A GENERALIZED SCHMIDT SUBSPACE THEOREM FOR
CLOSED SUBSCHEMES

GORDON HEIER AND AARON LEVIN

ABSTRACT. We prove a generalized version of Schmidt’s subspace theorem for
closed subschemes in general position in terms of suitably defined Seshadri con-
stants with respect to a fixed ample divisor. Our proof builds on previous work
of Evertse and Ferretti, Corvaja and Zannier, and others, and uses standard
techniques from algebraic geometry such as notions of positivity, blowing-ups
and direct image sheaves. As an application, we recover a higher-dimensional
Diophantine approximation theorem of K. F. Roth-type due to D. McKinnon
and M. Roth with a significantly shortened proof, while simultaneously ex-
tending the scope of the use of Seshadri constants in this context in a natural
way.

1. INTRODUCTION

In the theory of higher-dimensional Diophantine approximation, Schmidt’s sub-
space theorem has inspired a long series of generalizations by many authors. Among
these generalizations is the following theorem due to Evertse and Ferretti [EF0S]
(see also the related results of Corvaja and Zannier [CZ04]).

Theorem 1.1 (Evertse-Ferretti). Let X be a projective variety of dimension n
defined over a number field k. Let S be a finite set of places of k. For each v € S,
let Dgy,..., Dy, be effective Cartier divisors on X, defined over k, in general
position. Suppose that there exists an ample Cartier divisor A on X and positive
integers d; , such that D; ., ~ d; ,A for alli and for allv € S. Lete > 0. Then there
exists a proper Zariski-closed subset Z C X such that for all points P € X (k) \ Z,

0 B) DR ]

veES i=0

Here, Ap, , v is a local height function (also known as a Weil function) associated
to the divisor D; , and place v in S, and h 4 is a global (absolute) height associated
to A. We will also use throughout the theory of heights and local heights associated
to closed subschemes (see [Sil87]).

A key condition in the above theorem is the required linear equivalence D, , ~
di A for all i and for all v € S. It is very natural to seek versions of this theorem
in which this condition is suitably weakened. In this spirit, the second author in
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[Levi4] proved the following generalization of Evertse and Ferretti’s theorem to
ample divisors which are numerically equivalent up to a constant.

Theorem 1.2 (Levin). Let X be a projective variety of dimension n defined over a
number field k. Let S be a finite set of places of k. For eachv € S, let Dy 4, ..., Dy,
be effective Cartier divisors on X, defined over k, in general position. Suppose that
there exists an ample Cartier divisor A on X and positive integers d; , such that
D, = divA for all i and for all v € S. Let € > 0. Then there exists a proper
Zariski-closed subset Z C X such that for all points P € X (k) \ Z,

> 2 AD“CZ.’”(P*) <(n+1+e)ha(P).

veS i=0

In order to further relax the assumptions of the above theorem, we incorporate
the concept of Seshadri constants to measure positivity. Moreover, invoking Se-
shadri constants naturally allows for the divisors D;, to be replaced with closed
subschemes of arbitrary dimension. We obtain the following theorem generalizing
the Schmidt subspace theorem, which is the main theorem of this note.

Theorem 1.3. Let X be a projective variety of dimension n defined over a number
field k. Let S be a finite set of places of k. For each v € S, let Yy4,...,Yy . be
closed subschemes of X, defined over k, and in general position. Let A be an ample
Cartier divisor on X, and € > 0. Then there exists a proper Zariski-closed subset

Z C X such that for all points P € X (k) \ Z,

D> v (AAy,,w(P) < (n+ 1+ €)ha(P).

veS i=0

We refer to Definition for the definition of the Seshadri constants ey, , (A)
and Definition for the notion of general position used here.

We record as an immediate corollary the following simplified version in the case
that the closed subschemes are Cartier divisors. This version stems from an earlier
unpublished manuscript, and we presented it at a 2014 meeting in Banff on Vojta’s
Conjectures. Note that if D is an effective Cartier divisor (which we also view as
a closed subscheme), then X = X in Definition and the Seshadri constants
simplify to

en(A) = sup{y € Q=° | A — D is Q-nef}.

