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DOLBEAULT COHOMOLOGIES OF BLOWING UP COMPLEX
MANIFOLDS II: BUNDLE-VALUED CASE

SHENG RAO, SONG YANG, AND XIANGDONG YANG

ABSTRACT. We use a sheaf-theoretic approach to obtain a blow-up formula for Dolbeault
cohomology groups with values in the holomorphic vector bundle over a compact complex
manifold. As applications, we present several positive (or negative) examples associated to
the vanishing theorems of Girbau, Kawamata-Viehweg and Green-Lazarsfeld in a uniform

manner and study the blow-up invariance of some classical holomorphic invariants.
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1. INTRODUCTION

1.1. Background and related works. In complex and algebraic geometries, one of the
most important geometric transformations is blow-up (or blow-down) which provides us with
a useful method to construct new complex manifolds or algebraic varieties from the orig-
inal ones. In particular, the blow-up operation plays a significant role in bimeromorphic
geometry. For instance, the Kodaira embedding theorem [24] is a remarkable application of
the pointed blow-up technique; the first example of non-algebraic Moishezon threefold and
non-projective smooth proper algebraic threefold due to Hironaka [19] are constructed by
blowing-up technique; Demailly-Paun’s characterization of a manifold in the Fujiki Class (€)
in [11] is established by a finite sequence of blow-ups of the complex manifold with a Kahler
current along smooth centers to construct a Kéahler metric on the final blow-up. According
to the celebrated weak factorization theorem [43, 1], each bimeromorphic map between com-

pact complex manifolds can be factored into a finite sequence of blow-ups and blow-downs.
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This implies that a holomorphic invariant of compact complex manifolds is a bimeromor-
phic invariant, if and only if, it is stable under the blow-up transformation. So from the
bimeromorphic geometry point of view, it is natural to study the variant of holomorphic
invariants of compact complex manifolds under the blow-up operations, or in a more general
setting, to compare holomorphic invariants for holomorphic mappings such as the Dolbeault,
Bott-Chern cohomology groups and so on.

The first result in this direction can be traced back at least to Aeppli [2] for proper
modifications. Subsequently, from the viewpoint of algebraic geometry Deligne [9] considered
the comparison problem of cohomology for proper birational morphisms of smooth schemes
over a field k£ and proved an injectivity result. In particular, for a proper modification
7 : X — X of compact Kihler manifolds, Grauert-Riemenschneider [13] showed that the
induced morphism

7 HpY(X) — Hg’q(X), for any p,q >0

is injective. In general, let V be a holomorphic vector bundle over a complex manifold X.
Then we can define the Dolbeault cohomology groups of X with values in V. Furthermore,

the holomorphic map 7 : X — X induces a morphism on cohomology groups
™ HPY(X,V) — HPY(X,7*V), for any p,q > 0. (1.1)

In his paper [41], Wells proved that if 7 is a proper surjective holomorphic mapping of complex
manifolds with the same complex dimension, then the pullback of 7 induces an injection on
de Rham, Dolbeault cohomology groups. Moreover, the map (1.1) for the bundle-valued

Dolbeault cohomology groups is also injective.

1.2. Summary of the results. This work is motivated by the following problem.
Problem 1.1. Can we describe explicitly the cokernel of the injective morphism (1.1)%

Generally, it seems difficult to give an answer to the above problem for a holomorphic
mapping and therefore we consider the special case: the blow-up morphism. The purpose of
this paper is twofold. First, as a sequel to our work [32], we extend the Dolbeault blow-up
formula [32, Theorem 1.1] to the bundle-valued case, which appears a non-trivial result even
for the projective manifolds. Secondly, the notion of relative Dolbeault sheaves introduced in
[32]y3 which is a uniform generalization of the ideal and canonical sheaves, is crucial in the
proof of blow-up formula on compact complex manifolds and we believe that these sheaves
admit their own independent meanings. Here we use this kind of sheaves to prove:

Theorem 1.2. Assume that X is a compact complex manifold with complex dimension n.
Let v : Z — X be a closed complex submanifold with complex codimension r > 2 and let
7: X — X be the blow-up of X with the center Z. If W is a holomorphic vector bundle over
X, then for any 0 < p,q < n there exists a canonical isomorphism

r—1
HPUX, 7°W) -5 HPU(X, W) @ (@ HP—4a=i(7, z*W)), (1.2)
=1

where ¢ is a linear map defined in (5.2).
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A subsidiary result of the above theorem is a natural isomorphism between cohomologies

of relative Dolbeault sheaves given in Lemma 4.5: for 0 < p,q < n,
HO(X, A (W) = HU(X A%, (x*W)),

whose notations we refer to Definition 4.2. This isomorphism is a natural generalization of

the key isomorphism
Hq(X7 C%/g(,Z(VV)) = HQ(X7 ‘%/227E(7T*W))

with W being a holomorphic line bundle over X in the proof of Bertram-FEin-Lazarsfeld’s
vanishing theorem [4, Theorem 1.2] (see also [26, Lemma 4.3.16] for the case of a = 1 therein).

As applications, we uniformly present several positive (or negative) examples associated
to the vanishing theorems of Girbau [12], Kawamata-Viehweg [23, 39] and Green-Lazarsfeld
[15] and study the blow-up invariance of some classical holomorphic invariants. In particular,
one obtains a new positive example to affirm that Girbau’s result is possibly true for p # ¢
when the Chern curvature form of the associated line bundle is semi-positive and positive
only on a dense open set: Let m : X — CP™ (n > 3) be the blowing up at a point in CP".
Then for p # q, H1(X, Q% @ 7*Ocpn (1)) = 0.

More generally, let f : X — Y be a projective and birational morphism between n-
dimensional smooth varieties over a field of characteristic zero. It is known that f,Ox = Oy.
Moreover, as a corollary of local Chow’s lemma and Hironaka’s resolution of singularities [20,
Main Theorem II'], the higher direct images R'f.Ox, i > 1, of the structure sheaf Oy is
zero. Hence, for a locally free sheaf W of constant rank on Y, by the projection formula, we
have
W, =0,

0, i>1.

Rf.f*W =

As a result, an application of the Leray spectral sequence implies that for all [ > 0,
H'(X, f*W) = H'(Y, W), (1.3)

which yields the case p = 0,q = [ of Theorem 1.2 over a field of characteristic zero. The case
p = n,q = | of Theorem 1.2 over a field of characteristic zero follows from f.Q% = Qf and
R f.Q% =0, i > 1 by the Grothendieck-Serre duality (cf. [30, §10] for example). But the
case p # 0,n for Theorem 1.2 can’t be obtained directly by Leray spectral sequences since
the relative vanishing doesn’t hold necessarily as shown in [36, Remark 2 (3)] then.

By Serre’s GAGA principle [34] and Theorem 1.2, the isomorphism (1.2) holds for smooth
proper varieties over C. Hence, abstractly by Lefschetz’s principle, the isomorphism (1.2)
should hold for smooth proper varieties over a field of characteristic zero. By a recent result
of Chatzistamatiou-Riilling [7], Rf.Ox =0, i > 1 and f.Ox = Oy, hence the isomorphism
(1.3) holds for smooth varieties over a field of positive characteristic. This also partially
verifies that the isomorphism (1.4) holds for smooth varieties over arbitrary field.

It is also important to note that the topological approach in the proof of de Rham blow-up
formula can not directly apply to the Dolbeault blow-up formula. However, the sheaf-theoretic
approach still works. Comparing with the de Rham blow-up formula [40, Theorem 7.31], one

finds that a crucial step in the proof is the Thom isomorphism. Because each closed complex
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submanifold Z of X (as a smooth submanifold) always admits a smooth tubular neighborhood
in X, the Thom isomorphism holds necessarily. However, the 0-Thom isomorphism does not
hold in general, because of the absence of the holomorphic tubular neighborhood of Z in X.
Especially, even for compact Kahler manifolds, there exist some obstructions for the existence
of the holomorphic tubular neighborhoods (cf. [33] and references therein).

In particular, if W is a trivial holomorphic line bundle over X, then the formula (1.2)

descends to a canonical isomorphism

r—1
¢: HPU(X) — HPU(X) & (@ Hgi’qi(Z)) (1.4)
1=1

This implies that the isomorphism of Dolbeault blow-up formula in [32, Theorem 1.1] is
actually canonical. Recently, Meng [28] extended (1.4) to non-compact complex manifolds
and Stelzig [35] gave a different proof of this formula. It is noteworthy that the directions
of the morphisms in (1.4) are opposite to those in [40, Theorem 7.31], [28]. In some sense,
the morphism from the sheaf-theoretic approach is the inverse of the morphism from the
topological approach.

After our preprint had been distributed, Meng [29] informed us that he has also considered
the Dolbeault blow-up formula for the bundle-valued case on non-compact manifolds by

Mayer-Vietoris sequence.

1.3. Outline of the paper. We devote Section 2 to the preliminaries on the notations
throughout this paper and basic sheaf theory of Dolbeault cohomology with values in a
holomorphic vector bundle. In Section 3, following the steps in the proof of the Hirsch
Lemma for Dolbeault cohomology by Cordero-Fernandez-Gray-Ugarte [8], we establish that
with values in a holomorphic vector bundle. In Section 4, we introduce the notation of
relative Dolbeault sheaves associated to the blow-up morphism. In Section 5, we use the
preparations of Sections 2-4 to give the first proof of the main result (Theorem 1.2), following
the full approach of [32],3. Finally, Section 6 contains some applications of Theorem 1.2.
Appendix A is a rapid review of Borel spectral sequence of complex analytic bundles and
Appendix B presents a second proof of Theorem 1.2 using the same philosophy as in [35].

Acknowledgements. S. Rao is partially supported by the NSFC (Grant No. 11671305,
11771339). S. Yang and X. Yang are supported by the NSFC (Grant No. 11571242, 11701414,
11701051) and the China Scholarship Council. The authors would like to express their grat-
itude to the following institutes for providing them with excellent working environment and
the hospitalities during their respective visits: Institute of Mathematics, Academia Sinica;
Department of Mathematics at Universita degli Studi di Milano and Department of Math-
ematics at Cornell University. Last but not least, we sincerely thank Professor V. Navarro
Aznar for answering our question on Lemma 4.1 (7ii), and Dr. L. Meng, J. Stelzig for sending
us their preprints [28, 29] and [35], respectively.

