R) — X tangent to V', by putting P(f) := u where
(1.10) u(t) = > Qo (FO) F1(0)7 o fE ()™

Oél,...,OtkeNT
|aq |[+2|az |+ +k|ag|=m
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Here f()(t)*s is actually to be expanded as

FO@ = [P f e

with respect to the components f;s) defined in (1.4). We also set u = P(f; f', f",..., f*)
when we want to make more explicit the dependence of the expression in terms of the
derivatives of f. We thus get a sheaf of graded algebras

(1.11) P ox(ErmV).

meN

Locally in coordinates, the algebra is isomorphic to the weighted polynomial ring

(1.12) Ox[f"] Lcienicscy  deg £ =

over Ox. An immediate consequence of these definitions is :

1.13. proposition. The projectivized bundle 7y, : X, (V) — X can be identified with

(a) Proj ( D ox<Ek,mV*>> - X,

meN

and, if Ox,v)(m) denote the associated tautological sheaves, we have the direct image
formula

(b) (1)« Ox,. (v (M) = Ox (Egm V™)

1.14. Remark. These objects where denoted X ,SG and EE%V* in our previous paper
[Dem97], as a reference to the work of Green-Griffiths [GGT79], but we will avoid here the
superscript GG to simplify the notation.

Thanks to the Faa di Bruno formula, a change of coordinates w = 1(z) on X leads to a
transformation rule

(o )W =g of - fR 4+ Qu(f,....f* 1

where @ is a polynomial of weighted degree k in the lower order derivatives. This shows
that the transformation rule of the top derivative is linear and, as a consequence, the
partial degree in f(¥) of the polynomial P(f; f’,..., f*)) is intrinsically defined. By taking
the corresponding filtration and factorizing the monomials (f (k))o‘k with polynomials in
ff" . f* D) we get graded pieces

G*(ErmV*) = P Er-1m-ne, V* @ S*V*.
L EN

By considering successively the partial degrees with respect to f*), f=1 7 # and
merging inductively the resulting filtrations, we get a multi-filtration such that

(1.15) G*(EpmV?*) = £ Shvr @ StV Q. @ SV
61,...,€keN,€1+2£2—|—-~—|—k£k:m
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1.B. Logarithmic directed varieties

We now turn ourselves to the logarithmic case. Let (X,V,A) be a non singular
logarithmic variety, where A = > A; is a simple normal crossing divisor. Fix a point
ro € X. By the assumption that A is transverse to V, we can then select holomorphic
coordinates (z1,..., 2,) centered at xo such that V,,, = Span(aizj)lgj@ and A; = {z; = 0},
1 < j < p, are the components of A that contain zy (here p < r and we can have p = 0 if
xo ¢ |A]). What we want is to introduce an algebra of differential operators, defined locally

near xq as the weighted polynomial ring

(1.16) Ox [(log /1)i2,p (F; Dpticisr) 1o deg f;” = deg(log f;)) =,
or equivalently
(1.16) Ox [ i sisr (7 piisisr] 1o des iV =, deg f71 =0,

For this we notice that
(log f1)" = (fi 1) = fi 1 = (fr D)%,
(log f1)" = fi ' A1 =30 DT D + 207 D%,

A similar argument easily shows that the above graded rings do not depend on the particular
choice of coordinates made, as soon as they satisty A; = {z; = 0}.

Now (as is well known in the absolute case V' = T'x ), we have a corresponding logarithmic
directed structure V(A) and its dual V*(A). If the coordinates (z1,...,2,) are chosen so

that V,, = {dz,41 = ... = dz, = 0}, then the fiber V(A),, is spanned by the derivations
0 0 0 0
zla—n,...,zpa—%, Toa O
The dual sheaf Ox (V*(A)) is the locally free sheaf generated by
%,...,dﬁ, dzpy1,...,dz,
21 Zp

[where the 1-forms are considered in restriction to Ox (V(A)) C Ox(V)]. It follows from this
that Ox(V(A)) and Ox(V*(A)) are locally free sheaves of rank r. By taking det(V*(A))

and using the above generators, we find
(1.17) det(V*(A)) = det(V*) @ Ox (A) = Ky + A
in additive notation. Quite similarly to 1.13 and 1.15, we have :

1.18. Proposition. Let @, . Ox (ErmV*(A)) be the graded algebra defined in coordinates
by (1.16) or (1.16"). We define the logarithmic k-jet bundle to be

(a) Xi(V(A)) := Proj ( D oX(Ek,mv*@))) - X.

meN

If Ox, (v(ay)(m) denote the associated tautological sheaves, we get the direct image formula
(b) (7) Ox(v(a)) (m) = Ox (Bgm V™ (A)).

Moreover, the mult-filtration by the partial degrees in the derivatives f;s) has graded pieces

(c) G*(EpmV*(A)) = [y SOVHA) @ SEVHA)® - @ SHVH(A).
ly,..., LrLEN, b1 +20o0+ -+ kl=m
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1.C. Orbifold directed varieties

We finally consider a non singular directed orbifold (X, V,A), where A = (1 — pij)Aj

is a simple normal crossing divisor transverse to V. Let [A] = > A; be the corresponding
reduced divisor. By §1.B, we have associated logarithmic sheaves Ox (Ey ,,V*([A])). We
want to introduce a graded subalgebra

(1.19) P ox(ErmV(A) € @ Ox(ErmV*([A])

meN meN

in such a way that for every germ P € Ox(FEk »V*(A)) and every germ of orbifold curve
f:(C,0) — (X, V,A) the germ of meromorphic function P(f)(t) is bounded at ¢t = 0 (hence
holomorphic). Assume that Ay = {z; = 0} and that f has multiplicity ¢ > p; > 1 along A,

at t = 0. Then fl( still vanishes at order > (¢ — s)4, thus (f1)~ Bf(s) is bounded as soon
as Bq < (q — 8)4, Le. B < (1= 2)4. Thus, it is sufficient to ask that 8 < (1 — E) At a

point zy € [A1|N...N|A,|, a sufficient condition for a monomial of the form

k r
(120) fl_/Bl e f;ﬁp H H(f;S))aS’j, g = (O[s,j) S Nru /617 s 7ﬂp S N

s=1j5=1

to be bounded is to require that the multiplicities of poles satisfy

(1.20') i (1——), 1<j<p.

pj/ +

1.21. Definition. The subalgebra @, Ox (ErmV*(A)) is taken to be the graded ring
generated by monomials (1.20) of degree > slas| = m, satisfying the pole multiplicity
conditions (1.20"). These conditions do not depend on the choice of coordinates, hence
we get a globally and intrinsically defined sheaf of algebras on X.

Proof. We only have to prove the last assertion. Consider a change of variables w = 1(z)
such that A; can still be expressed as A; = {w; = 0}. Then, for j = 1,...,p, we can
write w; = z;ju;(2) with an invertible holomorphic factor ;. We need to check that the
monomials (1.20) computed with g = 1o f are holomorphic combinations of those associated

with f. However, we have g; = fju;(f), hence g = D o<rss ) f ](13)( ()9 by the
Leibniz formula, and we see that

*1” BpHH (S)Oés,j

s=1j=1

expands as a linear combination of monomials

[

AT A fom<s

s=1j=1m=1

multiplied by holomorphic factors of the form

T a.sg

p
Lot = I I o=
j=1

s=1j=1m=1
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However, we have

As,j

e Y- 2), <33 (1- )

s=1m=1
so the f-monomials satisfy again the required multiplicity conditions for the poles fj_ﬁ 7.0

The above conditions (1.20") suggest to introduce a sequence of “differentiated” orbifold
divisors

(1.22) A® =% <1 - i) A

j Pi/+

We say that A®) is the order s orbifold divisor associated to A ; its ramification numbers
are pg ) = max(p;/s,1). By definition, the logarithmic components (p; = c0) of A remain
logarithmic in A(®), while all others eventually disappear when s is large.

Now, we introduce (in a purely formal way) a sheaf of rings Ox =0 x[25] by adjoining
all positive real powers of coordinates z; such that A; = {z; =0} is locally a component
of A. Locally over X, this can be done by taking the universal cover Y of a punctured
polydisk

IT pro.r)x [ D) c DOr):= [ DO,r;)

VAN pH1<isn NV

in the local coordinates z; on X. If v : ¥ — D*(0,7) — X is the covering map and
U C D(0,7) is an open subset, we can then consider the functions of O x (U) as being defined
on v~ 1(U N D*(0,r)). In case X is projective, one can even achieve such a construction
globally by taking Y to be the universal cover of a complement X ~ (|A| U |A’]), where
A" = %" A} is a sum of very ample divisors such that A + A’ has simple normal crossings,

and Aj ~ Alzl(j,m) - Aéz(j’m) with (J,, X \ (A, G.m) Y Ae2(] my) = X for each j.

In this setting, the subalgebra @,, O x (Ek,nmV*(A)) still has a multi-filtration induced
by the one on @, Ox (Ek,.,»V*([Al])), and by extending the structure sheaf Ox into Ox,
we get an inclusion

(1.23) 6X(G'Ek,mv*<A>) C @ Ox(S“V(ADN) ® - @ Ox (S*V(AR)Y),
04200+ kbl =m

) x (V*(A®))) is the “s-th orbifold (dual) directed structure”, generated by the order s
differentials

(1.24) UG 1< i<, d¥z, pr1<i<r
By construction, we have

(1.25) det(Ox (V(ALY))) = Ox (Ky + A®).

1.26. Remark. When p; = a;/b; € Q4, one can find a finite ramified Galois cover
g : Y — X from a smooth projective variety Y onto X, such that the compositions (z;0 g)'/ %
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become single-valued functions w; on Y. In this way, the pull-back Oy (g*V*(A®)) is
actually a locally free Oy-module. On can also introduce a sheaf of algebras which we
will denote by € Oy (Ek,»V*(A)), generated, according to the notation of §1.B, by the

elements g* (z](-lfs/pj)’Ld(s)zj), 1< j<p,and g*(d®z), p+1 < j <r. Then there is indeed
a multifiltration on Oy(Ek,mf/*<A>) whose graded pieces are

(1.27) OY(G'Ek’mV*(A» = @ Oy (SOVH(AMY) @ -+ ® Oy (SHEV*(AWY).
l1428o++kl=m

However, we will adopt here an alternative viewpoint that avoids the introduction of finite
or infinite covers, and suits better our approach. Using the general philosophy of [Laz??],
the idea is to consider a “jet orbifold directed structure” X;(V(A)) as the underlying “jet
logarithmic directed structure” X3 (V([A])), equipped additionally with a submultiplicative
sequence of ideal sheaves g, (A) C Ox, (v (ra1))- These are precisely defined as the base loci
ideals of the local sections defined by (1.20) and (1.20"), when these are seen as sections of
the logarithmic tautological sheaves Ox, (v (ra1y)(m). The corresponding analytic viewpoint
is to consider ad hoc singular hermitian metrics on Ox, (v(ra1))(1) whose singularities are
asymptotically described by the limit of the formal m-th root of J,,(A), see §3.B. It then
becomes possible to deal without trouble with real coefficients p; € |1, 00], and since we no
longer have to worry about the existence of Galois covers, the projectivity assumption on X
can be dropped as well.

2. Preliminaries on holomorphic Morse inequalities

2.A. Basic results
We first recall the basic results concerning holomorphic Morse inequalities for smooth

hermitian line bundles, first proved in [Dem85].

2.1. Theorem. Let X be a compact complex manifolds, E — X a holomorphic vector bundle
of rank r, and (L,h) a hermitian line bundle. We denote by Op, ), = ﬁv,ﬁ = —5-00logh
the curvature form of (L, h) and introduce the open subsets of X

X(L,h,q) = {x € X; Opn(x) has signature (n — q,q)},
(*) X(L,h,S) = | J X(L,hog), VS C {0,1,...,n}

qeSs

Then, for all ¢ = 0,1,...,n, the dimensions h1(X,E ® L™) of cohomology groups of the
tensor powers EE @ L™ satisfy the following “Strong Morse inequalities” as m — 400 :

n

SM(q) : N ()IR(X,E®Q L) < r

— (=1)?©7% , +o(m™),
0<j<q - JX(L,h,<q)

with equality x(X, E® L™) = TmTT Ix ©7% ,, +o(m™) for the Euler characteristic (¢ = n).