Corollary 1.4. Let X be a projective variety of dimension n defined over a number
field k. Let S be a finite set of places of k. For each v € S, let Doy, ..., Dy be
effective Cartier divisors on X, defined over k, in general position. Let A be an
ample Cartier divisor on X and let c; ,, be rational numbers such that A — ¢; ,D;
is a nef Q-divisor for all i and for allv € S. Let € > 0. Then there exists a proper
Zariski-closed subset Z C X such that for all points P € X (k) \ Z,

Z ZCi,v)‘Di,v,v(P) < (n+1+e)ha(P).

veS i=0

We note also that the above corollary yields Theorem [I.2] as a special case as,
under its hypotheses, we plainly can take c;, = dl

1,v
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By a standard argument, Theorem [I.3] yields a similar inequality for proximity
functions my,s(P) = >, cg Avy,w(P) and an arbitrary number of closed subschemes
in general position:

Corollary 1.5. Let X be a projective variety of dimension n defined over a number
field k. Let S be a finite set of places of k. Let Yy, ..., Y, be closed subschemes of
X, defined over k, and in general position. Let A be an ample Cartier divisor on
X, and € > 0. Then there exists a proper Zariski-closed subset Z C X such that
for all points P € X(k)\ Z,

q
Eyi(A)myi’S(P) <(n+1+ G)hA(P).

i=0

For the next corollary, we observe that according to Definition for a closed

subscheme Y of codimension r, the elements of the list obtained by repeating Y up
to r times are in general position.

Corollary 1.6. Let X be a projective variety of dimension n defined over a number
field k. Let S be a finite set of places of k. For each v € S, let Y, be a closed
subscheme of X, defined over k, of codimension codimY, in X. Let A be an ample
Cartier divisor on X, and € > 0. Then there exists a proper Zariski-closed subset
Z C X such that for all points P € X (k) \ Z,

> (codim Yy )ey, (A)Ay, o(P) < (n+ 1+ €)ha(P).
vES

In particular, if Y, is equal to a fixed point x for all v € S, then Corollary
yields the existence of a proper Zariski-closed subset Z C X such that

S elrnlp) < () na(r)

n
veES

for all P € X (k)\Z. This statement appears as Theorem 6.2 (alternative statement)
in [MRI15]. More generally, if codimY, = r for all v € S, the inequality we obtain
in Corollary [T.6] takes the form

> e ivuP) < (5 4 ) nap)

r
veS

Recently, Ru and Wang [RW17] (see also [Gril8al [Gril8b] for versions over func-
tion fields) have given a different generalization of McKinnon and Roth’s results
[MR15] to arbitrary closed subschemes:

Theorem 1.7 (Ru-Wang). Let X be a projective variety defined over a number
field k. Let S be a finite set of places of k. Let Yy, ..., Y, be closed subschemes of
X, defined over k, such that at most £ of the closed subschemes meet at any point
of X. Let A be a big Cartier divisor on X and let ¢ > 0. Let

.3 WYX, N7fA —mE;)
=] m= :
Pay, = Jim NIO(X, NA) !

1=0,...,q,

where 7; : X; — X s the blowing-up of X along Y;, with associated exceptional
divisor E;. Then there exists a proper Zariski-closed subset Z C X such that for
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all points P € X(k)\ Z,

Xq:myi,s(P) < (max {5;71“} + e) ha(P).
1=0

0<i<q

When the closed subschemes Y; = y; are distinct points in X and dim X = n,
then one may take £ = 1 in Theorem and McKinnon and Roth have shown that

n
Bay, = P (4),

yielding a connection to Seshadri constants. More generally, combining the method
of proof of our main theorem with work of Autissier [Aut11], we show in Theorem[4.2]
that if X is non-singular and Y has codimension r in X, then

(2) Bay = (4).

r
n+1 ey

This yields an alternative proof of Corollary through Ru-Wang’s theorem in
the non-singular case (more precisely, one must combine with the proof of Ru-
Wang’s theorem in [RW17] to obtain the exact statement of Corollary[L.6]in the non-
singular case). The main theorem (Theorem|1.3)) and its other corollaries (Corollary
and Corollary , however, do not follow from a naive direct application of
Ru-Wang’s theorem, even in the non-singular case. For instance, even in the simple
case when the Y; are hypersurfaces in general position on P”, due to the factor £ on
the right-hand side of the inequality, Ru-Wang’s theorem doesn’t recover Evertse-
Ferretti’s Theorem [L.1] (see [RW17, Th. 1.7] and the discussion of Ru-Vojta’s result
[RV16] following it).