2. NOTATIONS AND SHEAF THEORY

In this section we introduce notation and review some basic definitions to be referred to

later.
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2.1. Notations and conventions. Throughout this paper we assume that X is an n-
dimensional compact complex manifold and Z C X is a closed complex submanifold such that
r = codimcZ > 2. Let 7 : X — X be the blow-up of X with the center Z and E := 7~ (Z)

the exceptional divisor. We assume the following notations:

a) v: Z — X is the holomorphic inclusion of Z in X;

b) j: E— X is the holomorphic inclusion of E in X;

c) W is a holomorphic vector bundle over X and W = 7*W is the pullback of W by 7;
d) «*W and 7*W are the restrictions of W and W on Z and E, respectively.

In summary, we have the following commutative cube

w
e /
Y4 W

[f/}(

E

The bottom of the above cube is the blow-up diagram.

2.2. Bundle-valued Dolbeault cohomology. Let AP?(X, W) be the space of smooth sec-
tions of the bundle APIT*X ®@c W. Assume that k = rank (W) and W|y, = U; x CF is a
holomorphic local trivialization with respect to an open covering {U;}icr of X. Under the
trivialization Wy = U x C* an element o € AP9(X, W) can be locally written as

a = (aly"' aak‘)a
where o, - -+, oy are smooth forms of type (p,q) on U. We then set
Oy (a) = (dan, -, 0ay);

it is a section of QP4H(U) ®c W. Assume that V is another open subset of X with the
holomorphic trivialization Wy = V' x C* such that U NV # (). The holomorphic property
of the trivialization means for any o € AP2(X, W) the following equality holds

0 ()| = OV (@) 7y (2.1)
The equality (2.1) enables us to define an operator
J: APUX, W) — APITL(X W)

by the condition d(«a|y) = dy(a|y). We call d the canonical (0,1)-connection of the holomor-
phic bundle W. It is clear that 9> = 0. Therefore, for any integer p = 0,--- ,n, we get the

so-called Dolbeault complex of (p,®)-forms with values in W:

0 — APO(X, W) KN AP (X W) o ...9 APLHX W) o, AP (X, W) — 0.  (2.2)

The g-th cohomology of the complex (2.2), denoted by HP4(X, W), is called the (p,q)-
Dolbeault cohomology group with values in W.
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For the given complex manifold X let Ox be the sheaf of holomorphic functions on X and
QF the sheaf of holomorphic differentiable forms of type (p,0) on X. Then there exists a
canonical resolution of Ox-modules for the sheaf Q% , namely, the Dolbeault resolution:

0—= Q8 — a0 & gt O O gen1 O g (2.3)

where @77 is the sheaf of differentiable (p, ¢)-forms on X. Since W — X is a holomorphic
vector bundle, the sheaf of holomorphic sections of W, denoted by O(W), is a locally free
sheaf of Ox-modules on X. By tensoring the Dolbeault resolution (2.3) with O(W), we
obtain a resolution of the sheaf Q% @0, O(W) (cf. [42, Lemma 3.19 of Chapter II])

0— QI))( ®ox O(W) - ‘Q{)I;’O ®ox O(W) @) ‘Q{)%l ®ox O(W) @)
C 8L 2L 2 OW) L2 P 90 O(W) —=0. (2.4)

Note that Q5 ®p, O(W) is isomorphic to the sheaf of the holomorphic sections of the
holomorphic bundle APT™*X ®c W and &7 ®p, O(W) is isomorphic to the sheaf of dif-
ferentiable sections of the differentiable bundle AP9T* X ®¢c W. For the simplicity, we write
0®1 as 0,

Q5 (W) =% @, OW) = O(ANPT*X @c W)
and
AR W) =% ®0, OW) = C®(X,\PIT*X @c W).
Then the sequence (2.4) equals to

0 — QB (W) == a20w) L i) L Lt w) L a2 (W) — 0,

where j : Q5 (W) — sz)lg’o(W) is the inclusion. From definition, the ¢-th sheaf cohomology of
QF (W) is defined to be
HI(X, Q% (W) i= RID(X, % (W),

where RII" is the g-th derived functor of the global section functor. For the sheaf complex
(2*(W),d), let RIT be the g-th derived functor of the global section functor of the sheaf
complex and the g-th hypercohomology of (¥*(W), ) is defined by

HY(X, /g% (W) = RIT(X, o/ (W)
Due to the Dolbeault-Grothendieck Lemma [40, Proposition 2.31] we get that the sheaf
complex (&/%*(W),0) is exact and

ker (9 : Z2OW) — 2N (W) = Q8 (W).

The sheaf Q% (W) can be thought of as a sheaf complex which is zero in degree different from
0, and equal to Q5 (W) in degree 0; and therefore, the inclusion j : Q% (W) — &/2*(W) is
a quasi-isomorphism of sheaf complexes. By [40, Corollary 8.9] the following isomorphism
holds:

RIT (X, 05 (W)) = RID(X, a2 (W)). (2.5)
Moreover, from the Dolbeault theorem [42, Theorem 3.20 of Chapter II] and (2.5) we get

HPUX, W) = HI(X, Q8 (W)) = HY(X, F2°(W)).



DOLBEAULT COHOMOLOGIES OF BLOWING UP COMPLEX MANIFOLDS II 7

2.3. Direct and inverse images. Here we refer to [18] as a standard reference of sheaf
theory.

Let f: X — Y be a continuous map of topological spaces. For an abelian sheaf .# on X
we define the direct image f..# to be the sheaf on Y defined by setting

U~ fFU)=Z(f1(U)),

where U is open in Y. The i-th higher direct image R'f,.Z is defined to be the sheafification
of the presheaf

U~ H'(f(U),7)

for any open U C Y; equivalently, R'f,.# = s'(f,I*) for an injective resolution I*® of .#
and 7 (f.I*) is the i-th cohomology sheaf of the sheaf complex f,I°®. In general, since the
functor f, is left exact, one can define the right derived functor Rf, of f, as follows:

Rf(F°) = [uI°,

where .#°® is a bounded blow sheaf complex and .#® — I® is a quasi-isomorphism with I® a
complex of injectives. Particularly, if X and Y have additional structure (for instance, ringed
spaces) we mean R'f, and Rf, in this sense.

Let ¢ be an abelian sheaf on Y. The topological inverse image of 4, denoted by f~'¥, is
defined to be the sheafification of the presheaf

U~ lim ¥(V)
v

for every open subset U of X.
Assume that f is a morphism of ringed spaces (X,0x) — (Y,0y). If # is an Ox-
module, then the derived image R'f,.# has the structure of Oy-module. Since Ox is an

f~1Oy-module, the inverse image of 4 in the sense of ringed spaces is defined to be
f*g = f_lg ®f_1(9y OX

Furthermore, we have the well known projection formula to be frequently used in this

context.

Lemma 2.1 (Projection formula). For any i € N, there is a natural isomorphism
Rf,EQF = Rf(E® [*F) (2.6)

for a sheaf of Ox-module €& and a locally free sheaf of constant rank F on Y.

3. HIRSCH LEMMA: BUNDLE-VALUED CASE

The purpose of this section is to establish the Hirsch Lemma for bundle-valued Dolbeault
cohomology using the same results and intermediate steps as in [8, Section 4.2], which is
possibly known to experts.

Suppose that F < E —> B is a holomorphic fibration such that E, B, F are connected

complex manifolds. Moreover, we assume that the structure group G of £ = (E, B, F, ) is
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connected and all forms we consider are smooth and C-valued. Let W be a holomorphic

vector bundle over B and W the pull-back of W by the projection 7
W—sW

E—"=B.
From definition, the projection 7 induces a morphism 7* : A**(X, W) — A®*(X,7*W).

Definition 3.1. Let j : F' < FE be the inclusion mapping. We say that H(%"(F) satisfies
the extending condition, if the morphism of bigraded algebras j* : HZ*(E) — HZ*(F) is
surjective.

It is noteworthy that the extending condition here is stronger than the condition that each
generator of Hé"(F) is transgressive in the sense of [8, Section 4.2]. However, the extending
condition is always satisfied for the projectivization of a holomorphic vector bundle.

Assume that H (%" (F) is a free bigraded algebra satisfying the extending condition. Pick up
a basis {x1, -+ ,X;,} of Hé"(F). From Definition 3.1, there exists an element x; € Hé"(E)
such that j*(%;) = x;. Let T = A%*(B, W) ®c H"*(F) and define the differential 0 on T by
setting

O(w®x;) = (0w) ®x%;, for any 1 <i < m. (3.1)

Thus, (7T,0) is a differential graded complex over C. Moreover, we can define a morphism of

complexes
YT — A (E, 7 W), w®x; — 7" (w) AX, (3.2)

where X; can be viewed as a form on F with values in the trivial holomorphic line bundle.
Set

a+c=p
bt+d=q

and define
d
'T= Y A*"(B,W)® Hy'(F),
a+b>k
where the degree 0 < k < n := dimgB. Then we get
T=@"'T, arL*T)c L*T.
X

The above construction actually yields a filtration on T
T=LT>L'T> - >L"'T>L"T>O0. (3.3)

We introduce the following subspaces of T":

(1) T8+t = @erq:ert(p’qT)?

(i) PALFT = (LFT) N (P9T),
(iii) pquls’t = (PALSTsH N (07T (p,q+1Ls+lTs+t+1))
(iv) p7qus7t = (PALSTST) N 5(p7q_1Ls—lTs+t—1).