As a consequence, one gets upper and lower bounds for all cohomology groups, and especially
a very useful criterion for the existence of sections of large multiples of L.

2.2. Corollary. Under the above hypotheses, we have
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(a) Upper bound for h% (Weak Morse inequalities) :

h(X,E® L™) < r>

n! X(L,h )(_1)(1@%,11 +o(m") .
: 9 7q

(b) Lower bound for h¥ :
0 m 0 1 m" n n
WX, EQL™)2h"—h" Z2r—- T —o(m") .
nJx(Lh<ty
Especially L is big as soon as fX(L h<1) OF ;, > 0 for some hermitian metric h on L.

(c) Lower bound for h? :

m’I’L

hY(X,E® L™) > h? — b=t —pttl > ¢ (=1)90% 5, + o(m™) .

X (L gt
Proof. (a) is obtained by taking SM(q) + SM(q — 1), (b) is equivalent to —SM(1) and (c) is
equivalent to —(SM(q+1) + SM(q —2)). O

The following simple lemma is the key to derive algebraic Morse inequalities from their
analytic form (cf. [Dem94], Theorem 12.3).

2.3. Lemma. Let n = a—f be a difference of semipositive (1,1)-forms on an n-dimensional
complex manifold X, and let 1, <, be the characteristic function of the open set where 1 is
non degenerate with a number of negative eigenvalues at most equal to q. Then

()l < Y (~1)7 (”) o A,
0<y<q J

in particular
L,<in" >a" — na" A B for q =1.

Proof. Without loss of generality, we can assume « > 0 positive definite, so that a can be
taken as the base hermitian metric on X. Let us denote by

AMZXA>... 27,20
the eigenvalues of § with respect to . The eigenvalues of n = o« — 3 are then given by
1—M <. <1=X2<1=Agy1 <... <1 = Ay,

hence the open set {A\;41 < 1} coincides with the support of 1, <4, except that it may also
contain a part of the degeneration set "™ = 0. On the other hand we have

(?) Q"IN B =0d (M) a”,

where o7 ()\) is the j-th elementary symmetric function in the A;’s. Thus, to prove the
lemma, we only have to check that

D (D)) =,y (=D J] (1= =0

0<j<q 1<5<n



2. Preliminaries on holomorphic Morse inequalities 11

This is easily done by induction on n (just split apart the parameter A, and write
oA (V) = a7 (A\) + 0021 (A) An). O

2.4. Corollary. Assume that n = Op, 1, can be expressed as a difference n = o — 3 of smooth
(1,1)-forms o, 8 = 0. Then we have

SM(q) : Z (-1 7hI(X,E® L™) <rm—/X Z

0<i<q 0<i<q

(=1)977 (n> oI A BT+ o(m"),
J
and in particular, for ¢q =1,

RA(X,EQL™) >h’ —h' 2r— [ o™ —na""'' AB+o(m™).

2.5. Remark. These estimates are consequences of Theorem 2.1 and Lemma 2.3, by taking
the integral over X. The estimate for h® was stated and studied by Trapani [Tra93]. In the
special case @« = O4, > 0, f = Opp, > 0 where A, B are ample line bundles, a direct
proof can be obtained by purely algebraic means, via the Riemann-Roch formula. However,
we will later have to use Corollary 2.4 in case a and [ are not closed, a situation in which
no algebraic proof seems to exist.

2.B. Singular holomorphic Morse inequalities

The case of singular hermitian metrics has been considered in Bonavero’s PhD thesis
[Bon93] and will be important for us. We assume that L is equipped with a singular
hermitian metric h = hooe™% with analytic singularities, i.e., ho is a smooth metric, and
on an neighborhood V' 3 x( of an arbitrary point x¢ € X, the weight ¢ is of the form

(2.6) p(z) =clog D |g;” +u(2)

1SN

where g; € Ox (V) and u € C*°(V). We then have O, = a + 5-09¢ where a = Op ,__ is
a smooth closed (1,1)-form on X. In this situation, the multiplier ideal sheaves

(2.7) I(h") =I(kp) = {f € Ox 4, IV 3 u, /v 1F(2)Pe ™3 dN(2) < +00}

play an important role. We define the singularity set of h by Sing(h) = Sing(¢) = ¢~ (—o0)
which, by definition, is an analytic subset of X. The associated ¢-index sets are

(2.8) X(L,h,q) = {z € X \ Sing(h); O ;(x) has signature (n — ¢,q)}.
We can then state:

2.9. Theorem ([Bon93|). Morse inequalities still hold in the context of singular hermitian
metric with analytic singularities, provided the cohomology groups under consideration are
twisted by the appropriate multiplier ideal sheaves, i.e. replaced by HY(X, E® L™ @ J(h™)).

2.10. Remark. The assumption (2.6) guarantees that the measure 1y sing(n)(©Or,n)" is
locally integrable on X, as is easily seen by using the Hironaka desingularization theorem
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and by taking a log resolution x : X — X such that 1 (g;) = (v) C OX becomes a principal
ideal associated with a simple normal crossing divisor £ = div(y). Then p*©p , = c[E]+ 3

where (3 is a smooth closed (1, 1)-form on X , hence
W (Mx < Sing(n)OL.1) = B" = Th= / p".
X\ Sing(h)

It should be observed that the multiplier ideal sheaves J(h") and the integral [ X Sing(h) @z,h
only depend on the equivalence class of singularities of A : if we have two metrics with analytic
singularities h; = hooe™ %7, j = 1,2, such that ¢ = ¢ — ¢ is bounded, then, with the above
notation, we have p*Or ;. = c[E] + B; and B = (1 + 5=00%, therefore J3 85 = |3 BT by
Stokes theorem. By using Monge-Ampére operators in the sense of Bedford-Taylor [BT76],
it is in fact enough to assume uw € L{$ (X) in (2.6), and ¢ € L°°(X) here. In general,
however, the Morse integrals fX L’hj’q)(—l)q Ty Jd =12 will differ.

2.C. Morse inequalities and semi-continuity

Let X — S be a proper and flat morphism of reduced complex spaces, and let (X;)ieg
be the fibers. Given a sheaf € over X of locally free Ox-modules of rank r, inducing on
the fibres a family of sheaves (E; — Xi)icg, the following semicontinuity property holds
([CRAS]):

2.11. Proposition. For every q = 0, the alternate sum
tes h( Xy, By) — h Y Xy, By) + .o+ (=1)9h%( Xy, Ey)

is upper semicontinuous with respect to the (analytic) Zariski topology on S.

Now, if L — X is an invertible sheaf equipped with a smooth hermitian metric h, and if
(ht) are the fiberwise metrics on the family (L; — X¢)icg, we get

q n
(2.12) N (1)1 (X, By @ LE™) < 1 (—1)90% . + 6(t)m"
j:O n: X(LO’h07<q)

where 6(t) — 0 as t — 0. In fact, the proof of holomorphic Morse inequalities shows that
the inequality holds uniformly on every relatively compact S’ € S, with

0= 1% = [ (DO,
X (Lt;ht,<q) X

in the right hand side, and t — I(t) is clearly continuous with respect to the ordinary
topology. In other words, the Morse integral computed on the central fibers provides uniform
upper bounds for cohomology groups of F; ® L?m when t is close to 0 in ordinary topology
(and also, as a consequence, for ¢ in a complement S \ [JS,, of at most countably many
analytic strata S, C .9).

2.13. Remark. Similar results would hold when h is a singular hermitian metric with
analytic singularities on £ — X, under the restriction that the families of multiplier ideal
sheaves (J(h}"))tes “never jump”.
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2.D. Case of filtered bundles

Let E — X be a vector bundle over a variety, equipped with a filtration (or multi-
filtration) FP(E), and let G = @ GP(F) — X be the graded bundle associated to this
filtration.

2.14. Lemma. In the above setting, one has for every ¢ > 0

)IIR(X, Q).

MQ

q
Z )R (X, E)
Jj=0 ]:O

Proof. One possible argument is to use the well known fact that there is a family of filtered
bundles (E; — X)iec (with the same graded pieces GP(E;) = GP(FE)), such that F; ~ FE
for all t # 0 and Ey ~ G. The result is then an immediate consequence of the semi-
continuity result 2.11. A more direct very elementary argument can be given as follows: by
transitivity of inequalities, it is sufficient to prove the result for simple filtrations; then, by
induction on the length of filtrations, it is sufficient to prove the result for exact sequences
0— S5 — E — Q — 0 of vector bundles on X. Consider the associated (truncated) long
exact sequence in cohomology:

0— HOS) —» HYE) > H(Q) % - -

" H9(S) = HY(E) — HI(Q)

By the rank theorem of linear algebra,

q
0 < rank(d 1Y (~1)/(h(X,Q) — W (X, E) + W/ (X, 5)).
7=0
The result follows, since here 7 (X,G) = (X, Q) + W (X, S). O

2.E. Rees deformation construction (after Cadorel)

In this short paragraph, we outline a nice algebraic interpretation by Benoit Cadorel
of certain semi-continuity arguments for cohomology group dimensions that underline the
analytic approach of [Demll, Lemma 2.12 and Prop. 2.13] and [Dem12, Prop. 9.28] (we
will anyway explain again its essential points in §3, since we have to deal here with a more
general situation). Recall after [Cadl7, Prop. 4.2, Prop. 4.5], that the Rees deformation
construction allows one to construct natural deformations of Green-Griffiths jets spaces to
weighted projectivized bundles.

Let (X, V,A) be a non singular directed orbifold, and let g : Y — (X, A) be an adapted
Galois cover, as briefly described in remark 1.26, see also [CDR18, §2.1] for more details.

We then get a Green-Griffiths jet bundle of graded algebras Ek,.?*<A> — Y which admits
a multifiltration of associated graded algebra

G*Ep V(D) = P b SAVHAMY g ... @ sV (AR,
meN £1+2€2++k€k:m

where the tilde means taking pull-backs by ¢g*. Applying the Proj functor, one gets a
weighted projective bundle:

P,k (17*<A<1>)> & @ ‘7*<A(k)>> _ Proj (G'Ek,f/*(A)) oy,
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Then, following mutadis mutandus the arguments of Cadorel, one constructs a family
%2 Y, — C parametrized by C, with a canonical line bundle Oy, (1) such that:

o the central fiber Ypo is P(1,... ) (?*(A(l)» @---@?*(A(k») and the restriction of
Oy, (1) coincide with the canonical line bundle of this weighted projective bundle. Hence
(7)1 Oy, o (M) = G* B VF(A).

o the other fibers Y, are isomorphic to the singular quotient JE(Y,V,A)/C* for the

natural C*-action by homotheties, where Jk(Y,XN/, A) is the affine algebraic bundle
associated with the sheaf of algebras, and (%) 0y, ,(m) ~ Ex »V*(A).

Applying the semicontinuity result of [Dem95], and working with holomorphic inequalities,
we obtain a control about dimensions of cohomology spaces of Ej ,,V*(A) in terms of

dimensions of cohomology spaces of the a priori simpler graded pieces G'Ekymv*<A>. This
reduces the study of higher order jet differentials to sections of the tautological sheaves
on the weighted projective space associated with a direct sum combination of symmetric
differentials. In particular, we have

2.15. Lemma. For every g € N

q q
S (1) TR, By VH(A)) 2> (—1)TIH (Y, G BV (A)).

j=0 7=0
Especially, for g =1, we get

WY, By VF(A)) = hO(Y, By V(A)) — BN (Y, B VF(A))

> h
> B(Y, G B V*(A)) = W1 (Y, G* Em V" (A)).