The proof of Theorem relies on an application of Evertse and Ferretti’s in-
equality to suitably constructed linearly equivalent divisors associated to the
closed subschemes Y; ,, and the ample divisor A of Theorem In contrast to
the proofs given in [MR15] and [RW17], Seshadri constants appear directly in our
arguments, and we do not make any use of inequalities of the form . In part

due to this, our proofs are substantially simpler, at least under the assumption of
Theorem [L1

Using the well-known correspondence between statements in Diophantine ap-
proximation and Nevanlinna theory [Voj87], the proof of Theorem can be
adapted to prove the following generalization of the Second Main Theorem in
Nevanlinna theory:

Theorem 1.8. Let X be a complex projective variety of dimensionn. LetYp,...,Y,
be closed subschemes of X, f : C — X a holomorphic map with Zariski dense image,
A an ample Cartier divisor on X, and € > 0. Then

2m
0~y d0

/ max 3 ey, (A, (Fr6)) o2 < e (n+ 1+ )Ty a(r),

0 J 4 2w

jed

where the mazimum is taken over all subsets J of {0,...,q} such that the closed
subschemes Y;, j € J, are in general position, and the notation <¢x. means that
the inequality holds for all r € (0,00) outside of a set of finite Lebesgue measure.

We refer to [Yam04] for the basic notation and development of Nevanlinna theory
with respect to closed subschemes (i.e., an analogue of Silverman’s theory [Sil87]
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in Nevanlinna theory). Along with this theory, the proof of Theorem follows
the proof of Theorem but one must substitute the use of Evertse and Ferretti’s
result (Theorem with an appropriate application of the analogous result in
Nevanlinna theory due to Ru [Ru09]. Ru’s “main result” in [Ru09] isn’t stated
in a manner analogous to Theorem however, the proof in [Ru09] proceeds via
a reduction to a precise analogue of Theorem [1.1] (see Eq. (3.2) and Eq. (3.20)-
(3.22) in [Ru09]). Analogues in Nevanlinna theory of Corollary Corollary
and Corollary [L.6] follow immediately. As the proofs are reasonably straightforward
(with the above substitutions), we omit the details. In another direction, we will
explore the implications of Theorem for the degeneracy of integral points in a
subsequent paper.

The following Section [2] contains background material from algebraic geometry
and Diophantine approximation. The proof of the main theorem, and its application
to Corollary will be given in Section [3] In the final Section [4 we establish
inequality , clarifying the relationship with the work of Ru-Wang.

2. BACKGROUND MATERIAL

We begin by recalling some background material related to blowing-ups, based
on [Har77, Section II.7]. Note that throughout the paper, we will alternatingly use
the language of invertible sheaves, line bundles, and divisors in order to properly
align with statements and expressions from the literature and also to streamline
our own notation. Let X be a projective variety and Y a closed subscheme of
X, corresponding to a coherent sheaf of ideals Zy. Consider the sheaf of graded
algebras S = @ ;- Iy, where Z¢ is the d-th power of Ty, with the convention that
IV = Ox. Then X = Proj S is called the blowing-up of X with respect to Iy, or,
alternatively, the blowing-up of X along Y.

It should be noted that the corresponding morphism X — X in general does
not necessarily contract a divisor on X. We will use the following well-known
proposition.

Proposition 2.1 ([Har77, Proposition 11.7.13(a)]). Let X be a projective variety,
Ty a coherent sheaf of ideals corresponding to a closed subscheme Y, and let 7 :
X — X be the blowing-up with respect to Iy. Then the inverse image ideal sheaf
fy =717y - Ox is an invertible sheaf on X.