)
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The differential 0 acts on P9LFT with the degree 1 in ¢ and the degree 0 in p, i.e.,
9 : PALRT — PaTILET,
According to the standard spectral sequence theory, there exists a spectral sequence {El, cil}
with respect to the filtration (3.3) such that
(i) the term of E; of type (p, q) with the filtration degree s and the total degree s+t is

D,q S,t
Pafst — 2

s+1,t—1 , st ;
paz + PaB

(ii) the differential is
d; p,qus,t N p,q+1Els+l,tfl+1'

(iii) {E} converges to Hz(T), i.c.,
> PR = Gr HBY(T) = HY(T).
ptHq=s+t

We claim that the second term Eg is

p,QE;t ~ Z }Ii,sfi(B7 W)@ Hg_i’q_s—’—l(F).
>0

For the (p,q)-type subspace of T" with the filtration degree s and total degree s + t, we

have
passtt _ Z Z Aa’b(B, W) ® Hg’d(F) (3.4)
a+b>s a-+c=p
p+g=s+t b+d=q
and
papstlpstt _ Z Z Aa’b(B, W) ® Hg’d(F). (3.5)
a+b>s+1 a+c=p
p+q=s+t b+d=q
Set
PaQst= N N A(BW) @ HEYF) =Y ATI(B,W) @ HEHITH(F). (3.6)

a+b=s a+c=p ]ZO
pt+q=s+t b+d=q
From (3.4)-(3.6) we obtain the following equality
PALSTSTE — PaQst g papstipstt, (3.7)
We are ready to compute p,qu,t. From definition, we have

p,qu‘f’lyt*l _ (p,qu+1Ts+t) N 5—1 (pqurlLs—l—ZTs-i—t-i—l). (3.8)

Furthermore, it is straightforward to get

p,qZ2s,t — p,quT8+t N 5*1 (p7q+1Ls+2Ts+t+1)
— (p7QQS7t D p,qL8+1TS+t) ) 5—1 (p7q+1LS+2TS+t+1) (By (37) _ (38))
_ (p,qQ&t N 5—1 (p,q+1Ls+2Ts+t+1)) ® p,quﬂLLt*l. (3_9)

If we = ijo(wjvs_j ® xP714=517) € PAQ5t then we have

O(ws) =Y w7y @ xP=1=5H], (3.10)

=0
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Consider the filtration degrees of the terms in the right side of (3.10). Observe that
5((”]}8*]') ® xP~ha=sti ¢ pstlp

has the filtration degree s + 1. This means that 9(w,) € P9I LsH2T5H+L namely, O(ws) has
the filtration degree at least s + 2, if and only if O(w’*™7) @ xP~595+J = ( for any j > 0 and
hence d(w’*~7) = 0. Tt follows that the subspace

p,qu,t N 571 (P,q+1Ls+2Ts+t+1)

is equivalent to
Y = {ZWJ}SJ' ® xP~HI7sH] ¢ Pagst g(wj,sfj) =0, for any j > 0}
Jj=0
and thus, by (3.9), we get
it g rst1t—1
Pazst =Yy @Piz; . (3.11)
For the term P¢B; ' the definition shows
p,fo,t _ (p,quTs+t) N g(qu_lLs—lTs-i-t—l)‘
An element wy_q € P47LLs~ITsH=1 has a unique expression

Wg—1 = E wl,sfzfl ® Xp*l,Q*Sﬁ’l + § :wz,kfz ® prz,qfkflJrz.

>0 i>0
- k>s

Due to (3.1), we get
O(ws—1) = Z (w1 @xPhaTst Z w1y @ xpba—k-1+
>0 i>0
k>s

On one hand, a careful degree checking shows

wl = Zé(wi,é}*ifl) ® priyqfs‘f’i c p,(ILSTS+t

i>0
and
w/l — Z 5(wi,k7i) ® pri,qfkflJri e p’qu+1T8+t.

i>0
k>s

On the other hand, since 9(w”) = 0 it means

=_ 1 —
W e (p7qu+1Ts+t) no 1(1’77‘14‘ Ls+2Ts+t+1) — p,qZ18+1,t 1.

As a result, we obtain
p’qB‘f’t -9 (I%Q*lLsflTertfl) + terms in p,qzlerl,t—l_ (3.12)

From (3.11) and (3.12), it concludes the isomorphisms:

it
PAfSt — P97, ~ Y
p,qu“vt_l + p7QBf’t 0 (p’q_lLS*ITSH*l) ,
and thus
gt S B & HE ) 313

1>0
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Lemma 3.2 (Hirsch Lemma). Suppose that Hé"(F) satisfies the extending condition (see
Definition 3.1). Then the morphism v in (3.2) induces an isomorphism

HY*(T) = H** (B, m*W).

Proof. Let L*A**(E,n*W) be the Borel filtration of A**(E,7*W). On one hand, according
to Theorem A.2 and Corollary A.3 we get that the associated Borel spectral sequence {Ej, d;}
converges to H(E, W) with the second terms

Papyt ey HST(B, W) @ HE M), (3.14)

i>0
On the other hand, note that the morphism of complexes ¢ : T' — A®*(E, 7*W) is filtration
preserving, and hence it induces a morphism of spectral sequences ¢y : E, — E,. Combining
(3.13) with (3.14) implies that
o PAEST 5 PAES

is isomorphic. As a direct consequence of a standard result in spectral sequence theory we

get E, ~ E, for any [ > 2. This means FE. & E., and therefore 1 induces an isomorphism
of cohomologies H(%"(T) >~ H**(E,W), which completes the proof. O

Now consider the projectivization 7 : P(V) — B of a holomorphic vector bundle V' over
B with rank r. Then the fiber F of P(V) is CP"~!. Assume that W — B is a holomorphic
vector bundle and let W = 7*W be the pull-back of W on P(V'). Then we have

Lemma 3.3. The Dolbeault cohomology of W is a free H**(B,W)-bigraded module with the

basis {1,5, e ,t~r*1}; namely, we have the canonical isomorphism
H**(P(V),W) =2 H**(B,W) @ {1,¢,--- , '},

where t = ¢1(Opay(1)) € Hé’l(]P’(V)).

Proof. Note that the Dolbeault cohomology of F is

H3*(F) = Hy*(CP™!)  Clt]/(¢"),

where the generator t € H(%’l((CPr_l) is the Kihler form of the Fubini-Study metric on CP"~1.
We claim that Hg"(F ) satisfies the extending condition. Consider the first Chern class of
the tautological line bundle over P(V):

t=c1(Opy(1) € Hy' (P(V)).

From definition, the restriction of ¢ to each fiber F is the generator of H g’*(F ), namely, t|r =
t. Consequently, t can be extended to be a class on E. Set T'= A**(B,W) ® H(%"((CPT*I).
We can define a natural differential operator of (0,1)-type on T by setting

Ir(a®t) = (da) @,
for any a ® t € T. By definition, the cohomology of T is

H**(T,0r) = H**(B,W)® Hy*(CP"!)
~ H**(B,W)®{Lt, -, t" '}
~ H**(B,W)®{1,t,--- "'}
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According to Lemma 3.2 we obtain
H**(P(V), W) = H**(T,8r) = H**(B,W) @ {1,&,--- , £},

and the proof is complete. O

4. RELATIVE DOLBEAULT SHEAVES ASSOCIATED TO THE BLOW-UP DIAGRAM

4.1. Higher direct images. Recall the blow-up diagram:

pl.x (4.1)
=
7—~ X.
Then we have the following isomorphisms:
™0 = W*Q?Z, @ Q) = w,0b, and j* RSW*QI}( = L Rw 0L (s> 1). (4.2)

The first isomorphism in (4.2) can be proved by using the Hartogs extension theorem and
for the second we refer to [38, §4, Theorem 2]. For s > 1, the third isomorphism in (4.2) was
first proved by Gros [16] for smooth schemes over a field. Subsequently, in their paper [17],
Gullén-Navarro Aznar improved this result for any s > 1 on smooth schemes over a field. In
his paper [35], Stelzig indicated those isomorphisms for complex manifolds. Without claiming
any originality, we extend the isomorphisms in (4.2) to the bundle-valued case by following

the same steps in the proof of [17, Proposition 3.3] since there is no available literature.

Lemma 4.1. For a holomorphic vector bundle W on X and W := m*W , there hold:
(i) 7 : Q5 (W) — W*QI}((W),
(i) w*: QZ(Z*W)~i> w*Q%(j*W), i
(iii) 7 : R°m QL (W) — . R°w QR (W), (s = 1).
Proof. (i) The morphism 7* : Q% — m.Q% is naturally induced by the pullback of holomor-
phic differential forms

(V) D(V,Q%) — D(V,9%)
a = (7]p)
for every open subset V C X and V := 7~ 1(V).

First we prove that the morphism 7* : Qf — W*QI}( is isomorphic. It suffices to show that
7*(V') is isomorphic for any open set V C X with V N Z # () since 7 : X-E>X-Z
is biholomorphic. It is easy to see that 7*(V) is injective. In fact, note that 7|y _yrp :
V—-VNE —V —VnZ is biholomorphic. Suppose 8 € I'(V, Q%) with (r|)*8 = 0. Then
we obtain Bly_vnz = (7|y_png) B = 0. Since codimcV N Z > 2, the continuity argument
gives f = 0. Moreover, for any a € I‘(TN/, QI){(), we define a holomorphic p-form on V -V N Z:

ANk~
v = ((Tly_pnp) ) (@ly_pag)
As codimeV N Z > 2, the Hartogs extension theorem yields a holomorphic extension « of ¢

on V such that a|y_ynz = ¢. Then we have ((77]‘7)*04) lv_vne = (Tly_png)*? = @ly_yng-
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Again by the continuity argument, we have (7|;;)*a = &. This shows that 7*(V') is surjective
and thus 7*(V') is isomorphic.

Furthermore, note that Q’}((VV) = Q’}( ® W and according to the projection formula, we
get

W*QI}( QW = ﬂ*(QI}( RmW) = ﬂ*(QI}( @ W).