3. Construction of jet metrics and orbifold jet metrics

3.A. Jet metrics and curvature tensor of jet bundles

Let (X,V) be a non singular directed variety and h a hermitian metric on V. We
assume that h is smooth at this point (but will later relax a little bit this assumption and
allow certain singularities). Near any given point zy € X, we can choose local coordinates

z = (z1,...,2,) centered at zy and a local holomorphic coordinate frame (ex(z))i1<a<r of V
on an open set U 3 zp, such that
(3.1) (ex(2),eu(2))n(z) = Oap + > cijanziZi + O(|2%)

1<6,5<n, ISA,pusr

for suitable complex coefficients (c;jr,). It is a standard fact that such a normalized
coordinate system always exists, and that the Chern curvature tensor ﬁV%,}h of (V,h)
at zg is given by

1 - x
(3.2) @V,h(zo) = —% Z Cijap dZi/\de ®€)\ ®€M‘
iaja>\7/J‘

Therefore, (c;jx,) are the coefficients of —©y,. Up to taking the transposed tensor
with respect to A, pu, these coefficients are also the components of the curvature tensor



3. Construction of jet metrics and orbifold jet metrics 15

Oy« p+ = —'Oy, of the dual bundle (V*, h*). By (1.5), the connection V = V, yields a C*°
isomorphism J,V — V&%, Let us fix an integer b € N* that is a multiple of lem(1,2,. .., k),
and positive numbers 1 = g1 > €9 > -+ > ¢ > 0. Following [Dem11], we define a global
weighted Finsler metric on J¥V by putting for any k-jet f € J*V,

1/b
(3.3) Uh,e(f) 1:< > 5§b||vsf(0)||;2zlz§> ;

1<s<k

where || ||5() is the hermitian metric h of V' evaluated on the fiber V., z = f(0). The
function Wy, 5 . satisfies the fundamental homogeneity property

(3.4) Uppela- f)=al? Uy (f)

with respect to the C* action on J*V, in other words, it induces a hermitian metric on the
dual L}, of the tautological Q-line bundle Lj = Ox, (v)(1) over X3 (V). The curvature of Ly,
is given by

(35) WZ@Lk,\I/

Z,b,s = i@@ 10g \Ph,b,s

Our next goal is to compute precisely the curvature and to apply holomorphic Morse
inequalities to L — Xy(V) with the above metric. This might look a priori like an
untractable problem, since the definition of Wj ;. is a rather complicated one, involving
the hermitian metric in an intricate manner. However, the “miracle” is that the asymptotic
behavior of Wy, 4 . as €5/es_1 — 0 is in some sense uniquely defined, and “splits” according
to the natural multifiltration on jet differentials (as already hinted in §2.E). This leads to a
computable asymptotic formula, which is moreover simple enough to produce useful results.

3.6. Lemma. Let us consider the global C>® bundle isomorphism J*V — VO associated
with an arbitrary global C'*° connection V on V. — X, and let us introduce the rescaling
transformation

pVﬂE(€17£Q7"'7£k) ::(8%51783527"'7€Z£k> oncﬁbers{]kVQ, zeX.

Such a rescaling commutes with the C*-action. Moreover, if p is a multiple of lem(1,2, ... k)
and the ratios e5/es—1 tend to 0 for all s = 2,... k, the rescaled Finsler metric
W peo pg’lg(él, ..., &) converges towards the limit
1/b
2b
(% tel)
1<s<k

on every compact subset of VEF < {0}, wniformly in C™ topology, and the limit is
independent of the connection V. The error is measured by a multiplicative factor 1 £

O(maxogs<k(€s/es-1)%)-

Proof. Let us pick another C* connection V = V + I’ where I' € C*°(U, T% @ Hom(V,V)).
Then V2f = V2f +T(f)(f') - f', and inductively we get

Vf=Vof+PJ(f; Vf,...,V5Lf)
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where P(z;&,...,8-1) is a polynomial with C> coefficients in z € U, which is of
weighted homogeneous degree s in (£1,...,&s-1). In other words, the corresponding
isomorphisms J* RV o~ VEBk correspond to each other by a C*-homogeneous transformation

(&1, &) — (&1, ., &) such that

gs:fs—i_Ps(z; 517"'758—1)'

Let us introduce the corresponding rescaled components

(51,57 o 7€k,€) = (5%617 cee 75£€k>7 (gl,ev cee agk:,s) = (5%517 o 75]12&)-

Then N 1
gs,szgs,5+fips(x;51_16'1,67'”’ 5(51 )55 16)
= &oc+ O(ea/2a1)" O([€1ell + -+ [la-rc [V 7Y)°

and it is easily seen, as a simple consequence of the mean value inequality |||z||Y — ||y||”| <

YSup, ey 12177l — yl|, that the “error term” in the difference 1€s.2]12575 — ||€s.e
bounded by

s s— s\ 2b
(es/€5-1) (HflsH +oee ”fs—l,a“l/( Uy H£S,€ 1 ) .

When b/s is an integer, similar bounds hold for all derivatives DE’S(HES,EH%/S — ||€s.e )
and the lemma follows. O

Now, we fix a point 2y € X, a local holomorphic frame (ex(z))1<a<r satisfying (3.1)
on a neighborhood U of zg, and the holomorphic connection V on V| such that Vey = 0.
Since the uniform estimates of Lemma 3.6 also apply locally (provided they are applied
on a relatively compact open subset U’ € U), we can use the corresponding holomorphic
trivialization J*V]y ~ Vﬁ ~ U x (C")®* to make our calculations. We do this in terms of
the rescaled components £; = €3V?° f(0). Then, uniformly on compact subsets of .J kV|U ~{0},
we have

1/b
Wh@sOPQ;QQSh-na&J::< }: ”&Hﬁg) + O(max((gs/5-1)""),

1<s<k

and the error term remains of the same magnitude when we take any derivative Df ¢ By
(3.1) we find

186113y = Z|§sx|2+ D cijan 2% Eany + O(2PIEP).
5,5\

The question is thus reduced to evaluating the curvature of the weighted Finsler metric on
VO defined by

1/b
vesgng) = (3 lel))

1<s<k

b/s 1/b
( Z ( + Z ng)\,uzzzj fs )\5 »H) ) ‘|‘O(|Z‘3)

1<s<k L3, 0




3. Construction of jet metrics and orbifold jet metrics 17
We set |52 =Y, [€5,4]%. A straightforward calculation yields the Taylor expansion
1quj(za 517 s 75/@)
&[>

. 1 2b/s 1 _ és,)\gs,u 3
—glog Z €5 + Z EW Z CijAuZizjKT+0(|Z| )-

1<s<k 1<s<k (VIS

By (3.5), the curvature form of L, = Ox,(v)(1) is given at the central point zy by the
formula

i 1 55 2b/s gs,)\gs,
(B7) Onws, o k) mwral©) + = 3 TSl S, S g,
- 2m S s IG5 €]

where [€] = [¢1,...,&] € Pl 2l k[ and wrkb(§) = #85(%101‘%21@@; €6 [20/%).
The fibers P(1[7, 200 kl")) of X, (V) — X can be represented as a quotient of the

“weighted ellipsoid” lezl £4]?%/% = 1 by the S'-action induced by the weighted C*-action.
This suggests to make use of polar coordinates and to set

(3.8) zs = &2, = (x1,...,21) € RF,
(3.8") Ug = és] eST L, u=(uy,...,uy) € (S Hk,
so that
k
(3.8") sz =1 and & = 2%/%u,.
s=1

The Morse integrals will then have to be computed for (z,u) € A" x (S2"~1)*, where
AF! ¢ R* is the (k — 1)-dimensional simplex.

3.9. Proposition. With respect to the rescaled components & = €5V f(0) at z = f(0) € X
and the above choice of coordinates (3.8%), we have an approrimate expression

(8) OLou;, (2 16]) = Wi (€) + gvia(z 2, u) + (error terms),

where (x,u) € AR (STr—HHk ¢, = xi/%us e Cr,
o L o) 1 2b/s
0) wanl) = 2-00(3 ¥ l6P)
1<s<k

is a (slightly degenerate) Fubini-Study Kdhler type metric on P(17, 201 k")) associated
with the canonical C* action on J*V of weight a = (117,207 . k")), and

i Ts —
(c) gvr(z,m,u)= Gy Z — Z Cij)\/i(z) Us \Us,, dz; N dZ;.

S
1<s<k (VIS

Here (cijr,) are the coefficients of —Oy.p,, and the error terms admit an upper bound

(d) (error terms) < O<2r£1a<xk(68/85_1)5> uniformly on the compact variety X (V).
IS
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Proof. The error terms on ©p, come from the differentiation of the error terms on the
Finsler metric, found in Lemma 3.6. They can indeed be differentiated if b is a multiple of
lem(1,2,...,k), since 2b/s is then an even integer. O

For the calculation of Morse integrals, it is useful to find the expression of the volume form
wf;’_bl on P(107 271 k) = (AR % (S?=1)*)/S! in terms of the coordinates (z,u). We
refer to [Dem11, Prop. 1.13] for the proof.

3.10. Proposition.

(a) The volume form wf;;bl is the quotient of the measure WV’” @ u on AF 1 x (S2r—1k,
where
x1...x)" !
dvg () = (kr — 1)!%6&%1 Ao Ndegp—q,  dp(u) =dpg(uy) ... dpg(ug)
are probability measures on A¥~1 and (S2r =1k respectively (u being the rotation invari-
ant one).
1
(b) We have the equality / wht =l = ———  (independent of b).
P(10r,207 Kl (k)

83.B. Logarithmic and orbifold jet metrics

Consider now an arbifold directed structure (X, V,A), where V' C Tx is a subbundle,

r =rank(V),and A = > (1— pij)Aj is a normal crossing divisor that is assumed to intersect
V transversally everywhere. One then performs very similar calculations to what we did in
63.A, but with adapted Finsler metrics. Fix a point zg at which p components A; meet,
and use coordinates (21, ..., z,) such that V. is spanned by (%’ Cees 8%;) and A; is defined
by z; = 0,1 < j < p < r. In the logarithmic case p; = oo, the logarithmic dual bundle
O(V*(A)) is spanned by

%,...,%, de+1,...,dZn.

Z1 Zp

The logarithmic jet differentials are just polynomials in

d®z, d°z
4
s , A2pg1, .., A2y, 1< s <K,
Z1 Zp
and the corresponding (e1,...,¢ex)-rescaled Finsler metric is

k D r 2b/s 1/b
(3.11) (Zeib(z|fj|-2|f;s>|2+ 3 |f;3>|2) ) .
s=1 j=1

j=p+1

Alternatively, we could replace |f;| 72| fj(s) 12 by |(log fj)(s) |2 which has the same leading term

and differs by a weighted degree s polynomial in the fj_1 f]@), ¢ < s;an argument very similar
to the one used in the proof of Lemma 3.6 then shows that the difference is negligible when
€1 > €9 > -+ > gi. However (3.11) is just the case of the model metric, in fact we get
r-tuples & = (& j)1<j<r Oof components produced by the trivialization of the logarithmic
bundle O(V(A)), such that

(3.12) §s,j = fj_lf;‘g) for1<s<pand & ;= f;s) forp+1<s<r.
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In general, we are led to consider Finsler metrics of the form

L 1/b
2b/s
(3.13) (Z&??bﬂfsﬂh(i)) , &= (€S7J)1§J<T’
s=1

where h(z) is a variable hermitian metric on the logarithmic bundle V(A). In the orbifold
case, the appropriate “model” Finsler metric is

k P r 2b/s 1/b
(3.14) (Zs§b<2rfj|—2<1—s/Pf>+|f;S>|2+ > |f§s>|2) ) .
s=1 j=1

Jj=p+1

As a consequence of Remark 2.10, we would get a metric with equivalent singularities on
the dual L}, of the tautological sheaf L = Ox, v (a))(1) by replacing Z;:p—i—l |f](s)|2 with

> i1 |f;5) |? (or by any smooth hermitian norm h on V), since the extra terms > 7_, |f;s) |2
are anyway controlled by the “orbifold part” of the summation. Of course, we need to find
a suitable Finsler metric that is globally defined on X. This can be done by taking smooth
metrics hy,s on V and hj on Ox(A;) respectively, as well as smooth connections V and V.
One can then consider the globally defined metric