In fact, according to the proof of [Har77, Proposition I1.7.13(a)], this invertible
sheaf is O (1), as defined in [Har77, p. 160, Construction]. Throughout the paper,
we let E denote an effective Cartier divisor in X whose associated invertible sheaf
is the dual of 7717y - O5. As we already remarked, the divisor E might not be
exceptional in the sense that it may not be contracted, but that turns out to be
irrelevant to our argument. Moreover, [Har77, Ex. I11.7.14(b)] gives us

Lemma 2.2. Let Y be a closed subscheme on a projective variety X. Let m: X —
X be the blowing-up along Y and let A be an ample Cartier divisor on X. Then
for all sufficiently small positive € € Q, the Q-diisor n*A — €E is Q-ample on X,
where E is an effective Cartier divisor on X whose associated invertible sheaf is

the dual of ™Iy - O.
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We now define the appropriate notion of a Seshadri constant in this context.
When X is non-singular, this definition was made in Definition 1.1 and Remark
1.3 of [CEL0O1] by Cutkosky-Ein-Lazarsfeld (motivated in turn by earlier work of
Paoletti [Pao94]). We expand their definition in a natural way to the singular case,
which, while enabling us to obtain the desired Diophantine approximation results
in full generality, may also be of independent interest.

Definition 2.3. Let Y be a closed subscheme of a projective variety X and let
7 : X — X be the blowing-up of X along Y. Let A be a nef Cartier divisor on
X. We define the Seshadri constant ey (A) of Y with respect to A to be the real
number

ey (A) = sup{y € Q=° | 7* A — vE is Q-nef},

where F is an effective Cartier divisor on X whose associated invertible sheaf is the
dual of 77711}/ . OX

For closed subschemes we work with the following notion of being in general
position. As was remarked in the introduction, for a closed subscheme Y of codi-
mension 7, the elements of the list obtained by repeating Y up to r times are,
somewhat counterintuitively, in general position according to this definition.

Definition 2.4. If X is a projective variety of dimension n, we say that closed
subschemes Y7,...,Y, of X are in general position if for every subset I C {1,...,q}
with [I| < n+ 1 we have codim N;c;Y; > |I|, where we use the convention that
dim@ = —1. If V is a subset of X, we say that closed subschemes Y7,...,Y, of X
are in general position outside of V' if for every subset I C {1,...,q} with |I| <n+1
we have codim ((N;erY:)\V) > |I].

Remark 2.5. When Y; = D;, i =1,...,q, is an ample effective divisor for each i
(as in Theorem , Definition is easily seen to be equivalent to other familiar
notions of general position. If ¢ > n, the ample divisors Dy, ..., D, are in general
position if and only if the intersection of any n+ 1 distinct divisors D; is empty. In
general, the ample divisors D, ..., D, are in general position if and only if for any
subset I C {1,...,q} with |I| <n+ 1, we have an equality codim N;erD; = |I|.

We end this section by recalling some of the basic properties of height functions.
Classically, one associates a height (or local height) to a (Cartier) divisor on a
projective variety. More generally, there is a theory of heights (and local heights)
associated to arbitrary closed subschemes of a projective variety. We give here a
quick summary of the relevant properties of such heights and refer the reader to
Silverman’s paper [Sil87] for the general theory and details.

Let Y be a closed subscheme of a projective variety X, both defined over a
number field k. For any place v of k, one can associate a local height function
(or Weil function) Ay, : X(k)\'Y — R, well-defined up to O(1), which gives a
measure of the v-adic distance of a point to Y, being large when the point is close
to Y. Moreover, one can associate a global height function hy, well-defined up
to O(1), which is a sum of appropriate local height functions. If Y = D is an
effective (Cartier) divisor (which we will frequently identify with the associated
closed subscheme), these height functions agree with the usual height functions
associated to divisors. Local height functions satisfy the following properties: if Y
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and Z are two closed subschemes of X, defined over k, and v is a place of k, then
up to O(1),

>\YOZ,v = min{AY,va /\Z,v}a
Ay4zp = Avw + Az,
/\yﬂ} < >\Z,v7 Y c Z.