(ii) The morphism w* : O, — w0k is naturally induced by the pullback of holomorphic

differential forms
@ (V) : T(V, Q) — D(w (V) Q)

for any open subset V' C Z. The local trivialization of fibre bundle gives an open neighborhood
for any point in Z, still denoted by V, such that ©=!(V) is biholomorphic to V x CP"~1.
Notice that

[(w ™ (V),Qf) = HPY(V x CP™ 7).
From the Kiinneth formula [8, Corollary 19] (still true with the noncompact base), we get

HEOV xCPh) = N HE(V) @ HE(CPTY)
a-+c=p

~ TV,
So w* : 1), = @, Q.. Moreover, we have
@ (O, @ 7W) = @ (Qh @ 1 W)
= w. (0L ® w W) (@ = 5*r™").
By the projection formula for w, it follows
QLW) = 0L @' W — @w,QL @ "W — w.(QF, @ w** V).

Finally, we give the proof of (iii). Because E is the exceptional divisor, there exist two
short exact sequences of vector bundles, i.e., the structure sheaf sequence and the dual of the

normal bundle sequence on X and E, respectively,

0—03(—FE) — O3 — 3.0 — 0; (4.3)

where Op(—FE) = 7*O%(—E). Set O4(1) := Oz(=FE), Op(1) := Op(—F) and thus we have
05(1) = 7 O5(1). ~

For any integer 1 < p < n — 1, by tensoring the sequence (4.3) with Q%(W) ® Og(m)
and using the projection formula for the last term, we obtain a short exact sequence of

holomorphic vector bundles over X

0— Q?((W) () OX(m + 1) — QI;((W) X OX(m) — Q?((W) ®]*0E(m) — 0. (4.5)
Taking p-th exterior wedge of (4.4), we obtain an exact sequence

0— Q% ® Op(l) — J*Q% — OF — 0. (4.6)
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Tensoring 7*W ® Op(m) with (4.6), we get another short exact sequence of vector bundles

0— Q2 (W) @ Op(m +1) — ]*Q?((W) ® Op(m) — QL (W) ® Og(m) — 0.
(4.7
From now on, we fix an integer ¢ > 1 and consider the higher direct images of the first
and last terms in (4.7). Observe that the line bundle

Oz (Dl = Ox(=E)le = Oy, 1) (1)

is positive [40, Lemma 3.26]. Set F*(I) = Q% ® Og(l) and the Bott vanishing theorem [25,
Theorem 5.2 implies for any { > 1 and z € Z,

HYE,, F*(1),) = HI(P", 0k, @ Opr—1(1)) = 0.

So we get Riw, (2% ®@0Og(1)) = 0 for any integer [ > 1. Actually, from the Grauert continuity
theorem [3, Theorem 4.12 (i) of Chapter III], we know that R, F* (1) is a locally free sheaf
of rank dim HY(E,, F*(1),) = 0. Moreover, there hold

Riw, (O (7 W) @ Op(m+1)) = O@ W)@ Rl (V5 ' @ Op(m+1)) =0, for any m >0

(4.8)
and similarly
Riw, (Q%(]*W) ® Op(m)) =0, for any m > 1.
Hence, by the long exact sequence of higher direct images of (4.7), we obtain
Riw, (]*Q?((W) ® Og(m)) =0, for any m > 1. (4.9)
If m = 0, then (4.7) becomes
0 — QL' (7' W) ® Op(1) — 5@ (W) — Qb (5*W) — 0. (4.10)

Likewise, using the vanishing result (4.8) of the case m = 0, one sees that the exactness
of the long exact sequence of higher direct images associated to (4.10) implies the following
isomorphism

wa*j*Q?z(W) = Riw, Q8. (5*W), for any q > 1. (4.11)

Next we construct an isomorphism between the higher direct images of the third term in

(4.5) and the second term in (4.7). Based on the exactness of the functor 7, and u, we have
Rm, (Y, (W) © 3.0p(m))  —  Rim (3.(5°Q% (W) ® Op(m)))

Ri(mo j)*(]*Q?((W) ® Og(m)) (7is a closed embedding)
= Rq(zow)*(]*Q%(W)®(’)E(m)) (rojg=10w)

>~ 9, Riw, (j*Q?((W) ® Op(m)) (v is a closed embedding).

by projection formula)

12

In summary, for m > 0 there exists an isomorphism
R, (% (W) @ 3.05(m)) — R, (5% (W) @ Op(m)). (4.12)
Therefore, if m > 1, then combining (4.9) with (4.12), we get

R, (% (W) © 3.0p(m)) = 0. (4.13)



DOLBEAULT COHOMOLOGIES OF BLOWING UP COMPLEX MANIFOLDS II 15

In the case of m =0, (4.11) and (4.12) imply
wa*(Qﬁz(W) ® 2.0p) — Z*wa*j*Q?((W) = 1R, QL (7 W).
Hence, to prove that the assertion holds, i.e.,
Rz QF (W) = 0. R%w, Q5 (W),

it suffices to show RQW*QI;((W) = wa*(Q?((W) ® 7:.0R).

Let us turn back to the long exact sequence of higher direct images associated to (4.5). On
one hand, since X is compact and the blow-up morphism = is projective (cf. [14, Remarks
2.1 (0)]), the projection formula and the Grauert-Remmert theorem [3, Theorem 2.1 (B) of
Chapter IV] give

Rim (Q5, (W) © 0% (1)) = O(W) © Ri. (2% © Ox(1)) =0 (4.14)

for any | > lp with some integer Iy = lo(X, Q?Z) On the other hand, the vanishing result
(4.13) implies that the morphism

R, (5. (W) ® Og (m + 1)) = RIm, (% (W) @ O (m)) (4.15)
is surjective for any m > 1. From (4.14) and (4.15) we get
Rim, (Q?{(W) ® O04(1)) =0, forany ¢>1 (4.16)

by an induction for the index m. Let m = 0 in the long exact sequence of higher direct
images associated to (4.5). On account of the vanishing result (4.16) and the exactness we

obtain the desired isomorphism
Rim, Q% (W) = Rim. (9% (W) © 2.0p)
and this completes the proof. O

4.2. Relative Dolbeault sheaves. Let X be a compact complex manifold and let 2 : Z —

X be a closed complex submanifold. There exist two natural morphisms of sheaves: * :

O — .00 and o : FR? — 1, D7 which are induced by the pullback as follows. For any
open subset V' C X, we define the morphisms

F(V):T(V,Q%) — T(V,uQ)) =T(VNnZQ))

a — (wnz)'«q, (4.17)

and

F(V) TV, &%) - TV o) =TV NZ, %7

a — (wnz)a, (4.18)
where wynz : VNZ — V is the holomorphic inclusion. It is direct to check that the maps +*(V)
in (4.17) and (4.18) are homomorphisms of Ox (V')-module and C5(V'), respectively. Hence,
o Q% — 4,0% is a morphism of Ox-modules and +* : @R? — 1, %7 is a morphism of
C$-modules. For any 0 < p,q < n, consider the kernel sheaves ¢ g(’ 5 = ker (Qg( LN Z*Q%)

P . p,g v P,q
and(/“i/X’Z.—ker(;zfX — 1 A )
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Definition 4.2. We say that (%/1;(72 and %&?Z are the p-th and (p, q)-th relative Dolbeault

sheaves of X with respect to Z, respectively.

From the definitions, #% , is a coherent sheaf of Ox-module and #%?, is a sheaf of
C$-module. If p = 0, then %&,Z is the ideal sheaf 77 of Z in X if p = n, then 27 , = Q%.
Moreover, we have the following result.

Proposition 4.3. With the above setting, there hold
(i) %/gé,.z is a fine resolution of Jifgz;
(i) o* : QF — QY is a surjective morphism of Ox-modules;

(iii) o* : BT — 0, IV is a surjective morphism of C-modules.

Proof. (i) By the Dolbeault-Grothendieck lemma [40, Proposition 2.31], the sheaf complex
H I))é,.z is exact, and hence JZ &TZ is a fine resolution of ¢~ g(, 7
(ii) It suffices to verify that for any « € Z the morphism of stalks %, : (%), — (1,.0Q%), is
surjective. Let (U;z1, 22, -+ ,2,) be a local coordinate chart of = such that
UNZ={zp—py1=+-+=2, =0}
Then there exists a holomorphic projection given by
T:U—-SUNZ, (21, ,20) = (21,0 5 Znr)-

For any germ « € (1.0%), we can choose a representative (V,«a), where « is a holomorphic
p-form on V N Z. Particularly, we can choose V small enough such that V' C U/ and then
the restriction of 7 on V gives rise to a holomorphic map 7v : V. — V N Z such that
Tv o tynz = idynz. Let 8 = (1v)*(a). Then (V, ) represents a germ, denoted by [, in the
stalk (Q%);. From definition, we get

(wnz)*B = (wnz) ((1v)" (@) = (1v 0 wnz)*(a) = a.

It follows that ¢%(5;) = v, namely, 2} is surjective.

The proof of (iii) is similar to (ii); see also [32, Lemma 3.9],3. O
By Proposition 4.3 (i), we get the isomorphisms
Hq(Xa «90//1))(72) = Hq(Xa Ji/l))é,.z) = Hp7q(X? Z)’

where HP9(X, Z) is the relative Dolbeault cohomology of X with respect to Z defined in
[32]y4. Moreover, the assertion Proposition 4.3 (ii) yields a short exact sequence of Ox-

modules
0_>=%/I))(,Z_>QI))( —> 1,00, — 0, (4.19)
and the assertion Proposition 4.3 (iii) induces a short exact sequence of C§-modules:
0—>(%/§Q?Z — R —Z:z* A% — 0. (4.20)

As W is a holomorphic vector bundle over X, the sheaf of holomorphic sections of W is
a sheaf of Ox-modules. Consequently, the tensor functor — ®p, O(W) is exact. Tensoring
(4.19) with O(W), one gets the short sequence of Ox-modules

0 — A2, ©o, OW) — Q& @0, O(W) 0,08 ®0, O(W) — 0 (4.21)
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is exact. Note that Q5 (W) = Q% @0, W =2 O(APT'X @c W). From the projection formula,
we have
1Y ®oy OW) = 1.(9) ®0, 1*O(W))
1.(Q, ®p, OW'W))
1., (CW).