2b/s
s ——2 1-s/pj s
(3.15) (Ze%(uv( 1, + Sl & /">+||v§~><ajof>u%j> )

where A = > (1 — pij)Aj and o; € HY(X,0x(A;)) are the tautological sections; here, we
want the flexibility of not necessarily taking the same hermitian metrics on V' to evaluate the
various norms ||V f||5,... We obtain Finsler metrics with equivalent singularities by just
changing the hy s and h; (and keeping V, V; unchanged). If we also change the connections,
then an argument very similar to the one used in the proof of Lemma 3.6 shows that the
ratio of the corresponding metrics is 1 £ O(max(es/e5—1)), and therefore arbitrary close to
1 whenever €1 > €9 > --- > €f; in any case, we get metrics with equivalent singularities.
Fix zgp € X and use coordinates (z1,...,z2,) as described at the beginning of §3.B, so that
0j(z) =z, 1 <j < p, in a suitable tr1v1ahzat10n of Ox(A,). Let f be a k-jet of curve such
that f(0) = z € X ~|A] is in a sufficiently small neighborhood of zy. By employing the
trivial connections associated with the above coordinates, the derivative f(*) is described by
components

1/b

S ; o s or 1-s/p; s .
£S,j:fg()a I<sgsr, flg—f f() b f( /p)+f() 1 <5 <p,

and forb = flog &s,j for p+1 < j < r. Here §°‘"b are to be thought of as the components of

f®) in the “virtual” vector bundle V(A(S)>, and the fact that the argument of these complex
numbers is not uniquely defined is irrelevant, because the only thing we need to compute
the norms is |£°rb Accordingly, for v € V., v >~ (v)1<j<r € C", we put

p— - 1_ j 1
uf® =27 0y = 0(2)'V,05(0) and ug = T 1 <G

and define the orbifold hermitian norm on V(A(*)) associated with hy,, and h; by

or 2(1—s j
(3.16) v bHZ—HthVﬁZH% ), 21905 (0) 2,

7j=1
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p
2(1—(1—s/p; !
(3.16/) — HUH%V,S + Z HUj(Z)th. ( /PJ)+)|vjog|2
(3.16") = |vlz,., + Z H"Uorb”21 (=s/pj)4 -
7j=1

With this notation, the orbifold Finsler metric (3.15) on k-jets is reduced to an expression

k

1/b
orb| 2 orb(|2b/s or or or or
(317) 1€y, ,. = (E 311 /) ;P = (T hgrs €0 = () 1gsn

s=1
formally identical to what we had in the compact or logarithmic cases. If v is a local
holomorphic section of O x (V), formula (3.16) shows that the norm ||v°™ | can take infinite

values when z € |A|, while, by (3.16”), the norm is always bounded (but slightly degenerate
along |A|) if v is a section of the logarithmic sheaf O x (V([A])); we think intuitively of the
orbifold total space V(A®)) as the subspace of V in which the tubular neighborhoods of the
zero section are defined by ||v°rb||;;s < ¢ fore > 0.

3.18. Remark. When p; € Q, we can take an adapted Galois cover g : Y — X such that
(zj 0 g)t~(1=3/Pi)+ is univalent on Y for all components A; involved, and we then get a well

defined locally free sheaf Oy (¢*V(A(®)) such that

g (0x (V(TAT))) € Oy (¢"V(A®))) C g" (0x(V)).
However, as already stressed in Remark 1.26, this viewpoint is not needed in our analytic

approach.

3.C. Orbifold tautological sheaves and their curvature

In this context, we define the orbifold tautological sheaves

(3.19) Ox,(v(ay(m) = Ox, van)(m) @ I(¥;,)™)

to be the logarithmic tautological sheaves Ox, (v (rayy)(m) twisted by the multiplier ideal
sheaves associated with the dual metric Wy , _ (cf. (3.17)), when these are viewed as singular
hermitian metrics over the logarithmic k-jet bundle X (V([A])). In accordance with this

viewpoint, we simply define the orbifold k-jet bundle to be X (V(A)) = X (V([A])). The
calculation of the curvature tensor is formally the same as in the case A = 0, and we obtain :

3.20. Proposition. With respect to the (rescaled) orbifold k-jet components
Er =l T E0), 1<A<p, and g =elf0(0), pHI<AST

and of the dual metric V; | _, the curvature form of the tautological sheaf Ly = Ox,(viay(1)
admits at any point (z,[€]) € Xk(V(A)) an approzimate expression

(@) OL,ur, (2 [€]) 2wrrs(§) + 9viar(z z,u),

where xy = ]58]21’/5, Ug = |§S| € S~ are polar coordinates associated with & = (£s.3)1< <k

inC", z=(z1,...,Tk ) e AF~ 1, €] = [&1, - - -, &k G}P(l[r],g[r}’”.’k[r]) and

(b) gVAk(Z xz, u Z Z us)\usudzz/\d_

:ja s
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Here (CE;;“) are the coefficients of the curvature tensor _@V<A(s)>,ﬁs’ and the error terms

are O(maxaogs<k(€s/€s—1)°), uniformly on the projectivized orbifold variety X (V(A)).

Notice, as is clear from the expressions (3.16”), (3.17) and the fact that v; = zjv;-’rb, that our
orbifold Finsler metrics always have fiberwise positive curvature, equal to wg . (§), along
the fibers of X (V(A)) — X (even after taking into account the so-called error terms,
because fiberwise, the functions under consideration are just sums of even powers ]g;’rb]%/ y
in suitable k-jet components, and are therefore plurisubharmonic.)

4. Existence theorems for jet differentials

4.A. Expression of the Morse integral

Thanks to the uniform approximation provided by proposition 3.20, we can (and will)
neglect the O(es/e5-1) error terms in our calculations. Since wy jp is positive definite on
the fibers of X;(V(A)) — X (at least outside of the axes £ = 0), the index of the (1,1)
curvature form O, v, (z,[€]) is equal to the index of the (1,1)-form gy a x(2,2,u). By
the binomial formula, the g-index integral of (L, ¥j, , .) on Xy (V(A)) is therefore equal to

/ n+kr—1
Ly, U*
Xe(V(A)) (Liyg) e
(n + kr — 1)! _
(4'1) = kr — 1 x Jeepin,.. kir) f,?c,bl (5) A IIQV,A,k7Q(Z7 Zz, u) gV’A,k(& x, u)n
zE€ S T [r

where T, . k,q(z, x,u) is the characteristic function of the open set of points where
gv,ak(2,z,u) has signature (n—q, ¢) in terms of the dz;’s. Notice that since gy, a r(z, 2, u)"
is a determinant, the product 1, , , (2,7, u) gv,a x(2, ,u)" gives rise to a continuous func-
tion on X%(V(A)). By Formula 3.10 (a), we get

/ nikr—1 _ (n+kr—1)!

X (V{A))(Lk,q) EisWive Ik (kr —1)!

2L gy o 0 (52, 10) gvs (2,2, 0)" dvi () dpa().
zeX J(z,u)eArR—1x (S2r—1)k

4.B. Probabilistic estimate of cohomology groups

We assume here that we are either in the “compact” case (A = 0), or in the logarithmic
case (p; = 00). Then the curvature coefficients CZ(.;B\“ = ¢;jap do not depend on s and
are those of the dual bundle V* (resp. V*(A)). In this situation, formula 3.20 (b) for
gv.ak(z,z,u) can be thought of as a “Monte Carlo” evaluation of the curvature tensor,
obtained by averaging the curvature at random points u, € S?"~! with certain positive
weights x5/s; we then think of the k-jet f as some sort of random variable such that the
derivatives V¥ £(0) (resp. logarithmic derivatives) are uniformly distributed in all directions.
Let us compute the expected value of (z,u) — gv,a i (2, x,u) with respect to the probability
measure dvy ,(z)dp(u). Since me_lus’,\ﬂs,udu(us) = 165, and [j 1 Tsdyg,(z) = 1,
we find

1 1
E(gv,a(z,e,0)) = — Z S o Z Cijan(2) dzi A dz;.

kr s
1<s<k 1,J,A

In other words, we get the normalized trace of the curvature, i.e.

1

1 1
(4.3) E(gv,ak(2,0,0)) = Tr <1 totot E)@det(\/*m)),det h* s
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where Ogeg(v+(A)),det + 18 the (1,1)-curvature form of det(V*(A)) with the metric induced
by h. It is natural to guess that gy a (2, z,u) behaves asymptotically as its expected value
E(gv.a k(2,e,¢)) when k tends to infinity. If we replace brutally gy a x by its expected value
in (4.2), we get the integral

(n+kr—1) 1 1 1 n/
14 4y = 1. "
Al (RN (kr — 1) (m)n( Tt k) D’

where 1 = Oget(v+(A)),detn+ and T, is the characteristic function of its g-index set
in X. The leading constant is equivalent to (logk)™/n!(k!)” modulo a multiplicative factor
1+ O(1/log k). By working out a more precise analysis of the deviation, the following result
has been proved in [Dem11] in the compact case; the more general logarithmic case can be
treated without any change, so we state the result in this situation by just transposing the
results of [Dem11].

4.4. Probabilistic estimate. Let (X, V,A) be a non singular logarithmic directed variety.
Fiz smooth hermitian metrics w on Tx, h on V(A), and write w = 3= 3" w;jdz; Ndz; on X.
Denote by Oy ayn = —5= 2 Cijaudzi N dZ; @ €5 @ e, the curvature tensor of V(A) with
respect to an h-orthonormal frame (ey), and put

i
1N(2) == Odet(v+(A)),det h* = o Z Nijdzi N\ dzj, Mij = Z CijAX-

1<i,5<n 1ALy

Finally consider the k-jet line bundle L, = Ox, v (a)y)(1) — Xp(V(A)) equipped with the
induced metric Uy, , (as defined above, with 1 = 1 > €3 > ... > ¢, > 0). When k

tends to infinity, the integral of the top power of the curvature of Ly on its q-index set
Xk (V(A))(Lk, q) is given by

*
h,b,e

_ log k)™ )
oyt = /11 " 4+ O((log k)~
/Xk<V<A>><Lk,q> e n! (kD \ Jx naN" + O((logk) ™)

forallq=0,1,...,n, and the error term O((logk)™1) can be bounded explicitly in terms of
Ov(ay, 1 and w. Moreover, the left hand side is identically zero for q > n.

The final statement follows from the observation that the curvature of Lj is positive
along the fibers of Xy (V(A)) — X, by the plurisubharmonicity of the weight (this is true
even when the error terms are taken into account, since they depend only on the base);
therefore the g-index sets are empty for ¢ > n. It will be useful to extend the above
estimates to the case of sections of

1 1 1
4. Leg = 1) ® 7 (-(1 S —)F)
(4.5) k= Ox,(v(ay(l) ® 70 g\l Ty Tty
where F' € Picg(X) is an arbitrary Q-line bundle on X and m; : Xi(V(A)) — X
is the natural projection. We assume here that F is also equipped with a smooth
hermitian metric hp. In formulas (4.2-4.4), the curvature ©p,, of Lpy takes the form
OLp, = wrkb(&) + 9v.a,Fr(2, 2, u) where

1 1

1
(4.6) gv.aFrE(Z, T, u) = gvak(z, T, u) + . (1 + 3 4ot E>@F,hF(Z),
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and by the same calculations its normalized expected value is

1
4.7 z) = E Z,0,0)) = Odet v oth*(2) +© z).
(4.7) nr(z) Tl 10 (9v,a,F (2,0, 0)) = Odet v=(a) det h* (2) + OFnp (2)

Then the variance estimate for gy a ri is the same as the variance estimate for gy a k,
and the recentered LP bounds are still valid, since our forms are just shifted by adding
the constant smooth term ©pj,. (z). The probabilistic estimate 4.4 is therefore still true in
exactly the same form for Lp , provided we use gy A r i and np instead of gy a x and 7. An
application of holomorphic Morse inequalities gives the desired cohomology estimates for

hq<X,Ek7mV*<A) ®o<kr <1+ Ly i)F))
1

= R(Xe(V{A)), Oxyvian(m) @ w0 (1o (14 2 4+ 1) F)),

provided m is sufficiently divisible to give a multiple of F' which is a Z-line bundle.

