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Intersection theory and Chern classes in
Bott-Chern cohomology

Xiaojun Wu

Abstract. In this article, we study the axiomatic approach of Grivaux in [Gril0] for rational
Bott-Chern cohomology, and use it in particular to define Chern classes of coherent sheaves in ratio-
nal Bott-Chern cohomology. This method also allows us to derive a Riemann-Roch-Grothendieck
formula for a projective morphism between smooth complex compact manifolds.

In the general case of complex spaces, the Poincaré and Dolbeault-Grothendieck
lemmas are not valid in general. For this reason, and to simplify the exposition, we
only consider non-singular complex spaces in the sequel and let X denote throughout
a complex manifold.

1. Introduction

Chern classes and Chern characteristic classes are very important topological
invariants of complex vector bundles. In order to better reflect the complex structure
of manifolds, we refine Chern classes and Chern characteristic classes, and define
them in rational Bott-Chern cohomology. This is done by introducing suitable
complexes of sheaves of holomorphic and anti-holomorphic forms. There exists a
canonical morphism from the complex of rational Bott-Chern cohomology into the
locally constant sheaf @@, seen as a complex with a single term located in degree 0.
Under this morphism, the image of Chern classes and Chern characteristic classes in
rational Bott-Chern cohomology are the usual ones defined in singular cohomology.

In the fundamental article [Gril0], Grivaux showed that for suitable rational
cohomology theories of compact complex manifolds, one could construct Chern char-
acteristic classes of arbitrary coherent sheaves, and in particular of torsion sheaves,
by induction on the dimension. This can be done provided one has a reasonable
intersection theory, and provided Chern classes can be defined for vector bundles.
One important argument consists of ensuring the validity of the Riemann-Roch-
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Grothendieck formula for closed immersions of smooth hypersurfaces. In [Gril0],
he proves that his axioms hold for rational Deligne cohomology and hence constructs
Chern characteristic classes in rational Deligne cohomology.

We begin by recalling some background for this type of problem. For any
complex manifold X, we denote by K°X the Grothendieck group of vector bundles
on X. For a vector bundle E, we denote by [E] the class represented by E. By
definition, K°X is the quotient of the free abelian group on the set of isomorphism
classes of vector bundles, modulo the relations

[E] = [E]+[E"]

for all exact sequences 0— E’'— FE— E"” —0. It can be endowed with a ring structure
by taking tensor products of vector bundles.

In a similar way, we denote by K¢ X the Grothendieck group of coherent sheaves
on X, simply by replacing vector bundles in the definition of K°X by coherent
sheaves, and one has a natural morphism K°X — Ky X by viewing vector bundles as
coherent sheaves. This morphism is an isomorphism in the projective case. However,
by the fundamental work of Voisin [V0i02], K°X can be strictly smaller than KoX
when X is a compact Kéhler manifold. This phenomenon is caused by the lack of
global resolutions of coherent sheaves by locally free sheaves.

Over QQ, Chern characteristic class can be seen through the Q-linear morphism

ch: K°(X)®,Q — A(X),

where A(X) means the cohomology ring in the cohomology theory under consider-
ation. A priori, on arbitrary compact complex manifolds, it is not trivial that this
morphism can extended into a morphism from Ky(X)®zQ. Grivaux showed that
this is possible once the cohomology theory satisfies suitable axioms of intersection
theory. The aim of this note is to develop a similar intersection theory for integral
(or rational) Bott-Chern cohomology.

Such theories have been considered in the work [Sch07] of M. Schweitzer, and
have also been developed in a more recent unpublished work of Junyan Cao. They
are more precise than Deligne cohomology or complex Bott-Chern cohomology, in
the sense that there always exist natural morphisms from the integral (or rational)
Bott-Chern cohomology into the other ones. We use here Grivaux’s axiomatic
approach to construct Chern classes in rational Bott-Chern cohomology, for coherent
sheaves on arbitrary compact complex manifolds.

In fact, it would be interesting to give a construction of Chern classes of co-
herent sheaves in the integral Bott-Chern cohomology rather than the rational one,
but substantial difficulties remain. Let F be a coherent sheaf on a smooth hyper-
surface D of X. We denote by i:D— X the inclusion. One of the main difficulties
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is to express the total Chern class c(i..F) in function of i.c.(F) and i.c.(Np,x),
where Np,x is the normal bundle of D in X. There exists a formulation of the
Riemann-Roch-Grothendieck formula that does not involve denominators, but it
does not seem to be easily applicable since Chern classes of coherent sheaves, un-
like in the vector bundle case, may involve data in higher degrees than the generic
rank.