1

Set Ay ,(W) = #Y ;, ®0x O(W). Then the short exact sequence (4.21) is equal to
0— %/;,Z(W) — Q5 (W) 4 1,00, (W) — 0. (4.22)

Akin to (4.22), for the pair of the holomorphic vector bundles (W, 7*W) we have a short
exact sequence of sheaves on X as follows

~ - 7" s
0 — A% ;(W) — QL (W) = 5.0 W) — 0. (4.23)

Lemma 4.4. For any 0 < p < n, the pullback of holomorphic forms induces an isomorphism
™ AL ,(W) — ﬂ*%)gE(W); moreover, for any q > 1, we have Rqﬂ*%};E(W) =0.

Proof. Since moj=10w (4.1), we have
140 Q8 (W) = 1,000 (5 W),
From (i) and (ii) in Lemma 4.1, there is a commutative diagram of exact sequences

¥

0—— Ji/g(’Z(W) —_— Q&(W) —_— Z*Q%(Z*W) —0 (4.24)

l ”*lw w*lN

~ ~ ]* s
0 — 7, Ji/?(’E(W) — W*Q?((W) — W*]*Q%(] w).

Observe that o* : Q5 (W) — 1, QL (*W) is surjective by (4.22). Thus the sheaf morphism
7o W*Q?Z(W) — T, (7* W) is surjective by the commutative diagram (4.24). As a result,
the morphism 7* : Y ,(W) — ﬂ*%)?E(W) is isomorphic.

Now we consider the higher direct images of '%/5(7 (W) along m. The short exact sequence
(4.23) induces a long exact sequence: for g > 0,

e RIm AL (W) —= ROm, Q0 (W)~ Rim . QW) — R w2 (W) — -

To prove that the higher direct images vanish, we need the following isomorphisms
Rim g Q5 (W) = RI(r o). Q55" W)

R1(10w). (5 W)

1. R1w, Q8 (5*W). (4.25)

12

12

Combining Lemma 4.1 (iii) with the above equality we get
~ ~ 7" s ~
D qu%)gE(W) — RIT Q% (W) = 1. R1w, Q' W) — Rq+17r*<)if)§(’7E(W) e

with ¢ > 1. The exactness of the above sequence induces wa*c)i/; E(W) =0, for any ¢ > 2.
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It remains to show that Rlﬂ*,}i’}? E(W) vanishes. Consider the exact sequence

SR wii P s\ K s = -
W*QI;Z(W) = T (W) — le,}if;’E(W) - leQ%(W) — 1, R, QL (5*W).
The exactness means Im (k) = 0 and ker (k) = le,}if};E(W) =Im (p), i.e., p is surjective.

So we get

Rim, i3 (W) = mg Q5 (7 W)/ ker (p) = mguQp (3" W) /Im (57) =0

because j* is surjective.

This lemma also can be proved by [28, Lemma 2.4] and the projection formula. O

We are ready to present the most important result of this section which plays a significant

role in the proof of Theorem 1.2.

Lemma 4.5. For any q € N, the pullback 7 induces an isomorphism as abelian groups

T HY(X, A% (W) = Hq(X,(%/ﬁz,E(VT/)). (4.26)

Proof. Pick ¢ ?( E(W) — GP* a flabby resolution. By the definition of sheaf cohomology, we
have 7
HU(X, 27, (W) = B(T(X,G*)).
As defined in [10, (13.4) Definition of Chapter IV], the higher direct images are
q P i) — D,®
Rim, Ji/XE(W) = AN (m . GP®).

According to Lemma 4.4, R, %;E(W) = 0 for ¢ # 0, hence 9 (7,GP*) = 0 for q # 0,
which means that the sheaf complex 7,GP® is exact. It concludes that 7,GP* is a flabby
resolution of m, - ’)’27 E(W) since the direct image of a flabby sheaf is flabby. Therefore, we
derive an isomorphism of abelian groups

HY(X, . ;{%E(W)) = H(T(X, 7.GP*)) = H(T'(X,GP*")) = H’(X,%?Z,E(W)). (4.27)

Moreover, since 7% : #% (W) — m. #7,

XE(W) is an isomorphism as in Lemma 4.4, it

induces an isomorphism
T HYX, A% ,(W)) = HY(X, . Jif’)’m(ﬁ/)).
Combining it with (4.27) concludes the proof. O

5. PROOF OF THEOREM 1.2

5.1. Construction of the morphism ¢. Let W* be the dual bundle to the holomorphic
vector bundle W over X. Then the pullback 7*W* is a holomorphic vector bundle on X.
Set 2P1(X, W) as the space of W-valued currents of type (p,q) on X, which is defined
to be the dual of the topological vector space A" 2"~9(X  W*) equipped with its natural
topology. Moreover, the operator d induces a differential 9* on 27*(X, W). The associated
g-th cohomology of the dual complex {ZP*(X,W),0*} is denoted by HZY(X,W). From
definition, there is a natural inclusion p : AP*(X, W) — 2P*(X,W) which induces an
isomorphism
0s : HPI(X, W) — HYY(X, W)
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as shown in the proof of [41, Theorem 3.3]. Similarly, for the 7*W-valued currents on X we

have
ox : HP(X,m*W) — HI(X,m*W).
The pushforward of the currents defines a morphism
™ HRUX, 7*W) — HZYX, W)

and gives the following diagram

HP9(X, 7" W) ——= HYI(X, W) (5.1)

HPU(X, W) —— HP(X,W).

o~

As the degree of the blow-up morphism 7 is 1, we get o, = m, 0 g, o 7* (cf. [41, Lemma
2.2]). For any 0 < p,q < n, the morphism

™ HPUX, W) — HPY(X, 7" W)
is an injection (cf. [41, Theorem 3.1 (c)]). From (5.1), we can define a natural morphism
Te = 0, Lom 08, : HP(X,m*W) — HPY(X, W).
Then (5.1) implies that
Tt HPYX 7*W) — HPY(X, W)

is surjective.
In view of Lemma 3.3, we get
r—1
HPYE, W) = P h' A" HP 797 Z,07W),
i=0

where h = ¢;(0Og(1)) € H%’I(E) and w* is the pullback of the projection w : E — Z. It

means that each class [&](, ,) € HPY(E, 7*W) admits a unique expression

r—1
@] (pq) = Z h' A @*[a] (p—i,q—i)s
i=0

where [« ) € HP=%474(Z 1*W). Define the linear map

I : HP(E, y*W) — HP Y Z W)
[d](p,q) = [O‘](pﬂ',q*i)'

Then we can define the desired morphism ¢ by setting
r—1
qS:W*—l—ZHiog* (5.2)
i=1
which maps V77 := HP4(X,7*W) to the space

r—1
Wrd = HPY(X, W) & <EB pri,qu‘(Z’ z*W))
i=1
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5.2. ¢ is isomorphic. We divide the proof in two steps. First, we prove that VP4 is isomor-
phic to WP4 as complex vector spaces, i.e., they have the same complex dimensions. Then
we show that the linear morphism ¢ : VP9 — WP is injective.

In the proof we need the following basic result from homological algebra.

Proposition 5.1. Consider an exact ladder of complex vector spaces

N N R

o] ]

g1 92 g3

If the vertical maps i1, 14 are isomorphic, and io, i3 are injective, then go induces an isomor-

phism
BQ/iQ(AQ) = Bg/Zg(Ag)
Tensoring (4.20) with W (viewed as a complex vector bundle), we get a short exact sequence
0 — R, (W) — W) — (5 (W) — 0

for sheaves of C3-modules. Note that £, (W) is a fine sheaf and hence I'-acyclic (cf. [40,
Proposition 4.36]). Moreover, since I'( X, —) is a left exact functor, taking the global sections

to the exact sequence above we obtain a short exact sequence of vector spaces
0 — T(X, KR, (W) — D(X, /RW)) == T(Z, /(" W)) — 0 .

Since ¢* commutes with the Dolbeault differential 0, there exists a commutative diagram of

short exact sequences
0 — D(X, AR, (W) — (X, 7R (W) ——T(Z, 7' (W)) — 0
d | |
0 — DX, AR (W) — (X, /R (W) == 0(2, 5 (0 W) — 0.
Therefore, there is a short exact sequence for complexes of vector spaces

0 — D(X, A%, (W) — D(X, /(W) == D(Z, & (1 W)) — 0.

Likewise, for the triple (X ,E, W), there exist a short exact sequence of C}O—modules

*

-~ ~ J ¥ ~
0 — AL (W) — o/BIW) = 4o (5 W)) — 0

and a short exact sequence for complexes of vector spaces

*

0 — T(X, #%°, (W) — T(X, /%" (W) - T(E, 2 () W)) — 0.
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By the blow-up diagram (4.1), we have 5* o™ = w* 0¢* and hence there is a commutative

diagram for short exact sequences of vector spaces

0 — (X, KR, (W) —= D(X, dRIW)) —> T(Z, /% (*W)) —= 0

ml ”*l w*l

*

0 — T(X, A% (W) — D(X, &/ (W)) == D(E, %4 (5°W)) — 0.
As the operator 0 commutes with the pullback maps, there exists a commutative diagram

0 — T(X, 5, (W) — D(X, (W) = T(Z, 75 (W) —0  (5.3)

.l | |

*

v . T v ,® /1T J O/ XTT
0 — D(X, A0, (W) — D(X, /() = DB, o (1 W)) — 0
of short exact sequences for complexes of vector spaces.
By the definition of hypercohomologies, the standard diagram chasing of the commutative
diagram (5.3) gives rise to a ladder of hypercohomologies

o= X, AR, (W) = HO(X, /85 (W)) = H(Z, 5 (W) = HIH (X, AR, (W) — -

= HI(X, R0 (W) = HYX, /(W) ~ BB, &/ (' W) = BT (X, 50 (W) = -
(5.4)

By Proposition 4.3 (i), #%*, is a fine resolution of % , and thus J#%*, (W) is a fine
resolution of ™% ,(W). It follows HY(X, #%°,(W)) = HI(X, #% ,(W)). Similarly, we
have

99X P (W)) = HI(X p 7
HI(X, 0, (1) = HI(X, A7, (7).