4.8. Theorem. Let (X,V(A)) be a non singular logarithmic directed variety, F — X a
Q-line bundle, (V(A),h) and (F,hp) smooth hermitian structure on V(A) and F respec-
tively. We define

Lrk = Ox, (viay(l )®7T’€O<k; (1+;+ +11)F>

NF = Odet v+ (A),det h* T OF hp = Odet v (A)@ F det h* -

Then for all ¢ = 0 and all m > k > 1 such that m is sufficiently divisible, we have

mn—i—kzr—l (logk)” Can . .
(n+kr — 1)l nl (kD" </X(HF’q)( 1)z + O((log k) ))7

" mn—l—kr 1 (logk)” . .
) IOVIAN. O > s ([ = 0les) ™) ),

(a)  hI(Xp(V(A)),O(LEY)) <

mn—!—kr—l (lOg k)n
(n+ kr —1)! n! (kD"

(c)  X(Xk(V(A)),0(LEY)) = (e (V{A) @ F)" + O((log k) ™).

Green and Griffiths [GrGr80] already checked the Riemann-Roch calculation (4.8c¢) in
the special case A =0, V = T% and F' = Ox. Their proof is much simpler since it relies
only on Chern class calculations, but it cannot provide any information on the individual
cohomology groups, except in very special cases where vanishing theorems can be applied;
in fact in dimension 2, the Euler characteristic satisfies x = h® — h' + h? < h® + h?, hence
it is enough to get the vanishing of the top cohomology group H? to infer h® > x; this
works for surfaces by means of a well-known vanishing theorem of Bogomolov which implies

in general
H”(X EkaX®O<k <1+;+ +]1€>F>>>:O

as soon as Kx ® F'is big and m > 1.

In fact, thanks to Bonavero’s singular holomorphic Morse inequalities (Theorem 2.9, cf.
[Bon93]), everything works almost unchanged in the case where the metric h on V' is taken to
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a product h = hy.e? of a smooth metric ho, by the exponential of a quasi-plurisubarmonic
weight ¢ with analytic singularities (so that det(h*) = det(h} )e™"%). Then n is a (1,1)-
current with logarithmic poles, and we just have to twist our cohomology groups by the

appropriate multiplier ideal sheaves Jj, ,,, associated with the weight %(1 + % +t %)m 0,

since this is the multiple of det V* that occurs in the calculation, up to the factor % X 1.
The corresponding Morse integrals need only be evaluated in the complement of the poles,

i.e., on X(n,q) ~ S where S = Sing(y). Since

(1)« (O(LET) © Tm) C Bpom V™ © o(% (1 + % Foot %)F))

we still get a lower bound for the H? of the latter sheaf (or for the HY of the un-twisted
line bundle O(LY™) on X;(V)). If we assume that Ky ® F is big, these considerations also
allow us to obtain a strong estimate in terms of the volume, by using an approximate Zariski
decomposition on a suitable blow-up of X.

4.9. Corollary. If F is an arbitrary Q-line bundle over X, one has

BO (Xk(V), Ox, 1 (m) ® WZO(% (1 + % Foeet %)F))

- mn—i—kr—l (log k)n
T (n4kr—1)! n! (k)"

(Vol(Ky @ F) = O((log k) ™1) ) = ofm" 1),

when m > k > 1, in particular there are many sections of the k-jet differentials of degree
m twisted by the appropriate power of F if Ky ® F' is big.

Proof. The volume is computed here as usual, i.e. after performing a suitable modification
w1 X — X which converts Ky into an invertible sheaf. There is of course nothing to prove if
Ky ® F is not big, so we can assume Vol(Ky ® F') > 0. Let us fix smooth hermitian metrics
ho on Tx and hp on F. They induce a metric u*(det hg' ® hr) on p*(Ky @ F) which, by
our definition of Ky, is a smooth metric. By the result of Fujita [Fuj94] on approximate
Zariski decomposition, for every § > 0, one can find a modification us : X5 — X dominating
w such that
ps(Ky @ F) = Ogé(/H— E)

where A and E are Q-divisors, A ample and E effective, with
Vol(A) = A" > Vol(Ky ® F') — 6.

If we take a smooth metric hy with positive definite curvature form ©4,, then we get
a singular hermitian metric hahg on pj(Ky ® F) with poles along E, i.e. the quotient
hahg/p*(det hy' @ hr) is of the form e~% where ¢ is quasi-psh with log poles log |0 |2
(mod C*°(Xy)) precisely given by the divisor E. We then only need to take the singular
metric h on T'x defined by

b — hoe%(ua)*w

(the choice of the factor % is there to correct adequately the metric on detV). By
construction h induces an admissible metric on V and the resulting curvature current
NF = Ok, det h* + OF n, is such that

pusne =Oan, + [E], [E] = current of integration on E.
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Then the 0-index Morse integral in the complement of the poles is given by

/ ng:/~ By = A" = Vol(Ky @ F) — 6
X (1,0)~S Xs

and Corollary 4.9 follows from the fact that § can be taken arbitrary small. O

4.10. Remark. Since the probability estimate requires k to be very large, and since all non
logarithmic components disappear from A®) when s is large, the above lower bound does
not work in the general orbifold case. In that case, one can only hope to get an interesting
result when k is fixed and not too large. This is what we aim at in the next sections.

5. Curvature of orbifold tangent bundles

5.A. Positivity concepts for vector bundles

Let E'— X be a holomorphic vector bundle equipped with a hermitian metric. Then F
possesses a uniquely defined Chern connection V}, compatible with A and such that V%’l = 0.
The curvature tensor of (E, h) is defined to be

(5.1) Opp = 2i 100V2 € C™(X,A"'T% ® Hom(E, E)).
T

One can then associate bijectively to ©g j; a hermitian form 6 g.nonTX ®E, such that

(5.2) Orn(E®v,E@v) = (Op4(&,€) v,v(h

and can be written

i - «

@E,h = % Z Cijap dzl A de X €\ X €u
1,5, A 1

Let (#1,...,2n) be a holomorphic coordinate system and (ey)i1<igr & smooth frame of E.

If (ey) is chosen to be orthonormal, then we can write

(53) @E,h: i Z cijAudz,-/\d?ijej{@eM,
i’j7>\7u
~ 1 - _
(5.3 Orr(l®v,{®@v) = o Z Cigap & AU,
i7j7A’/'L

and more generally Og ,(7,7) = % Zi’j)\,u Cijap TinTju for every tensor 7 € Tx ® E. We

now consider three concepts of (semi-)positivity, the first two being very classical.

5.4. Definition. Let 6 be a hermitian form on a tensor product T ® E of complex vector
spaces. We say that

(a) 0 is Griffiths semi-positive if (£ @ v, @ v) > 0 for every & € T and every v € E;
(b) 8 is Nakano semi-positive if O(1,7) > 0 for every r € T ® E;
(c) 0 is strongly semi-positive if there exist a finite collection of linear forms «; € T*,

w; € B such that 0 =}, o @ w;|?, i.e.

O(r,7) = Z\(Ozj @w;)-7|°, VreETQE.
J
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Semi-negativity concepts are introduced in a similar way.

(d) We say that the hermitian bundle (E,h) is Griffiths semi-positive, resp. Nakano semi-
positive, resp. strongly semi-positive, if Op p(zr) € Herm(Tx, ® E;) satisfies the
corresponding property for every point x € X .

(e) (Strict) Griffiths positivity means that éE,h(ﬁ ®v,E®v) > 0 for every non zero vectors
f € TX@, veFR,.

(f) (Strict) strong positivity means that at every point x € X we can decompose (:jEJL as

Opn =), laj ® w;|* where Span(a; ® wy) =Ty, ® E}.

We will denote respectively by >¢, >n, 25 (and >¢, >n, >g) the Griffiths, Nakano, strong
(semi-)positivity relations. It is obvious that

0>5s0 = O0>2y0 = 0>0,

and one can show that the reverse implications do not hold when dim7" > 1 and dim £ > 1.
The following result from [Dem80] will be useful.

5.5. Proposition. Let § € Herm(T ® E), where (E,h) is a hermitian vector space. We
define Trg(0) € Herm(T') to be the hermitian form such that

Trp(0)(€,&) = Y 0(E@erE®en)

1AL
where (ex)1<a<r 95 an arbitrary orthonormal basis of E. Then
0>2c0 — 9+T1"E(9)®h>g 0.

As a consequence, if (E,h) is a Griffiths (semi-)positive vector bundle, then the tensor
product (E ® det E,h @ det(h)) is strongly (semi-)positive.

Proof. Since [Dem80] is written in French and perhaps not so easy to find, we repeat here
briefly the arguments. They are based on a Fourier inversion formula for discrete Fourier
transforms.

5.6. Lemma. Let g be an integer = 3, and xx, yu, 1 < A\, pu <1, be complex numbers. Let
X describe the set U of r-tuples of q-th roots of unity and put

o= DL WX Y= D UnXw X EUG

1<ALr 1<pgr
Then for every pair (o, 8), 1 < o, B < r, the following identity holds:
{xa% if a#p,

q " LYo XaXp = .
Z XX Z1gu<r xuyﬂ 'lf o = 6

xEU;
In fact, the coefficient of x,7,, in the summation ¢=" erUg T\ Y\ XaXp is given by

") XaXgXaXus
xeUy
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so it is equal to 1 when the pairs {a, u} and {5, \} coincide, and is equal to 0 otherwise.
The identity stated in Lemma 5.6 follows immediately. O

Now, let (t;)1<j<n be abasis of T', (ex)1<a<r an orthonormal basis of Eand § = 3, §;t; € T,
u = Zj \uixt; ®ex € T® E. The coefficients c;xy, of 6 with respect to the basis t; ® ey
satisfy the symmetry relation ¢y, = ckjux, and we have the formulas

0(u,u) Z CikantizUkp,  Trp0(8,€) = Z ki
Jiks A, p JiksA

0+ Trg 0 h)(u,u) Z CikApUjAUky + CiANUj Uk -
Jrk, A p

For every x € U7, let us put
Z uinxy € C, ﬂX=Zu;th eT, é\x:ZXAeAGE-
1<A<r j A

Lemma 5.6 implies

Y 0Ty @Oy @) = ¢ > Cipautly Thy XaX,,

xeuy xeur
= E  CkapUjATRy + § AU T
-]7k7)\7ép‘ j7k7>‘7u

The Griffiths positivity assumption 6 > 0 shows that £ — ¢7"0(§ ® €,,§ ® €,) is a
semi-positive hermitian form on 7', hence there are linear forms /¢, ; € T™ such that
0§ @ ey, E@ey) =22 [0y 3(§)]? for all € € T. Our final identity can ve rewritten

0+ Trg0® h)(u,u) ZZMXJ (Uy )| :ZZMXJ@X*(U)Q
XEUr j xevy J

where x* = (o, x) € E*, thus 0 + Trg 6 @ h > 0. O

5.7. Corollary. Let r = dim E and © € Herm(T ® E).

(a) If 0 > 0, then —Trg0h <g 0 <g r Trgf Q@ h.
(b) If 0 < 0, then —r Trp(—0)®h <g 6 <g Trg(—0)® h.
(¢) If £0 <G 7 ® h where T € Herm(T') is semi-positive, then

—2r+1)7®h <5 0 <g 2r+1)7®h.
Proof. (a) It is easy to chech that §' = Trg 6 ® h — 0 satisfies 8 > 0 and that we have
Trg 6’ = (r — 1) Trg 6. Lemma 5.6 implies

0 +Trg0 @h=rTrg0@h—0>50.
(b) follows from (a), after replacing 6 with —6.

(c) also follows from Lemma 5.6 by taking 0’ = 7 ® h + 0 (resp. ¢/ = 7 ® h — ), since
Trg 0 < r7 and we have e.g.

0<s 0 +Trg0 @h=0+Trg0Qh+(r+1)7T0h<s0+ (2r +1)7 ® h. O
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5.B. Estimate of the curvature tensor in the orbifold setting

The main qualitative result is summarized in the following statement.