In particular, Ay, is bounded from below for all P € X(k)\Y. If¢p: W — X isa
morphism of projective varieties with ¢(W) ¢ Y, then up to O(1),

Avio(B(P)) = Agry.a(P), VP € W(k)\ 6°Y.

Here, YNZ, Y+ Z,Y C Z, and ¢*Y are defined in terms of the associated ideal
sheaves (see [Sil87]). In particular, we emphasize that if Y corresponds to the ideal
sheaf 7y, then ¢*Y is the closed subscheme corresponding to the inverse image
ideal sheaf ¢~1Zy - Oy Global height functions satisfy similar properties (except
the first property above, which becomes hynz < min{hy,hz} + O(1)).

3. PROOF OF THEOREM [I.3] AND COROLLARY

We now give the proof of the main theorem.

Proof of Theorem[1.3. Let Z;, be the coherent sheaf of ideals associated to Y;,,
Tiw : X4 — X be the blowing-up of X along Y; ., and E; , the associated divisor
on X;,. Let € > 0 be a rational number, and for each 7 and v let ¢; , < €y, ,(A) be
a positive rational number. It follows from the definitions that 7} vA— €y Ei, is a
nef Q-divisor. By Lemma for any sufficiently small positive rational number €,
depending on €, we have that e} A — €'E; , is Q-ample for all ¢ and v. Therefore,
(77 A= €ivEin) + (en] , A= Ei ) = (1 +e)m; ,A— (€10 +€)Eiy
is an ample Q-divisor for all i and v. It follows from [Har77, Exercise I11.5.9(b)] that
TiwsO%. (—kE;,) = Iik,v for all sufficiently large integers k. Let N be a positive

i,v

integer such that for all i and for all v € S,

(3) Ti0sOg, (=N (€ + €)Eyy) = T )
and N((1+e)m;,A— (€ +€)E;,) is a very ample divisor on X, FixveS. We
now construct divisors Fp ..., Fp, on X such that

(a) NAl+eA~F;,,i=0,...,n.
(b) 7y Fiv > N(€iw+€)Eiy, i=0,...,m.

(c) The divisors Fy y, ..., Fy,» are in general position on X.
We define Fy , . .., F,, inductively as follows. For some j € {0,...,n}, assume
that Fo v, ..., Fj_1,, have been defined so that (ED and (]ED hold for 0 < i < j—1, and
Fou, . s Fj—1,0,Yjv,...,Yn, are in general position on X (for j = 0 this reduces

to the hypothesis that Yp ,,..., Y, , are in general position).
Let B9 = 73, F,, i = 0,....j — 1, and YY) = 7 Y, i =

i, K

0,...,n. Since, in particular, Foo,...,Fj—1v,Yj+1,05--+,Yne are in general
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position on X, and 7;, is an isomorphism outside of F;,, the closed sub-
schemes Féfg,...7}7_}-(]_)17”,17]-(_{_)17”,...7)7,93 are in general position on Xjﬂ, out-
side of Ej,. As N((1 + emj,A — (0 + €)Ej,) is very ample, we

can find a non-zero section s € HO(XJQU,OXJ_“U(N((l + emr A — (€0 +

€)E;,))) such that Féi}), . .,F‘;z)l’v,div(s),%(i)l’v, ...,V are in general posi-
tion on X;, outside of E;,. Let Fj(jv) = div(s) + N(ej» + €)E;,. Then
~(§?2 Cey I:"j(i)lm, F;ﬁ}, )7;-(1)1,”7 cey 1775]3 are in general position on Xj,v outside of E; ,,.

We now claim that there is an effective divisor Fj, ~ N(1 + €)A on X such
that 7 F;, = Fj(fv). For ease of notation, we temporarily set X = Xjﬂ), T = Ty,
L=0x(NA+eA), T =1, and T = Og (~N(ejw +¢)Ej.)). Then
I=nr"1'T- O and, by our choice of IV, I =1.