Moreover, by the bundle-valued Dolbeault theorem to (X, W), (Z,2*W), (X, W) and (E, 7*W),
the ladder (5.4) turns into

= HUX, A (W) = HU(X, Q% (W) = HY(Z, Q5 (W) = HIH (X, AL (W) — -
= HUX, A (W) = HI(X, QL (W) = HY(E, Q% ()W) = HH (X, AL (W) =
(5.5)
Combine (5.5) with Lemma 4.5 to get the equivalent ladder

= HUX, 7 (W) = HIU(X, Q5 (W)) = HY(Z,Q5 (W) = HIHX, A ,(W)) = -

= HUX, A (W) = HY(X, Q% (W) = HY(E, QW) = HHY(X, L (W) > -
(5.6)
to (5.5). Since 7 : X — X is a proper surjective holomorphic map, by [41, Theorem 3.1], the

pullback morphism
T HI(X, Q% (W) — HI(X, Q5 (W))
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is injective. In particular, the morphism w* in (5.6) is injective since the Weak Five Lemma
(cf. [27, Lemma 3.3 (i) of Chapter I]). Due to Proposition 5.1, the commutative diagram
(5.6) gives rise to the following isomorphism of complex vector spaces

coker (H9(X, Q% (W)) & HI(X, Q% (W))) = coker (HU(Z, Q4 (:*W)) T HU(E, Q7 W))).

(5.7)

From definition, the exceptional divisor F is biholomorphic to the projectivization of the
normal bundle N z/x- Owing to the Dolbeault theorem, we get that the morphism

@ HI(Z,Q0 (W) — HY(E, Q5 (W)
is equal to the morphism
w* : HPY(Z,0°W) — HPYE, *W)

in Lemma 3.3. Thanks to Lemma 3.3 we get

r—1 A
= Pt nwH N Z0W)

i=1

r—1

~ @Hp—i,q—i(z’ CW). (5.8)

i=1

HPA(E, 7" W)
w*HPA(Z, W)

By (5.7) and (5.8) one has the following isomorphism of complex vector spaces
HPIR, V) = HO(X, 08 ()
~ HIYX, 0% (W))® coker w*
r—1

>~ HPUX, W) @ (@Hp—ivq—i(z, z*W)). (5.9)

i=1
Next we verify the injectivity of ¢. From (5.7), we obtain a commutative diagram of short

exact sequences as follows

0 —= HPU(X, W) — HP9(X, 7" W) —> coker (1) —> 0 (5.10)
2* l J* l T l%
0 — HPI(Z,0*W) Z= HPY(E, j*W) — coker (") — 0.

Here 7* is the induced isomorphism of the quotient spaces by j*. Combining (5.1) with (5.10)
we get the following diagram

HY(X, W) <= HPU(X, 7 W) (5.11)

Q*TN E*T~

0 — HPI(X, W) —= HPI(X, W) — coker (%) —> 0

0 — HPU(Z, o W) = HPI(E, W) —= coker (w*) — 0.
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Recall that 7, = 07! o7, 0 5, and ¢ = 7, + Z:;ll II; o 7* maps HP(X,m*W) to

r—1
HPI(X, W) & (@ HP—h17Y(Z, Z*W)> :

i=1
Notice that 7, is surjective; moreover, a direct check shows that the kernel of 7, is equal

to the co-kernel of 7%, i.e.,

r—1
ker (m,) = coker (7*) L <EB h! A w*HP~H97(Z, z*W))

i=1
It follows that the restriction of y* on ker () is injective. Given an element & € HP (X, n*W),
suppose that ¢(&) = 0. Then we get & € ker (7y), 7°(&@) = 0 and hence & = 0. This implies
that ¢ is injective and the proof of the theorem is now complete.

6. APPLICATIONS OF THEOREM 1.2

We start this section with several basic notions in bimeromorphic geometry, whose nice

reference is [37, § 2]. The first one is the proper modification.

Definition 6.1. A morphism 7 : X — X of two equidimensional complex spaces is called a
proper modification, if it satisfies:

(i) 7 is proper and surjective;

(ii) there exist nowhere dense analytic subsets £ C X and E C X such that

7:X—E—>X—-F
is a biholomorphism, where E := 7 1(E) is called the exceptional space of the modi-

fication.

If X and X are compact, a proper modification 7 : X — X is often called simply a modifi-

cation.
More generally, we have the following important notation in complex geometry.

Definition 6.2. Let X and Y be two complex spaces. A map ¢ of X into the power set of
Y is a meromorphic map of X into Y, denoted by ¢ : X --+ Y, if X satisfies the following
conditions:
(i) The graph G, = {(z,y) € X xY | y € p(x)} of ¢ is an irreducible analytic subset in
X xY;
(ii) The projection map Px : G, — X is a proper modification.
A meromorphic map ¢ : X --» Y of complex varieties is called a bimeromorphic map if
Py : G, — Y is also a proper modification.
If ¢ is a bimeromorphic map, the analytic set

{y,2) e Y x X | (z,y) € Go} CY x X

defines a meromorphic map ¢~! : Y --» X such that po ™! =idy and ¢! o ¢ = idx.
Two complex varieties X and Y are called bimeromorphically equivalent (or bimeromor-
phic) if there exists a bimeromorphic map ¢ : X --» Y.
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Relating blow-up to bimeromorphic map, one is fortunate to own the remarkable:

Theorem 6.3 ([1, Theorem 0.3.1] and [43]). Let # : X --» X be a bimeromorphic map
between two compact complexr manifolds as in Definition 6.2. Let U be an open set where
w is an isomorphism. Then m can be factored into a sequence of blow-ups and blow-downs
along irreducible nonsingular centers disjoint from U. That is, to any such m we associate a
diagram

Ti—1 Ti4+1

™ X = XO —7T—1-) X1 —7T—2—) e 4 Xi—l —7£i-) XZ i —7?-) Xl = X, (61)
where
(i) m=mo---om;
(ii) m; are isomorphisms on U;
(iii) either m; : X;—1 --» X; or 71';1 1 X; --+ X;_1 1s a morphism obtained by blowing up a

nonsingular center disjoint from U.
Now we state several applications of Theorem 1.2 to complex algebraic geometry.

6.1. Vanishing theorems. Girbau’s theorem deals with the vanishing theorem on higher-
order cohomology of the line bundle being (possibly everywhere) degenerate semi-positive.

Theorem 6.4. Let L be a holomorphic line bundle over a compact connected n-dimensional
Kahler manifold X .

(1) If the Chern curvature form i©(L) of L is semi-positive and has at least n — s + 1
positive eigenvalues at a point of X for some integer s € {1,--- ,n}, then H{(X, Kx®
L) =0 for q > s. Here Kx is canonical bundle of X.

(79) ([12]) Ifi©(L) is semi-positive and has at least n — s+ 1 positive eigenvalues at every
point of X for some integer s € {1,--- ,n}, then HI(X,QPQ L) =0 forp+q > n+s.

From Theorem 1.2 we can construct a series of examples for the above theorem avoiding
the complicated computation.

Ezample 6.5 (Ramanujam’s example, [31], [10, (4.5) Remark of Chapter VII]). Here is a quick
description of Ramanujam’s example, which shows that Girbau’s result is no longer true for
p < n when i©(L) is semi-positive and has at least n — s + 1 positive eigenvalues even on a
dense open set: Let

m: X —>CP" n>3

be the blow-up of CP™ at a point {a}. Then for any m > 0, 7*Ocpr(m) is a semipositive
line bundle over X, positive (s = 1) outside 7~!({a}) and for 1 <p <n —1,

n—1

HP(X, Q0 @ m*Ocpn(m)) = HP(CP",Qlp, @ Ocpn(m)) & (6]9 HP=7=({a}, Ocpn (m)|(a))

=1

12

n—1
GB HP~"P~'({a}, Ocpn (m)]|(ay)
i—1

# 0
directly by Bott vanishing theorem ([25, Theorem 5.2] for example) and Theorem 1.2.

)
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Ezample 6.6. Here is a new positive example, which affirms that Girbau’s result is possibly
true for p # ¢ when i©(L) is semi-positive and positive only on a dense open set: Let
m: X — CP" (n > 3) be the blowing up at a point {a} in CP". Then for p # q,

n—1
HY(X, 0% 1" Ocpn (1)) = HY(CP", Oy, @ Ocpn (1))@ <@ HPH47i({q), ocpn(m{a})) ~0
i=1

directly by Theorem 1.2 and Bott vanishing theorem. It seems interesting to give a direct

proof of the above vanishing.

Actually, Ramanujam [31] generalized the Kodaira’s vanishing theorem for big and nef
line bundles on smooth projective surfaces. Later, a higher dimensional analogy of Kodaira-
Ramanujam vanishing was independently proved by Kawamata [23] and Viehweg [39]. By
contrast of Kodaira-Nakano vanishing theorem, the Nakano-type Kawamata-Viehweg vanish-
ing can fail for big and nef line bundles; see for instance [26, Example 4.3.4]. Here we present
a slight generalization of [26, Example 4.3.4] since 7*Ocpn (1) is a big and nef line bundle.

Ezample 6.7. Let m : X — CP"™ (n > 3) be the blow-up along a smooth curve C. Then
7*Ocpn (1) is a semipositive line bundle over X, positive (s = 1) outside 7—1(C) and a direct
application of Theorem 1.2 implies that for 1 < p <n — 2,

n—2
Hp(X, Qg( & W*Ocpn(l)) = Hp((CPn, Qépn & O(Cpn(l)) ® <@ Hp—i,p—i(c7 OCPn(l)‘C))
=1
n—2

P H 7 7(C, Ocen (1)le)

=1
H°(C,Ocpn(1)|c) @ - -
0.

Il

12

Now let us present a counterexample to Nakano-type generic vanishing theorem. Let X
be a compact, connected Kéhler manifold. We denote by Pic®(X) the identity component of
the Picard group of X and 2 : X — Alb(X) the Albanese mapping of X. In [15, Theorem
1], Green-Lazarsfeld obtained the Kodaira-type generic vanishing theorem: if L € Pic®(X) is
a generic line bundle, then H?(X, L) = 0 for ¢ < dim (X ). However, for p+ ¢ < dimA(X),

HYX, 05 ® L) #0,
which means that the Nakano-type generic vanishing theorem does not hold generally.