5.8. Proposition. Let X be a projective variety, A an ample line bundle, and (X,V,A) an

orbifold directed structure where A =5 (1 — pij)Aj is a normal crossing divisor transverse
toV in X. Let 0; be the infimum of numbers § € Ry such that 6A — A; is nef, and yv be
the infimum of numbers v = 0 such that y© 4, ®Idy — Oy, =g 0 for suitable hermitian
metrics hy on V. Then for every v > vy A := max(max;(d;/p;),vv), the orbifold vector

bundle V(A) possesses a hermitian metric hy,a , such that

(a) hy,ay s smooth on X N |A|,

(b) hv,a,y has the appropriate orbifold singularities along A,

(c) we have YO p, ®Id — Oy Ay nya., =c 0 on X N JA]

Proof. Let ha be a metric on A such that © 4, > 0, written locally as hy = e~ ¥ and

take v > max(max;(d;/p;),7v). Consider the tautological sections o; € H°(X,0x(4;))
defining A; = aj_l(O), and let h; be a smooth hermitian metric on Ox(A;) for which

1
(5.9) 'y@A — ;@OX(Aj),hj > 0,
J

as is possible by our choice of constants ¢; and . Finally, denote by V; the associated
Chern connection on Ox(A;). If we write h; = e™%/ in some local trivialization, then

Vjo; = V;’Oaj = 0oj — 0j0p;. We are going to estimate the curvature of the orbifold
metric hy a . on V(A) defined by

—2(1—1 :
(5.10) 1013, o = IR, + > e losly, 2 V05003, e <1
J

where the metric hy is chosen so that Y04, ® Idy — Oy, =>¢ 0 (resp. =g 0). We will
later to slightly perturb the metric as ||v||}2wA EeEIX with an extra weight x, but we ignore
this minor twist for the time being. Since ’

iag”””iv,A,s = i<vv7 vv>hV,A75 —2m <®V<A>7hV,A,s (U)v U>hV,A,e

where Vv = dv+1'(dz) - v is the Chern connection of (V(A), hy,a ), what we need to prove
is that on the total space of V over X ~ |A], the (1, 1)-form

(5.11) Q(z,v) =100|vll}, , . +277Oan, V], . ..

is non negative. For this, we calculate the associated hermitian quadratic form on Ty
-~ 2 - 8 - 8
Q(%W(ﬁ”]) ) (5;77) ETV,(Z,’U)? 52256_7 77:277)\8_7
= 97 A=1 X

and observe that the curvature tensor is obtained by taking the restriction to the “parallel”
directions Vv = 0, that is, by substituting dv = —I'(dz) - v, i.e. n = =T'(§) - v. Let us fix an
arbitrary point zg € X \ |A|. We take local holomorphic coordinates (z1,...,2,) centered
at 2o, and let (eq,...,e,) be a local holomorphic frame of V' such that

(ex, eu>hv = Oy + Z Comap Z0%m + O(’z|3)v
£\,
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where the cgp,z, are the coefficients of —Ov,,,,. Let us write v = 22:1 vyey and denote by
(v,w) =371 < g VAW the standard hermitian form, [v| the associated norm. We find

[oll7y o =P+ D Coman 2Zmoat, + O(|2]%)
O,m 1
o\ —141/p; 2 .
(5.12) —1—26]- (|Uj]2e ‘pf) Pi |3Jj(v) —Jjﬁgoj(v)‘ e ¥,
J

since 50]~ = 0. In order to simplify the calculation, we set formally

~ Vpi = 2 = —1 .

o;=o0;", &;=piej, =P P, if p; < o0,
(5.13) ~J j NJ P;Ej Sfj Pj ¥ Pj

o; =logoj;, &;=c¢y, ©; = @, if p;j = oo.

Respectively to the non logarithmic and logarithmic situations, we then get the more
tractable expression

- < 1a~ - 2 .
Iollfy o =102+ D> coman 2eZmoaTy + O2*) + Y81 |06;(v) — 0;08;(v)[ e,

(5.14) £m, A p J
_ _ ~ - - 2
Wllfy s, = 0P+ D Comap 2eZmuatu+ O(2°) + D & [06;(v) — 05;(v)]
£7m7>\7p’ ]

In what follows, for the sake of simplicity, we remove the tildes in the notation, and conduct
the calculation only in the non logarithmic situation (p; < 00), since the logarithmic case
can be recovered by taking p; very large; this actually amounts to using a ramified change of
variable Z; = zl} /Pt in suitable coordinates, allowing us in this way to take p; = 1 in (5.12).
We then obtain

Wllfya. =P+ DY coman 2Zmvatu + O(|2°)
£m, A\ p

(5.15) + 37 (1003 () = 2Re (903 ()7 B (1)) + oy 210 (0) ) €.

We also take holomorphic trivializations of the line bundles Ox(A;) so that ¢;(z) =
Ze,m Qjom 20Zm + O(|2]?) near zg = 0. Then

(5.16) Dp; = Z Qjom Zmdze + O(]z]?), 5%- = Zajgm 20dZ, + O(|2]?).

At the point z = 2, we have dp(z9) = 0p;(20) =0, Vjo; = Joj, and our norm admits the
expression

(5-150) Iollf, o, = 0]+ e;100;(v) .
i

Let v, w be arbitrary local holomorphic sections of V', and denote by V¢ the Chern covariant
differentiation of (V(A),hy.a) in the direction £ € Tx. By polarizing the quadratic
form [jv[|3  , _ into a hermitian inner product d¢ (v, w)pny , . and setting Vev = Vé’ov =

Ocv +T'(€) - v, a differentiation of (5.15) at z = 2y yields

O (v, whny . = (Vev,w) + Z g; 00 (Vev) doj(w)

= (Ocv, w) + Zaj Joj (0¢v) 0o j(w)

J
+ €j 820'3'(5,1]) aaj(w) —&j aO'j(U)Ej 85(,0](5,10),
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where 8%0;(&,v) := 3, 0¢(90j(ex)) vx is viewed as an element of (T ® V*)., and 89,
as a hermitian form on T'x, operating on Tx ® V c Tx @ Tx. In fact, v — 820j (v) and
(&,v) — 9%0j(&,v) can be intrinsically defined as V;’Ooﬂv and V%/’g@Aj (V}’Oaﬂv) at 2z, and
we will denote them by V;o; and V?O’j. In this setting, the (1,0)-form I' of the connection
of (V(A),hya) is given at zp by the formula

(L) v, w) +Z€jv‘0j( (€) - v) Vo (w)

(5.17) —Zg] Vi0;(€,0) V;o;(w) — €5 V;o;(v) 7; 0005 (€, w).

This equality if valid pointwise for any v,w € V,,. As a consequence

[(&) v+ Z ej Vo (T(§) -v) (Voy)*
(5.18) = & V;05(£,0) (Voy)" =25 V;0;(v) T; (90p;(s,€))"

J

where o* € V is the dual vector to a 1-form « € V*, such that (a*,e),,, = @. The special
choice w = I'(§) - v yields a (non negative) real value in the left hand side of (5.17), and by
taking the real part of the right hand side, we obtain

&) v+ e [Vio5(T(€) v

(5.19%) = Y & Re(Vio;(§,v)V,0;(T() - v)) —e; Re (Vj0;(v) 75 00;(£,T(E) - ).

J

Also, by applying V,o; to (5.18), we obtain
VUJ +Z€£ sz ) <Vj0’j,VgO’g>

(5.191) = ZEE Vioe(€,) (Vjo;,Vop) — e Vyou(v) Ty <Vj0’j,85gog(o,£)>,
12

in other terms,
(5.192) (L + M.)p. = M.q. —r. where
(5195) pe = (&}/V,05(0(¢) -v)) 4= (a;”viaj(&,v))j,

(5194 Te = (Z& 5£VZU€ 02 <vj0-j7 85905(% £)>> .

) Ma = (8;/28;/2<Vj0'j,VgO'g>)‘ .
J

VE4

It will be useful to observe that M. is a semi-positive hermitian matrix. As27©4 5, = 15’51#,
we infer by a brute force calculation from (5.15) that

Q)€ m)? = 0ol o . - (€m)? +7 0006 ]}, .
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(5.201) =7 00Y(EE) [P+ D Coman &l 02T,
O,m

(5.202) + Y &5 (YOI, €) — 0Dp;(£,€)) Vo5 (v)

J

(5.203) + |n|2+zsj Vs0,(n) + V20;(¢,0)|

(5.204) — 2¢; Re( ;j0;(v)T; 85%(5,77))

(5.205) —2¢; Re (V aj(v) 889@(5,1}) Vjaj(f))

(5.206) —2¢; Re (V0 (v) 7 00%¢p;(&,€,v))

(5.207) + ¢ loy]100¢; (v, )%,

where we identify a (1, 1)-form such as 9dp; with a hermitian form, and take n = —I'(£) - v.
The second term in (5.202) is obtained by differentiating €, |V ;o (v)|?, while (5.203), (5.20,)
and (5.205) actually come from the differentiation of the term ...Re(...) in (5.15). By our
assumptions, the first two terms (5.201), (5.202) are positive (in the sense of Griffiths, at
least), and such that

(5.201) = cl€?|v)?, (5.205) > cl€? Zgj V0 ( ¢>0.

In order to improve the positivity of Q, we actually replace the metric ]v\iVAE by

wlf . eX=(?) with

K263|0'] |h —KZ€]|O' 2e70i(®) K> 1.

At z = 2y, we then get in @ an additional term

90X(&,) vl o .

G2 =K (S aleOF - X 0B(6.0) (b + Salve o)

KZW% )P Jo]? - CKmaxmsP(|v|2+Zej|wj< >|),

J

and, as a consequence, for €; < ¢/2CK, we have

S (520) > § (162 bl + e 62 [9,(0)2) + K 3 9,0 ol

7=0,1,2 J J

(Here the last two summations are significant, because we will later replace o; by 0]1-/ Pi

in the orbifold case, and then Vjajl./ 7" is unbounded). The third term (5.203) is semi-
positive. We claim that the terms (5.204...5.207) are negligible for £; < 1, in the sense

that Q(z,v)(&,n)? is comprised between (1 + §) > i=0.1,23(5.205), with 6 > 0 as small as we
want when &; < g0(8). In fact, as ¢, is smooth, there exists C' > 0 such that
|(5.200)] < Cgjlo| V05 (v)] €] ]
<EVEPR |V 05(0))2 + Ol ? o2 Inf? < (5.202) + (5.205).
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Similarly

|(5.205)] < Cej [¢] vl V05 ()] [V 05 (v)]

<C
SE 26 V05 ()P + CP K265 |V,0;()17 o < ) (5.205)
j=0,1,2

for K > 1. The last two terms (5.20¢,7) are even easier, since
5.20:) < Ce:la:l 1€ vl V.o <212 1012 L 0232 16012 1612 V0 (1) 2
(5.206)| < Cejlos| 1€ vl [Vj05(v)] < &7 [€ [ol* + C% e} " o [€]* [V 0 (v)]
< (5.201) + (5.20,),

(5.207)| < Cgj [€7|v]* < (5.20¢).

Finally, by replacing n with —I'(£) - v and using (5.199), we find

(5.203) + (5.204) = |T(€) |2
+ 253 ‘V o; (T VQUJ (& v ‘ +2¢;5 Re (V 0j(v)T; aggoj(f,l“(f) U))

_ (5.190 +3 25| Vios( (&v)|” = 225 Re (V30,(&,v) Vi0,(0(€) - v))

+ 2€j Re (VjO'j (U) Ej 85903'(57 F(&) ’ ’U))

- Zsj V20;(¢,v)|” — & Re (V20;(€,0) V;0;,(T(€) - v))

+¢; Re (V;0;(0)7; 099, (£, T () - v)).

The last term equals %(5.204), thus it is negligible, and by (5.192,3 4) we get

(5-203) + (5-204> = “k’z - Re<p€7(k>
= |g-|2 — Re((I + M) (M.qe — r2), q=) = Re((I + M.) ‘gz, qo +7.).
— (I + M) 2q.|* + Re((I + M.) " 'qe, 72).

However, with € = maxe¢;, we have

51/2 |(I+Mg)_1/2q€|2 +€_1/2 !(I-i—Mg)_l/zrg‘Q

51/2 |(I+ME)_1/2q5|2 +€—1/2 |Mz€_1/2ra|2,

‘ Re((I + M.) *q., r€>| <
<

and, for any t = (¢;),

’(’r‘g,t>‘: ZéeV@O’g 5 <Z% 1/2V 0],88w( €)>'
J4 J

< thgl/zv 0 Zag\veae | o |00pe(s, )|
y4

1/2
< Ce'? (M.t t)/? ( 0 € Voo (v)] ) ,

-
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whence

e~ 1/2 |ME_1/2T5’2 < 2 c1/2 Zsﬁ |€‘2 |V40'g(’v)’2 < (5‘201)’
V4

and
(5.203) + (5.204) ~ |(I + M.)"*/?q.