For the convenience of the reader, we summarise here the axioms needed in the
axiomatic cohomology theory developed in [Gril0]. We assume that for any compact
complex manifold X we can associate to X a graded commutative cohomology ring
A(X) which is also a Q(C A%(X))-algebra. In the following, we will focus on the
rational (or integral) Bott-Chern cohomologies.

Aziom A. (Chern classes for vector bundles)

(1) For each holomorphic map f:X—Y, there exists a functorial pull-back
morphism f*: A(Y)— A(X) which is compatible with the products and the gradings
(by construction, cf. Section 2 and Proposition 5).

(2) One has a group morphism c;:Pic(X)— A (X) which is compatible with
pull-backs (by construction, cf. Section 4).

(3) (Splitting principle) If E is a holomorphic vector bundle of rank r on
X, then A(P(E)) is a free graded module over A(X) with basis 1,¢1(Og(1)), ...,
(c1(Og(1))"=1 (cf. Proposition 7).

(4) (Homotopy principle) For every t in P!, let i; be the inclusion X x {t}— X x
P!. Then the induced pull-back morphism i} : A(X xP!)— A(X)=A(X x {t}) is in-
dependent of ¢ (cf. Lemma 6).

(5) (Whitney formula) Let 0—FE—F—G—0 be an exact sequence of vector
bundles, then one has ¢(F)=c(E)-¢(F) and ch(F)=ch(FE)+ch(G) where ¢(E) means
the total Chern class of E and ch(E) means the Chern characteristic class of E (cf.
Proposition 8).

The construction of the pull-back will be given in the second section, and the
other parts are important results of Junyan Cao which will be given in the fourth
section.

Aziom B. (Intersection theory) If f:X—Y is a proper holomorphic map of
relative dimension d, there is a functorial Gysin morphism f,:A*(X)—A=4(Y)
satisfying the following properties:

(1) (Projection formula) For any x€A(X) and any y€A(Y) one has f.(x-
f*y)=f«(x)-y (cf. Proposition 6).

(2) Consider the following commutative diagram with p, ¢ the projections on
the first factors
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Y x 22 Xz

ye % . x

Assume Z to be compact and iy proper. Then one has i} ¢.=p.i}-, , (cf. Propo-
sition 1).

(3) Let f:X—Y be a surjective proper map between | compact manifolds, and
let D be a smooth divisor of Y. We denote f*D= m1D1—|— +mNDN with D
simply normal crossing. Let f;: D;—D (1<i<N) be the restriction of f to D;.
Then one has

N
fripe=Y miip fi
i=1
(cf. Proposition 9).
(4) Consider the commutative diagram, where Y and Z are compact and in-
tersect transversally with W=YNZ:

Then one has i5iz.=iw/y iy, 7 (cf. Proposition 10).
(5) (Excess formula) If Y is a smooth hypersurface of a compact complex man-
ifold X, then for any cohomological class a we have

iyiy«a=a-c1(Ny/x)

(cf. Proposition 11).

(6) The Hirzebruch-Riemann—Roch theorem holds for (P, O(i)) (Vi) (cf. Propo-
sition 14).

(7) Let X be a compact complex manifold with dim¢X=n and YCX be a
closed complex submanifold of complex codimension r>2. Suppose that p:)? —X
is the blow-up of X along Y. We denote by F the exception divisor and i:Y — X,
j:E%)Z' the inclusions, and q: E—Y the restriction of p on E. Then p* is injective
(cf. Lemma 3) and there is an isomorphism induced by j*

JANX) [pr AN (X) = AN(B) /g AN(Y):
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In other words, a class aeA’()?) is in the image of p* if and only if the class j*«
is in the image of ¢* (cf. Proposition 12). If F' is the excess conormal bundle on F
defined by the exact sequence

0—F-—¢q"Ny,x —N_ & —0,

/

one has the following excess formula for any cohomology class « on Y:
priva=j.(q¢" aca_1(F7))
(cf. Proposition 13).

In the parentheses, for the convenience of the readers, we state the correspond-
ing verification for the integral Bott-Chern cohomology. Note that in the paper of
Grivaux, he also lists Axiom C for a complete characterization of a theory of Chern
classes of coherent sheaves. However, Axiom A and B imply Axiom C. For this
reason, we omit the list of Axiom C.