Ezample 6.8 ([15, §3, Remark]). Suppose that X is an abelian variety of dimension n > 4
and Z C X is a smooth curve of genus ¢ > 1. Let 2 : X — X be the blow-up of X centered
at Z. Then 2 is the Albanese mapping of X and dim Ql(X) = n. Using Theorem 1.2, we

have

n—2
HY(X, 0% @A°L) = HI(X,0% ® L) o @ H (2,05 @ L|z)
=1
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. -0 - 0/ v . -1
for any non-zero generic L € Pic’(X) and A*L € Pic”(X). In particular, for 1 < p < 5=,

the generic vanishing theorem implies that

n—2
HYY(X, O @'L) = HPY(X,0f o L) o @ HP' (2,0 @ L|z)
=1
n—2

D E 2,9 © Ly)
=1
= HY Z,07;0Llz)®---

7 0,

12

o(;)

since Qf =2 O,'"" and ¢1(0Oz ® L|z) = 0, and by Riemann-Roch theorem,
(2,07 ® L|z) —h (2,07 @ L|z) =1—g <0
for g > 1.

6.2. Blow-up invariants. In this subsection, we always consider the blow-up 7 : X — X
of a compact complex n-dimensional manifold X with a center : : Z C X and are able to
obtain all the results applicable to a composition of finite blow-ups.

The first consideration is the blow-up invariance for the volume of a line bundle. Recall
that

Definition 6.9 (Volume of a line bundle). Let X be an irreducible compact complex space
of dimension n, and L a line bundle on X. The volume of L is defined to be the non-negative

real number

0(x [®m
vol(L) = volx (L) = h,fl_f’;lop h(mfzi/n')

The volume vol(D) = volx (D) of a Cartier divisor D is defined similarly, or by passing to
Ox (D).

From Fujita’s vanishing theorem and Properties of the volume in [26, Proposition 2.2.35],

it follows that the volume of a line bundle depends only upon its numerical equivalence class.

Proposition 6.10 (Blow-up invariance of volume). Given an integral or Q-divisor D on X,
put D = 7*D. Then
vol;((]j) = volx (D).
Proof. This is a direct corollary of Theorem 1.2 when one takes p = ¢ = 0 and thus for each
i>1,
HP™H17Y(Z:4*Ox (mD)) = 0.
Comparing birational invariance I of volume as in [26, Proposition 2.2.43], one can obtain

the estimate:
h(X,0x(mD)) < h°(X,04(mD)) = h°(X, Ox(mD)) + O(m" ')

when 7 is a birational projective mapping. O
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Next, we consider the bimeromorphic invariance of plurigenera and Kodaira dimension,
and blow-up invariance of Kodaira-litaka dimension of holomorphic line bundle on a compact
complex manifold. We first give a geometric description of the Kodaira map. Let X be a
compact connected complex manifold of dimension n and L a holomorphic line bundle over
X. The space for holomorphic sections of L on X is finite-dimensional. Set the linear system
associated to V = H%(X, L) as |V| = {Div(s) : s € V}. The base point locus of the linear
system |V is given by

Bliy| = NseyDiv(s) = {z € X : s(x) =0, for all s € V'}.

Set d = dim H°(X, L) and let G(d — 1, H°(X, L)) be the Grassmannian of hyperplanes of
HO(X,L).

Definition 6.11. The Kodaira map Py associated to L is defined by
®y : X \Bly — G(d—1,H*(X,L)) : & — {s € H'(X, L) : s(z) = 0}.
Now consider V,,, := H°(X,L®™) and ®,, := ®y,, . Set

max{rk ®,, : x € X \ Bl |}, if Vi, # {0},

—00, otherwise.

Om =

The Kodaira-Iitaka dimension of L is
k(L) = max{gm, : m € NT},

The Kodaira dimension x(X) of a compact complex manifold X is defined as x(Kx) of the

canonical bundle K x. A useful characterization of Kodaira-litaka dimension is:

Theorem 6.12 ([37, Theorem 8.1]). For a Cartier divisor (or a line bundle) D on a variety
V', there exists positive numbers «, 3 and a positive integer mg such that for any integer

m > my, there hold the inequalities
am®P) < P, (dD) := dim¢ H(V, Oy (mdD)) < fm~P), (6.2)

where d is some positive integer depending on D. When the divisor D is effective (or Py(D) #
0), one can take d =1 in (6.2).

Corollary 6.13. Let v : X — X be a bimeromorphic map of two compact complexr manifolds
X and X. Then there hold the equalities

Pn(X) = Pu(X), #(X) = k(X)

for Pp(e) = dimc H(e, K¥™). In particular, if 7 : X — X is the blow-up morphism and L

s a holomorphic line bundle over X, then
k(L) = k(m*L).

Proof. Compare the classical proof in [37, Lemma 6.3, Corollary 6.4, Theorem 5.13] or [26,
Example 2.1.16].
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Without loss of generality, one may assume that v is a blow-up morphism along the smooth
center with codimension r with the exceptional divisor E by the weak factorization Theorem
6.3. Then

vh HY(X,KQ™) — HY(X, KE™)
is an isomorphism. Actually, notice
Kf( = I/*KX X O((T’ — 1)E)
as shown in [10, (12.7) Proposition of Chapter VII], and thus
HY(X, v (KQ™)) — HY(X, 0" (KZ™) @ O(m(r — 1)E)) = H*(X, K§™),

where the group on the left-hand side is isomorphic to H%(X, K§™) directly by Theorem 1.2,
while a section of the group HO(X,v*(K{™) ® O(m(r —1)E)) restricts to one of K defined
off the codimension > 2 fundamental locus of v, which extends to the whole X by normality.

Then the Kodaira(-Iitaka) dimension case is a direct result of Theorem 6.12 (and Theorem

1.2). O
Similarly, one can also obtain that the holomorphic FEuler characteristic
dim¢c X
X(X,F)= > (-1)'dim¢ H'(X, F)
i=1

for a holomorphic vector bundle F' over a compact complex manifold X is a blow-up invariant

in the sense:
Corollary 6.14. With the above setting, there holds the equality
X(X,F) = x(X,7*F).

Notice that it seems not easy to obtain Corollary 6.14 by the remarkable Hirzebruch-
Riemann-Roch theorem, which is usually used to compute the holomorphic Euler character-
istic, that is, for a holomorphic vector bundle F' over X, the holomorphic Euler characteristic
X (X, F) can be computed as

XX F) = [ eh(F) - ti(x),
X
where the exponential Chern character ch(F') is

e F ot e1(F) + o (A(F) = ea(F)) + g (G(F) = 3ex (F)ea(F) + 3ey(F)) + -+

2!
and the Todd class td(X) of the holomorphic tangent bundle T% of X is
1

1 1
L+ 5ei(Tx) + 15 (¢H(Tx) + o(Tx)) + e (Tx)ea(Tx) + -

It is worth introducing:

Definition 6.15. Let X and Y be compact complex manifolds. We say that X and Y are

strongly K-equivalent if, there are the correspondences

Z
Wy Y
X Y
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where 7x, Ty are the compositions of finite blow-ups, and 75 Kx = 7y Ky .
Then with this setting, the similar argument to Corollary 6.13 gives
X(X, KR™) = x(Y, Ky™).

6.3. Blow-up formula for bundle-valued Hochschild homology. Let X be a compact
complex manifold of dimension n and W a locally sheaf of constant rank on X. Recall that

the Hochschild homology of X with value in W is given by
HH (X, W) := Tory **(Oa, AW), —n <k <n,
where Oa is the structure sheaf of the diagonal embedding A : X — X x X. By the
Hochschild-Kostant-Rosenberg Theorem as in [5, Corollary 3.1.4], we have
HH(X, W)= P HIX, Q% @ W)= P HPYX,W)
p—q=k p—q=Fk
for any —n < k < n.

Corollary 6.16. Let Z C X be a closed complex submanifold of complex codimension r > 2.

For any —n < k <mn, there is an isomorphism of Hochschild homologies
HH, (X, W) = HH, (X, W) & HH, (Z, W)@ =1,
where : X — X is the blow-up of X along Z, and W := 7*W..

Proof. This is a combination result of our main Theorem 1.2 and HKR theorem and see also

[32, Corollary 1.7],3. In fact, we have the following isomorphisms:

HH, (X, W) = @ HP9(X, W) (HKR Theorem for (X, W))

p—q=k
r—1
= @ <Hp’q(X,W)@@Hp_i’q_i(Z,z*W)) (Theorem 1.2)
p—q=k i=1
r—1
= @ moxme@( @ Hizew)
p—q=Fk =l p—g=k

>~ HH,(X,W)® HH,(Z,*W)® 1) (HKR theorem for (X, W), (Z,7*W))
for any —n < k < n. O

6.4. Hochschild cohomology under blowing up. Let X be a compact complex manifold
of dimension n. Recall that the Hochschild cohomology of X is given by

HH*(X) := Extk, +(Oa,0n), 0 <k <n.
By the Hochschild-Kostant-Rosenberg Theorem as in [6, Corollary 4.2], one has

HH*(X) = @ HI(X,APT'X)
p+q=Fk

for any 0 < k < n. Here comes a natural:

Question 6.17. Is there a blow-up formula for the Hochschild cohomology of compact complex

manifolds?
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At present, it seems that it is hard to build an explicit blow-up formula for the Hochschild
cohomology; even for smooth projective varieties. By Hochschild-Kostant-Rosenberg Theo-
rem, one possible way to handle this question is to understand the cohomology H?(X, APT'X)
under blowing up. Using our blow-up formula, we will discuss some relations between
HI(X,\PT'X) and HY(X,\PT'X). First of all, Serre duality gives