. g = (=" V056 v)

J

At this point, we come back to the orbifold situation, and thus replace o; by ajl./ b pj by

pj_lapj and €; by p5 ;. We obtain

5.21. Corollary. With a choice of v > 0 determined by the curvature assumptions of
Proposition 5.8 and the hermitian metric on (V,A) defined as above, i.e. for K > 1 and
€5 K K_l,

(a) |U|hv,A,E = eXe (|U|iv + Zej |a'j|—2+2//>j |Vj0j|%zj)7 Xe = KZSJ, p? |a_j|2/Pj’
J j

the quadratic form associated with the curvature tensor YO p, ®Id — Oy (A) ny o, Salisfies

@(2)(5 @)% ~ Q. k(2)(€ ®v)? where
(b) Qe (2)(E@v)* =700 ) [0 + Y comn Eely AT

IR W)

+ ) ejlog| TP (00w (E,€) — p; t 90p;(€,€)) IV 05 (v)]?
j

(I + My 0) 2 V2, a(6,0)|

)

Vi’hA = 00, Vij’hj = 00¢j, (Comru) = coefficients of Ov .,

_ (12172 —141/pj ——1+1/pe
s

V? orb0j 57 Z,O] ag /pj (eA)) U
- O-]_H—l/p] VzO'J (57 ) (1 - 1/ ) —2+1/p] V; i04 (f) VjO'j(’U),
orb el (57 ) - ( ;/2 v?,orbo-j (5, U))j .

Here, the symbol ~ means that the ratio @/Q&K is in [1 — 0,1+ 4] as soon as K > Ky(v,0)
and € < go(7,0, K).

5.22. Complement. In case there is only one component A; involved, the formula for
(I + M, .)~ Y2 V2

2
orbs (577})‘ becomes

gj|oy|2H2/es 2

1+ e |oj|=22/03 |V ;052

[V305(6,0) = (1= 1/p;) 07 V05(6) V05(0)

5.23. Remark. If c is a lower bound for the curvature coefficients of y© 4, — %@Aj,hj
J
and 7O 4 p, ®Id— Oy, with respect tow = © 4 j,, an examination of the estimates shows



34 F. Campana, L. Darondeau, J.-P. Demailly, E. Rousseau, orbifold jet differentials

that Q/Q..x € [1— 6,1+ 6] as soon as K > Cyc=26~2 and g < c(CoK p3)~" with Cp > 1
large enough.

In view of the estimates developed in section 6, we will have to evaluate integrals involving
powers of curvature tensors, and the following basic inequalities will be useful.

5.24. Lemma. Let {; € (C")*, 1 < j < p, be non zero complex linear forms on C", where
(C")* ~ C" is equipped with its standard hermitian form, and let u the rotation invariant
probability measure on S**~1 C C". Then

I(ts,....0,) = /S @) - ()] dun)
satisfies the followz'ng inequalities

() I(ty,...,0,) < 2 'Hye 2,

p+r

and the equality occurs if and only if the £; are proportional;

(b) I(ly,...,4p) > ——F— Hw 2,

(p + r—
and the equality occurs if and only if p < r and the {; are pairwise orthogonal.

Proof. Denote by d\ the Lebesgue measure on Euclidean space and by do the area measure
of the sphere. One can easily check that the projection

S71 BT w= (ur,. ) 0 = (),

yields do(u) = df A d\(v) where u, = |u,|e? [just check that the wedge products of both
sides with 1d|u|? are equal to dA(u), and use the fact that df = 5 (du, /u, — du, /%, )], thus,
in terms of polar coordinates v = tu’, v’ € S* !, we have do(u) = df A>3 dt A do’ (u),
and going back to the invariant probability measures p on S?”~! and y/ on S?" 73, we get
lur|? =1 —|v]> =1 —t? and an equality

2r — 2

(5.25) du(u) = o

dO ANt 3 dt A dp! (u).

If ¢4,...,¢, are independent of u,, (6.8) and the Fubini theorem imply by homogeneity

(5.26) /S B ) du(u) = ﬁ /S B ) i (),

L 16RO P () =

/ r—1 |2 |2 r(o 0
(5.26) B =T fa AR -l O i)

(for instance, in case (5.26"), we have to integrate t?P=2(1 — 2) x t?*=3 dt). The formulas

/S2Tl ‘U1’2:D dp(u) = %, /Ser ‘ul‘z e ‘up’2 dp(u) = % (p <),
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are then obtained by induction on r and p.

(a) For any ¢ € (C")*, we can find orthonormal coordinates on C” such that ¢(u) = |¢| uy in
the new coordinates. Hence

2 _ 2 . 2 . p' (T‘ — 1)'
/s2r1 [0(w) P dp(u) = myp, [€]P where m, ), = /S%l lup [P dp(u) = o

It follows from Holder’s inequality that
p 1/p P
tent <] ([ 1Prane) - =mey TT 16
and that the equality occurs if and only if all £; are proportional.

(b) We prove the inequality

I(El,...,ﬁ) |Hw ‘2

p—l—r

by induction on p, the result being clear for p = 0 or p = 1. If we choose an orthonormal
basis (e1,...,e,) € C" such that £;(e,) # 0 for all j and replace ¢; by (¢;(e,))~¢;, we can
assume £;(e,) = 1. We then write u = u/ + u,e, with v’ € ;- ~ C"~! and

Ci(u) =) +up, 1<j<p, ) :="Ljer.

Let si(¢4(u’)) be the elementary symmetric functions in £ (u’), 1 < j < p, with 5o := 1. We
have

2

dp(u).

> sk(la(u)) ub ™"
k=0

gla"'? / HW +u7“|2d/“L( ) /
827 1 ,: S2'r'—1

We make a change of variable u, — u, ¢ and take the average over @ € [0,27]. Parseval’s

formula gives
It t) = | ZW’ )2 a2 dp (),
SZr 1

and since

r—1)(k+r—2)(p—k)!
(p+r—1)

Y

1
(2r — 2)/ 2R (1 — ¢2)PR 234 = (
0

formula (5.25) implies

(r—1)(k+r—=2)l(p—k)!
I(ly,.... 0, /SQTSZ TESES |51 (€4 (u ‘d,u n.

As [€6;> = 1+ |£;]?, our inequality (5.24 (b)) is equivalent to

(5.27) i (ktr=2)!p=k) ‘sk(él.(u’ ﬁ 1+ [€5]%)
§2r—3 )

k=0 j=1
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for all linear forms ¢} € (C"~')*. We actually prove (5.27) by induction on p (observing that
the inequality is a trivial equality for p = 0,1). Assume that (5.27) (and hence (5.24 (b)))
is known for any (p — 1)-tuple of linear forms (¢1,...,£, ;). As (5.24 (b)) is invariant under
the action of U(r), it is sufficient to consider the case when ¢,(u) = u,, i.e. £, = 0. The

induction hypothesis tells us that

p—1

[ TN e

k=0

However, when we add the factor ¢, the elementary symmetric functions sy (¢, (u’)) are left
unchanged for k < p — 1, while s, (¢, (u')) = 0 and 1+ |¢,|* = 1. Therefore (5.27) holds true
for p, since (p —k)!' > (p—1—k)! forall k=0,1,...,p — 1. We have proved the inequality
at order p whenever ¢, = a,(e,e,) and £;(e,) # 0 for j < p — 1. Since those (¢1,...,4p)
are dense in the space ((C")*)P of p-tuples of linear forms, the proof of the lower bound is
complete.

(b, equality case) We argue by induction on r. For r = 1, we have in fact ¢;(u) = ojuq,
aj € C* and I(¢y,...,0.) =[1¢]?, thus the coefficient ﬁ = 1, is reached if and only
if p < 1. Now, assume r > 2 and the equality case solved for dlmensmn r — 1. By rescaling
and reordering the ¢;, we can always assume that ¢;(e,) # 0 (and hence ¢;(e,) = 1) for
g+ 1<j<p, while ¢;(e;,) =0 for 1 < j < g (we can possibly have ¢ =0 here) Then we
write £;(u) = £’ (u )fOl"1<] <qand€( u) = 05(u') 4+ u, for ¢ +1 < j < p. Therefore, if
sk(¢'(u')) denotes the k-th elementary symmetric function in (¢} (u’)4+1<j<p, We find

q P
(b, 0) = / 1) T 16 + el duu)
§rt =1 j=q+1
2

Zsk NuP~F| dp(u)

:/ H u)|® Z\Sk (@D Juy PP dpu)
§2r—1

:/S2T_3H o2 Z (r—1) k+7“—2) (p—q—Fk)! ’sk(ﬂ’(u’))‘Qd,u’(u’)

p—qg+r—1)

P
/12 /12
>p+r ‘H|£| IT @+

Jj=q+1

by what we have just proved. In an equivalent way, we get

1 k+r—2 (p—qg—K)!p+r-1)
/ /
G ; e G W)
p

q
II 1+W

Jj=q+

for all 0 < ¢ < p — 1 and all choices of the forms ¢; € (C"~")*. In general, we can rotate
coordinates in such a way that £,(u) = u, and K; = 0, and we see that the above inequality
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holds when p is replaced by p — 1, as soon as ¢ < p — 2. Then the corresponding coefficients
k=20 for p, p—1 are

p-tptr-1! (p-1-glp-1+7r—1!
(p—q+r—1) p—1-g+r-1!

and since sg = 1, we infer that the inequality is strict. The only possibility for the equality
case is ¢ = p — 1, but then

I A 2 2 / o 2
(bt /Swl_W )P () = pﬂ_lSMl_W ) di (),

and we see that we must have equality in the case (r — 1,p — 1). By induction, we conclude
that p —1 < — 1 and that the £;(u) = ¢} (u’) are orthogonal for j < p — 1, as desired. O

5.28. Remark. When r = 2, our inequality (5.27) is equivalent to the “elementary”
inequality

p p
() [T0-+16P) < 3R Bl
j=1 k=0

relating a polynomial X? — s; X?~! + ...+ (—1)Ps, and its complex roots a; (just consider
ti(u') = aju; and £;(u) = aju; 4+ ug on C? to get this). It should be observed that
(5.28 (x)) is not optimal symptotically when p — +oo; in fact, Landau’s inequality
[Land05] gives [[max(1,]a;]) < (3 |sk?)'/2, from which one can easily derive that
[T(1+4]a;|?) < 2P |sk|?, which improves (5.28 (x)) as soon as p > 7 (observe that 27 = 128
and k(7 — k)! > 314! = 144). Our discussion of the equality case shows that inequality
(5.24 (b)) is never sharp when p > r. It would be interesting, but probably challenging, to
compute the optimal constant for all pairs (r, p), p > r, since this is an optimization problem
involving the distribution of a large number of points in projective space.

We finally state one of the main consequences of these estimates concerning the Chern
curvature form of a hermitian holomorphic vector bundle.

5.29. Proposition. Let (E,h) be a hermitian holomorphic vector bundle of rank r on
a compact complex n-dimensional manifold X. Let n > 0 be a weakly positive smooth
(n —p,n — p)-form on X. If Opp =g 0 is strongly semi-positive, then for the unitary
invariant probability measure p on the unit sphere bundle S(FE) = {v € E;|v|,} C E, we

have
/ (/ (Opn(v),v) du(v)) An = ﬂ/ c(E,h)P A
x \Joesm ' TR (p+r—-1!Jx 7
where c1(E,h) = Trg O, is the first Chern form of (E, h).