We have a map of sheaves on X,

71'*1'—>i — 05( = W*Ox,
where the composite map is induced by the ideal sheaf map Z — Ox [Har77,

Caution I1.7.12.2]. Tensoring with 7*£L, we obtain a commutative diagram

THL®L) —— 7L

| |

LT — 7L
where the top map is induced by £L ® Z — L and the vertical map on the right is
the identity. Using that 7, is right adjoint to 7* yields a diagram

LRIL — L

! |

T(T LR T) — mm*L

which is commutative by the naturality of the adjunction maps, and where the ver-
tical map on the left is the isomorphism of the projection formula [Har77, Exercise
I1.5.1]. Taking global sections, using the definition of the direct image sheaf, and
reverting to the fuller notation, we obtain a commutative diagram

HY(X,0x(N(1+€)A) ® zﬁfef‘w“')) HO(X,0x(N(1+€)A))

.
gl l’ra‘ v

HO(X 0, O, (N((1+ Oy A~ (c10 + €)Ey)) —— H(X;0, 05, (N((1+ )73, A)))
where the left-hand isomorphism comes from the projection formula and the hori-
zontal maps are induced by the maps of ideal sheaves
N(en,v-i-e/
T’

(—N(ij + Gl)Ejm) — OXJ',U'

) — Ox,
Ox

J,v



A GENERALIZED SCHMIDT SUBSPACE THEOREM 9

Then the claim (in the language of sections) follows from the commutative dia-
gram and the definition of 13'7(] ). there is an effective divisor Fj, ~N(l+¢Aon

e
X such that 7}, Fj,, = F).
It is immediate that Fj, satisfies the conditions @ and (]ED above

for ¢+ = j. To complete the inductive definition, it remains to
show that Fy.,...,Fjv,Yj41,0,---,Yn are in general position. Since
Fé’]v), o Fj(]—)l,m Fj(fv), Y/j(_{_)l)v, . f/n(%} are in general position on X, outside of

E;,, and 7;, is an isomorphism above the complement of Yj,, it is clear that
Fovyeo s Fiv, Yjti,0s- -5 Yoo are in general position outside of Y ,,. The full state-
ment now follows from combining this with the fact that Y}, is in general position
with Fo o, ...y Fj_1.0,Yj41,05- -+, Yne. Thus, we obtain divisors Fp,, ..., Iy, with
the required properties.

We may now apply Theorem [L1] to the linearly equivalent divisors Fj,, i =
0,...,n,v€ES, and N(1+ €)A. We obtain

Z Z )\Fi,y,v(P) < (n + 14+ f)hN(l—i-e)A(P)
veS i=0

for all P € X(k) \ Z for some proper Zariski-closed subset Z of X containing the
supports of all F;,, v € S, % =0,...,n. By functoriality, additivity, and the fact
that local height functions attached to effective divisors are bounded from below
outside their support, we have

N (T (P)) = At 1o (P) + O(1)
> N(eiw+€)Ag, , o(P) +O(1)
= N(€i,o +€)Av; ,0(mi0(P)) + O(1)
for all P € X'“,(k) outside the support of m}  F; .
Then there exists a Zariski closed subset Z C X such that

DD (eiw +Aviw(P) < (L4 €)(n+ 1+ €)ha(P) +O(1)

veS i=0
for all P € X (k) \ Z. Since ¢,¢, and ey, ,(A) — €0, for all i and v, may be chosen
(simultaneously) arbitrarily small, the result follows. O

We end this section by giving the short proof of Corollary

Proof of Corollary[1.6 Let v € S. If codimY, =r and Y;, =Y,,i=0,...,r — 1,
then the closed subschemes Yy ,,,...,Y,_1, are in general position. The result is
now immediate from Theorem after choosing the remaining closed subschemes
Y; ., arbitrarily (so that the general position assumption is maintained) and using
that local height functions associated to closed subschemes are bounded from below
outside their support. O

4. COMPARING 4,y AND ey (A)

In this final section, we combine the method of proof of our main theorem with
work of Autissier [Aut11] to establish inequality . We begin by recalling the setup
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of Autissier’s filtrations. Let £ be a line bundle on a non-singular projective variety

X of dimension n, and Dy, ..., D, ample effective divisors on X. We assume that

h%(X,L) > 1, Dy,..., D, are in general position on X, and N?_, D; is non-empty.