HYX,NPT'X) =2 H" (X, 05 @ wy)*,

where wyx is the canonical sheaf of X. Then from the blow-up formula in Theorem 1.2, it

follows
r—1

HY (X, 0 @ m*wx) = H*(X, 9% @ wx) & @ H (2,05 ® 'wx). (6.3)
i=1
Set D := (r — 1)E as r > 2 and the structure sheaf sequence yields a short exact sequence

where j : D < X. Tensoring (6.4) with QI))Z ® Trwx, we get
O%Q?{@W*wxﬁﬁﬁz ®WX%Q?~(®7T*WX ®Jxj 0z (D) — 0, (6.5)

since wg = Twx @ O5((r — 1)E) = m*wx ® Oz (D). On the long exact sequence (6.5) of

sheaf cohomologies, (6.3) implies a long exact sequence

C—— HYX,APT'X)* @ @) H/(Z,00 " ('wx)) —— HY(X, \PT'X)*

<

H(D, j*( (7*wx) © O (D))) ———— -

In particular, as the codimension r = 2, we obtain

- ——— HYX,ANPT'X)* @ HY(Z, 90 (1*wx)) ——— HUX, \PT'X)*

SO

Hq(E,j*(QI;Z(ﬂ'*wX)@OX(E))) _— e

APPENDIX A. BOREL SPECTRAL SEQUENCE FOR COMPLEX ANALYTIC BUNDLES

Let &€ = (E, B, F,7) be a complex analytic fibre bundle, where E, B, F' are connected and
F is compact. Let W be a complex vector bundle on B, and W = 7*W the pullback on E.
Suppose that {f,s} is the transition functions of W with respect to a suitable open covering
{Ua}acn, where fo5: Uy NUg — G. From definition, there exist a representation of G over
Hg’q(F) denoted by ¢ : G — GL(Hg’q(F)). Consider the collection

e | 2R,
beB

where F, = 7=1(b). The collection €P4 forms a smooth vector bundle H?4(F) over B with

the transition functions {fgﬁ =0 fas}. Let Hy(F) be the direct sum of HP4(F), i.e.,

H;(F) = EQHPI(F).
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Then we have

Lemma A.1 ([21, Appendix Two, §1]). If ¢° is constant on the connected components of G,

).
in particular if F' is Kdhler, then Hz(F') is a holomorphic vector bundle over B.

In particular, the following theorem attributed to Borel [21, Appendix Two, 2.1] provides

us with an approach to compute the Dolbeault cohomology with values in W.

Theorem A.2. Assume that every connected component of the structure group G of & acts
trivially on Hz(F), and then there exists a spectral sequence (Ey, dy) (k > 0) with the following
properties:
(i) Ey is 4-graded, by the fibre degree, the base-degree and the type. Let p’qEZ’t be the
subspace of elements of Ey. of type (p,q), fibre-degree s, base-degree t, we have pquZ’t =
Oifp+q#s—+torifoneofp,q,s,tis<0. The differential dy, is

dy; p,qEz,t N p,q+1E2+k,tfk+1‘

(ii)) If p+ q = s + t, we have
p,QE;t ~ Z Hi,s—i(B’ 1%7%4 ® Hp_i’q_s+1(F)).
i>0
(iii) The spectral sequence converges to H(E, W) For all p,q > 0 we have
GrHPY(E,W)= Y PIE
s+it=p+q

for a suitable filtration of HP4(E,W).
Especially, as a corollary, we have the following result (cf. [21, Appendix Two, 7.1]).

Corollary A.3. If the vector bundle Hz(F) is trivial, in particular, if the structure group of
& is connected, then we have

p,qE;‘,t ~ Z Hi,sfi(B, W) ® Hgfi,qfé:“f’i(F)‘
>0

APPENDIX B. BLOW-UP FORMULA RE-EXAMINED

The purpose of this appendix is to sketch a second proof of Theorem 1.2 by the same
philosophy as in [35].

B.1. Morphism of cohomology induced by pullback of differential forms. Suppose
that f : X — Y is a holomorphic map of complex manifolds. Then there exists a natural
morphism a : 7108 — QF of f~!Oy-modules, determined by the pullback of holomorphic
p-forms. It is first defined by a morphism of presheaves

Jm Oh(V) £y lim (V) 5 ()
for any open sets U C X and V C Y. Here the first step is the limit of the pullbacks
= lim v f*|p-1(v) and v is the restriction. Note that f.Q5 (V) = Q% (f~1(V)). By the

uniqueness of sheafification, we obtain a composition morphism of f~!Oy-modules

a: O — RO — OF. (B.1)
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Because f~! is the left adjoint of Rf,, there is a functorial morphism
E — Rf.fl€ (B.2)

for any £ € DY(Oy) the bounded derived category of Oy-modules (cf. [22, Proposition
2.6.4]). Combining (B.1) with the functorial morphism (B.2) for Q4. and f.Q5% leads to the

following morphisms:
oy — Rf*fflﬁl; — Rf.O% (B.3)
and
[ — Rf*f_lf*Qg( — Rf.OQ% (B.4)
in DY(Oy).
Note that there exists a natural morphism f* : Q) — f.Q% induced by pullback of
differential forms. By (B.1)-(B.4), we get a commutative diagram

fro HY(Y,9)) — H(X, f710)) == H'(X,0%)

|

f HUY, £.08) — HY(X, f1£.08%) — HY(X, 0%).

By the construction, it is important to notice that f* : H/(Y,Q)) — HY(X, Q%) is the
morphism induced by pullback of differential forms. Moreover, the morphism fT is the edge
morphism of the Leray spectral sequence for Q% under the morphism f (cf. [10, (13.8)
Theorem of Chapter IV]). The bundle-valued case can be dealt with similarly.

B.2. Sketch of proof. Note that the morphisms 7* : H»4(X, W) — HP(X,W) and w*
HP(Z, 0*W) — HP9(E, W) are injective because of [41, Theorem 3.1] and Lemma 3.3.
The blow-up diagram (4.1) induces a commutative diagram of short exact sequences

0 — HP Q(X W) HP4 X’ W) — coker (7'('*) —0 (B.5)

|

wo*

0 — HPU(Z, W) == HP9(E, 7*W) — coker (@*) — 0.

Like (5.10), to prove the blow-up formula, it remains to verify that 7* is isomorphic.
Consider the sheaves QF, (W) and Qp P(7*W) on X and E, respectively. We have the asso-
ciated Leray spectral sequences {Ey(W),dy} and {Eg(;*W),d,} with the second terms

EY (W) = H'(X, R*m. Q% (W) = Gr HP'(X, W)
and
EY (W) = H'(Z, R°w, Q0 (W) = Gr HPYS(E, 7 W),
Here the filtration of HP!T$(—) is defined by setting
HPUS(2) = FOFPI+s (L) 5 PLEPIS(L) 5 . o plbsgplts ) o plistigplis ) —
and the associated graded space is defined by
F*(-)

Grf(-) = )
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From Lemma 4.1 we have
EY (W) = H' (X, m 0% (W) = H'(X, 0% (W)
and
B (7' W) = H{(Z,@. QW) = H(Z, Q"W).

On one hand, the Dolbeault theorem implies

H'(X, Q8 (W)) = HPH (X, W) and H'(X,0% (W)) = HPH(X,W).
On the other hand, the pullback of the differential forms determines a morphism

™ HPYX, W) — HPY X, W).

So one can have the following commutative diagram of abelian groups

Eéf(W)\
1,0 /1% ul o T
H'(X, Q% (W)) = Ey°(W) HY(X, Q% (W)
= l/ Dolbeault = \L Dolbeault
HPH X, W) T HPY X, W)

where 7! is the edge morphism of E5°(W). This implies that the differentials for E(W) with
target of degree (I,0) are zero. Likewise, we can show that the differentials for E(7*W) with

target of degree (,0) are also zero. In particular, we have an exact sequence
. C - - - - -
0 — EL (W) = HI(X, 0 (W)) — HY(X, 0 (W))/EL (W) — 0. (B.6)
By definition, there hold the equalities

FIHI(X, QF (W)
FatlH(X, Q% (W)

EBL(W) = = FUHY(X, Q8 (W)) = HP9(X, W)

and

FOHI(X, Q5 (W)) = HY(X, Q% (W) = HPY(X, W),
So the exact sequence (B.6) becomes

~ ~ C ~ ~ ~ ~ ~ ~

0 —= FIHPI(X, W) = FOHPY(X, W) — FOHP(X,W)/FIHPI(X, W) — 0,
which is equal to
0 — HPYX, W) = HP4(X, W) — coker (%) — 0.
Similarly, we can show that
0 — HPYZ, W) = HP4(E, 7*W) — coker (w*) — 0

equals to

~ C ~ ~ ~
0 — FIHP(E, 5*W) — FOHP(E, y*W) — FOHP(E, 7*W)/F1HPU(E, 7*W) — 0.
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Consequently, (B.5) is equivalent to

0 — FIHPA(X, W) = FOHP(X, W) — FOHPY(X,W)/FIHPI(X, W) —= 0
| | /
0 — FIHPA(E, j*W) s FOHPY(E, y*W) — FOHPA(E, 3*W)/FIHPY(E, 7*W) — 0.
Moreover, due to the third isomorphism in Lemma 4.1 one gets
J* By (W) = Ey* (W) for any s > 1,
and thus, for any [ with ¢ = [ + s, the following isomorphism holds:
7 GrtHPA(X, W) = Gl HPY(E, *WV).

As a result, one has

. FOHPY(X W) _ FOHPY(E, ;W)
FeHPA(X,W)  FiHP4(E,;*W)

and therefore 7* in (B.5) is an isomorphism.

J

Remark B.1. It is easy to check that the isomorphisms (4.26)

™ HUX, A% ,(W)) = Hq(X,Jif;E(VV))

for all suitable p, g are equivalent to the ones (B.5)

HPY(X W) _ HPIE,;*W)

T HP(X, W)  w*HPI(Z,*W)

by use of the commutative diagram

Yo E—

I

0 0
— HY(X, HE (W) —= HPI(X, W) == HP9(Z,0*W) —% geti(x, HE ;W) — -
X

%
Tg+1

* YT s +1/v 14 T
JW) == HY(X, A (W) — -

[

- — coker (7;) — coker (7 ) — coker (w}) — % . coker (Tpp1) ——
| | | |
0 0 0

See also the simple Dolbeault case in [32, Proof of Proposition 3.4 and Remark 3.6],4.
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