Proof. The assumption Ogj; =g 0 means that at every point € X we can write the
associated hermitian form § € Herm(Tx ® F) as

0z)= > 8@,

1<G<N
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the AYOTY ., €5 € E;. Without loss of generality, we can take £; = (s, a;)n, |a;|n = 1.
Then
Opn =Y i AB;®a;®@a;, ci(E h)=>)Y iB;AB;.

j J
Since
(Opn),v)n=Y_ iB; AB;|6;(v)
1<iSN
Newton’s multinomial expansion yields
©pn(v),0)h = > # (@BIAB) A ABNABL) Y [ ()P L [y ()P,

aN
a€eNN |a|=p

and Lemma 5.24 implies

P (r—1)! - P
/fues(E)@E’h(v)’U)hde) g m( > b /\51')

1<G<N

where > is in the sense of the strong positivity of (p,p)-forms. Our statement follows
immediately. O

5.30. Remark. For p = 1, the inequality of Proposition 5.29 is an identity, and no semi-
positivity assumption is needed in that case. However, when p > 2, the inequality does not
hold under the assumption that £ >¢ 0 (or even that E is dual Nakano semi-positive, i.e.
E* Nakano semi-negative). Let us take for instance £ = Tpn ® O(1). It is well known that
E is isomorphic to the tautological quotient vector bundle C**1/O(—1) over P", and that
its curvature tensor form for the Fubini-Study metric is given by

O0p(E®v,E®@v) = |(§v)|* >0

(where v is identified to a tangent vector via the choice of a unit element e € O(—1)). Then
det E = O(1) and thus ¢;(E, h) = wpg > 0, although (O 5 (v),v)}, =0 for all p > 2, as one
can easily check.

6. Non probabilistic estimates of the Morse integrals

6.A. Case of general directed orbifolds

The non probabilistic estimate uses more explicit curvature inequalities and has the
advantage of producing results also in the general orbifold case. Let us fix an ample line
bundle A on X equipped with a smooth hermitian metric h4 such that wgq := 045, > 0.
We assume here that the s-th directed (dual) orbifold bundle V*(A(®)) (cf. § 1.B) possesses

a hermitian metric ﬁ: such that its curvature tensor satisfies an inequality

in the sense of Griffiths, for some number v, > 0. Now, instead of exploiting a Monte Carlo
convergence process for the curvature tensor, we replace Oy . Ay with

(_)é*<A(S)> = (—)V*(A(S)) + vswa ® Id > 0,
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and in this way get new curvature coefficients CEJ /\i) = EJZ\M + Yswa,ij Oxp- This has the

effect of replacing O geq v+ (A1) = Tr Oy a0y DY Ogegv=(acery +1yswa. Also, we take
(6.2) Le i = Ox,(viay(1) @ mp0x(—€A).

Then our earlier formulas 3.20 (a,b) become

(6.3) O, = Wrk b(f) + ge k(z,z,u) where

‘/BS S J— —
(6.3 gek(z,x,u) = — Z Z EAM 2) U AU, d2; NdZj —ewa.

1<8<k: 7]7 7“

We want to express g. x(z, x,u) as a difference of two non negative terms. For this, we write

x
(6.4) Ge.i(2,x,u) = g{j‘v’A’k(z,x,u) — (£+ Z Ts s)wA where
1<k
6.4' 4 Is () () g ATy d2i A dZj >0
(' ) gV,A,k(Z7 Clj)\u us,)\us,,u zi N\ zj =z U.
1<s<k T J A,

Let us apply Corollary 2.4 with «, 8 replaced by

Vs
Q= g\é,A,k(vavu)v B = (5 + Z SS S>WA7

1<s<k

both forms being semipositive by our assumptions. Then (4.2) leads to

n+kr—1
/ oL v,
X (V)(Lk,<1)

(n+kr—1)! / /
- I, - dvir(x)d
WY = DF Joen Japetsgenrmsy 00t (807 T e 2 )

(n + kr — 1 / / -1
6.6) > ap —nal " A Br) dvk () dp(w).
( nl(kD7(kr = D! Joex J@wyenr—1x(s2r-1yr ( g g ) () dulu)

The resulting integral now produces a “closed formula” which can be expressed solely in
terms of Chern classes (at least if we assume that v is the Chern form of some semipositive

s,A
’Ej)\}j?)

line bundle). One can readily obtain an upper bound of ay by taking the trace of (c
In this way we get
xS
(6.7) 0< o, < Z ;(@S + s wA) where Og = Oy Ve (AG)
1<s<k

and where the right hand side no longer depends on u € (S**~1)*. Also, oy = gé A can be
written as a sum of semipositive (1, 1)-forms

A _ Ls ps, A sA (s,A) —
Foar= D 0 (us), 6° 27T d e untiy dz; A dzj,
1ss<k NP

hence for k > n we have

af =(ghan)" 2t 30 T g A6 ) A A8 ).
1<51<...<5, <k Teon



40 F. Campana, L. Darondeau, J.-P. Demailly, E. Rousseau, orbifold jet differentials

Since fSQT_l 054 (u) du(u) = %Tr(@v*<A<s>> +yswa ®Id) = %(@S + ryswa), we infer from
this

/ 0} v () dpa(u)
(z,u)EAR—1 x (S2r—1)k

n! 1 .
(6.8) > pr Z e /Akl T1...Tnp dl/km(x)e:/\l (@sé + s wA).

1<s1<...<8sp, <k
By formula 3.10 (a) and an elementary calculation (cf. [Dem11, Prop. 1.13]), one gets

(ke =) (=) (R — 1)1
(6.9) /Akl 1o T v (2) = (r—D% (n+rk—1!  (m+rk—1

Now, the upper bound (6.7) for aj and the definition of 85 imply

n—1
n— VsTs Ts
(6.10) nay, LA By <n(e+ Z )( Z ?(@s—kr'yswA)) Awa,

s
1<s<k 1<s<k

and we need an estimate of the integral, starting with [ ak—1(-..). For every multi-index
a=(a,...,a;) € N¥ with 3" a, = n, we find

(kr — D!(n+r —1)!

<
o (kr — NI r4as—1)! | Sa+kr—DIr— DI
it apF dug e (x) = - .
AF-1 (r—1)! (n+kr—1)! (kr — 1)!r
2 N/
(n+kr—1)"
because the maximum is attained for the length n multi-index a = (n,0,...,0), and the
minimum for a = (1,...,1,0,...,0) (or any permutation). An expansion of
T T n—1
( 5 VT) ( > e, +r’ySwA))
1<s<k 1<s<k

in terms of its monomials x® then gives

VsTs Ts nt
Lo (Z 259X Foetm) i
AP\ o<k 1<s<k
(kr — D!(n+r—1)! Vs 1 n—1
< s il
S (n4kr —D!(r —1)! < Z s)( Z S(G)S—FT%MA)) ’
1<s<k 1<s<k

>%( 3 %)( 3 é(@erWswA))n_l-

1<s<k 1<s<k

(6.11)

The inequalities are to be understood as inequalities between (n — 1,n — 1)-forms, and they
hold because our assumption (6.1) implies O4 + rysw; = 0. Also observe that the ratio

between the upper bound and the lower bound is Sfff;:__ll))!! which, for 7 = n is ~ 271/2(4/e)"

by Stirling’s formula; thus, when taking the upper bound, the “inaccuracy” factor is at most
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exponential in n with a small constant 4/e < 1.5. By using integrals of monomials z® of
degree |a| = n — 1, we would obtain in a similar way

/M_f( > %(@ﬁm))n_lduk,r(x)

1<s<k

kr —D!(n+r—2)! 1 n—1
(6.12) <e En - kr)_( i 1;! (1<Z<k (0. + 7 w,4)> .

By putting (6.8 — 6.12) together we obtain
/ (af — napl A Bre) dvr(z) dpu(u)
(z,u)EAF—1 x (S2r—1)k
| — 1)y
. nt (kr —1)!r Z 1

=
rv (n+ 1k —1)! $1... 8
( + ) 1<81<... <8, <k 1 n

(kr—D!n+r—-1!(n+kr—1)e Vs 1 n—1
_n(n+kr—1) (r—l)( n+r—1 + Z _>( Z ;(95+T’73wA)) Aw4.

1<s<k 1<s<k

==

(@Sg + TfYSg WA)

(=1

The Morse integral lower bound (6.6) finally implies

6.13. Theorem. Assume that the curvature of the orbifold bundles satisfy the lower bounds
Oy (ay = —Yswi @ Idy- (in the sense of Griffiths), for some number vs € Ry. Then the
orbifold line bundle

L = Ox,(v(a)y(1) @ m;0(—cA)
admits for all k > n and € € Q4 a number of sections hO( Xy (V(A)), L?Zb) that is bounded
below asymptotically, modulo an error term o(m™TFr=1) by

mn—i—kr—l mn—l—kr—l

®n—|—kr 1 %
(n—{—k‘r—l)' /)(k(v<A>)(Lek,\1) LEkq/th (k')T(n—l—kr—l)'

n

1
/x S1... Sn N (Os, +175, wa)

... S,
1<s1 <. <Sn</€ =1

_ (an(;—l)g ((nn++k::i)€+ > l)( 3 §<@s+msw,4)>”‘1AwA_

1<s<k 1<s<k

where ©5 = Ogep v+ (a)y- Especially, for m > 1, we have a lot of sections in
HO (X (V(A)), LZ}") = HY(X, BV (A) ® Ox (—meA)),
whenever the integral in the right hand side of the lower bound is positive.

The statement is also true for k < n, but then the first sum is equal to 0 and the lower
bound cannot be positive (by Corollary 1.11, it still provides a non trivial lower bound

for hO(Xk(V(A>),L§?) - hl(Xk(V<A)),L§?), though). For k = n, there is a single term

s1=1,80=2,...,8, =n, so that ﬁ = %, and we get the simpler estimate
mn—l—nr—l / n—|—m" 1
—_— @Z—HW‘I, ! > / @g +ryowa
(ntnr =D, wan ey F e T () (o nr —1)! Xe/\l )

n—1

(6.14) —”(72:_7“1;1)!<(”n++”:::11)5+ 3 %)( 3y i(@ +msw,4)) Awa.

1<s<n 1<s<n
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6.B. Case of orbifold structures on projective n-space

An interesting orbifold example is the case when X = P* V = Tx, A = O(1) and
A=>(1- %)Aj is a normal crossing divisor, with components A; of degree d;. Then
J

AL = Z (1 — i)+Aj7

Pj

hence
J

and the associated curvature form is
O, —(—n—l—l—Zd —5/p;) )

Moreover, by Proposition 5.8, we have
@V*(A(s)> +Yswps ® Id > 0

as soon as s > 2 and vy, > max;(d;/ max(p;/s,1)) for all components A; in A(®). We can
take for instance 7, > st where t = max(max;(d;/p;),2). Then, for k = n and ¢ € Q4
small, the estimate (6.14) guarantees the existence of jet differentials under the complicated
condition

n

H (nst—n—1+2dj(1—s/pj)+) > % X

s=1

(6.15) nt( Z %(nst—n—1—|—Zdj(1—s/pj)+>)n1.

1<s<n 7

If we take p; > p > n, then (1 —s/p;)+ > 1—s/pfor s <n, and as nst —n —1 > 0 and
Zl<s<n (nst —n — 1) < n’t, we get a sufficient condition

- 2n - 1) ) 1 1 n-1
The latter condition is satisfied if 3, d; > ¢yt I, (1- §)_1 with

Cpn —

n2(2n—1)!(1+1+ _i_l_’_l)”—1
(n—1)! 2 n n3 ’

2t < % >_d;. The Stirling formula gives

since ¢, > n® for all n € N*, and so n
(6.16) en <27Y2(4/€)" 02 (1 +logn)" ! = O((2nlogn)™)

for n large. In this way we get
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6.17. Proposition. Let A = Zj(l — pij)Aj a simple normal crossing orbifold divisor on P

with deg A; = d;. Then there exist jet differentials of order n and large degree m on P™(A),
with a small negative twist Opy, (—me), provided that

n

> p> . Sod; > e max (max (2).2) T (1-2)

s=1

For instance, one can take all components A; possessing the same degree d and ramification
number p > n, and a number of components

or a single component (1— pll)Al with p1 > 2¢, and d; > 4c,, (notice that JJ(1— 52 ) L <2).
Since we have neglected many terms in the above calculations, the “technologlcal constant”
¢, appearing in these estimates is probably much larger than needed.
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