Under our assumptions, the general position condition is equivalent to Autissier’s

assumption in [Autll] that Dy,..., D, intersect properly [Autlll Remarque 2.3].
Let RT = [0,00) and let

A:{t:(tlaatT)E(R+)r|tl++t7‘:1}

For each t € A and z € Rt define

(4) N(t,z) = {b € N" | t1by + -+ + t,b, > z},
I(t,z)= Y Ox (— Zb@-) ,
beN (t,z) i=1

F(t), = H'(X,Z(t,z) ® L).

For a section s € HY(X, L)\ {0}, let u¢(s) = sup{y € R* | s € F(t),}. Let

Flt) = — /O ~ (dim F (), do.

h(X, L)
If B={s1,...,5} is a basis of H*(X, L) adapted to the filtration (F(t).)scr+,
then [Autlll Remarque 3.5]

We use the following theorem [Autlll Théoreme 3.6].

Theorem 4.1. The function F is concave on A. In particular, for t € A,

min ST RO(X, £(—mDy)).

(5) f(t) z i=1,...,r hO(X7 ‘c) m2>1

Suppose that D ~ dA for some positive integer d and ample divisor A on X. We
will use the formula
1

din+1)’

: 1 0 _
(©) MmN Ay 2 M NA - mD) =

which is an easy consequence of the asymptotic Riemann-Roch formula
An
hY(X,mA) = —m" + o(m"™1).
n

We are now in a position to prove inequality , restated here as

Theorem 4.2. Let X be a non-singular projective variety of dimension n and let
Y be a closed subscheme of X of codimension r. Let A be an ample divisor on X.
Then

Bay > ey (4).
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Proof. Let 7 : X — X be the blowing-up of X along Y, and let E be the associated
divisor as above. Let € and €} < ey (A) be positive rational numbers. As in the
proof of Theorem for all sufficiently small €/, and for any sufficiently large and
divisible positive integer M (depending on e and €’), we construct effective divisors
Fi,...,F. on X such that

(a) MQ+eA~F,i=1,...,r.
(b) m*F; > M(éy, +€)E,i=1,...,7.
(¢) The divisors Fi,..., F, are in general position on X.

Let N be a positive integer and £ = Ox(NA). We take to = (1,...,1) and

D;=F;,i=1,...,r. Let B={s1,...,5} be a basis of H*(X, L) adapted to the
filtration (F(to)s)zer+, where I = h%(X, £). Then

l
Z Htg (sk)
k=1

From the construction of F} in the proof of Theorem [I.3] we have

F(to) =

~] =

M

IY (e +¢) D Ox (—Fi), 1=1,...,7

Therefore, if s € F(to), then
se H (X, Lozt
where the use of [ry] is justified by the observation that if
1
T

tiby 4+ +tbr==b1+--+b)>x

in (@), then by + -+ + b, > [rz] as by,...,b, € N (for the same reason, ryuq,(s) is
an integer for any s € H°(X, £)).

From the projection formula (and an appropriate choice of M),
HOX, Lo TS+ = gO(X 0o (Nr* A — [ry] M(ey + €)E)).

It follows that a given section s; in B corresponds to an element of
HY%X,04(Nn*A—mE)) for at least m = 1,...,7M (€} + € ), (si), and therefore

l
1
> rM(ey + 6/)7 Zﬂto (sk) = rM(éy + €)F(to).
k=1

S RO(X,N7*A —mE)
hO(X,NA)

From we find that

By (6), for any €’ > 0 and sufficiently large N, we have

1 1 1

N ) 2,1 ECm ) 2 g

m>1
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Then for sufficiently large N,

S hO(X,N7*A —mE) - (el + €)

- ’ AW
NKO(X, NA) 2 rnare Ml e

Since we may choose ¢, €/, and ey (A) — € arbitrarily small, and then choose ¢’
so that rM (e} + €')¢” is arbitrarily small, we find that

as desired.
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