Note also that in the published version [Gril0], Axiom A (4) is deleted, but it
is needed to prove Whitney formula, so we still state it explicitly. Also Axiom A
(5) is different from Axiom A (4) in [Gril0]. It is easy to see that Axiom A (4) in
[Gril0] implies Whitney formula in the case that the exact sequence splits. How-
ever, Whitney formula is what is really needed to define uniquely the Chern classes
of vector bundles in Grothendieck’s axiomatic approach and also for the rest of
construction [Gril0] instead of Axiom A (4) in [Gril0]. It does not seem apparent
to the author that it is trivial to deduce Whitney formula in rational Bott-Chern
cohomology for the non-splitting case from the splitting case. To keep in form of
the usual axiomatic definition of Chern classes of vector bundles, we state it in form
of Whitney formula instead of Axiom A (4) in [Gril0].

The verification of Axiom B will constitute the main substance of the fifth
and sixth sections. In principle, pull-backs can be induced by taking the pull-back
of smooth forms, and push-forwards can be induced by taking the push-forward of
currents under proper morphisms. The proof of the first two axioms is then reduced
to considering the natural pairing between smooth forms and currents. The third
and fourth axioms are more complicated, since they demand taking pull-backs of
currents. As in the case of Deligne cohomology, we first reduce the situation to the
case of cycle classes. Then we reduce the verification of properties of cycle classes
in integral Bott-Chern cohomology to the corresponding properties of Deligne cycle
classes. Checking the remaining axioms is more standard. This will be done in the
sixth section.

One difference between the above axiom compared to that of [Gril0] should
be pointed out. It appears that Axiom B (2) is incorrectly formulated in the paper
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of Grivaux for the construction of Chern classes, and that it should actually be

formulated as in the present article. Moreover, to prove Axiom B (3), one needs a

generalised version of Axiom B (2) where the inclusion i:Y — X should be replaced

by a proper map f:Y — X. Since this is the only point that we need this generalised

version, we still form our axiom for closed immersions, but this should be clarified.
In conclusion, we have the following result.

Theorem 1. For a compact complex manifold X, the cohomology ring
@ng’g(X, Q) satisfies Aziom A, B. In fact, the cohomology ring @ng’g(X, Z)
satisfies Axiom A, B except for the sizth one of list B, which demands rational
coefficients to define Chern characteristic classes and the Todd class.

As a consequence, by the work of [Gril0], for the rational Bott-Chern coho-
mology, we get the following result.

Corollary 1. If X is compact and KoX is the Grothendieck ring of coherent
sheaves on X, one can define a Chern character morphism ch:KOX%EBkH]];’g(X, Q)
such that

(1) the Chern character morphism is functorial by pull-backs of holomorphic
maps.

(2) the Chern character morphism is an extension of the usual Chern character
morphism for locally free sheaves given in Axziom A.

(3) The Riemann—Roch-Grothendieck theorem holds for projective morphisms
between smooth complex compact manifolds. In other words, let p: X — S a projective
morphism of compact complexr manifolds and F be a coherent sheaf over X. Then
we have the Riemann-Roch-Grothendieck formula in the rational and complex Bott-
Chern cohomology.

The rational case is a direct consequence of the work of [Gril0], which uses
classical arguments of Serre to reduce the proof to the fact that the Riemann-Roch-
Grothendieck formula holds for a closed immersion. It is proven by construction of
Chern characteristic classes (or equivalently of Chern classes in the rational coeffi-
cient case), using the prescribed axioms of intersection theory.

Let us discuss the case of complex Bott-Chern cohomologies. Using the meth-
ods developed in this note combined with the work of [Gril0], we give as an applica-
tion a more algebraic proof of the Riemann—Roch-Grothendieck theorem of Bismut
[Bis11], [Bis13] under the additional assumption that the morphism is projective.
However, we do not need the condition that the sheaf and all of its direct images are
locally free, nor the condition that the morphism is a submersion (cf. also [BSW21]).
The complex case can be derived from the rational case by the natural morphism
from the rational Bott-Chern cohomology to the complex Bott-Chern cohomology.
In the rest of the paper, we will focus on the rational (or integral) case.
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The organisation of the paper is the following. Section two recalls basic defi-
nitions and introduces pull back and push forward morphisms. Section three intro-
duces a ring structure on the integral Bott-Chern cohomology, in such a way that
it is compatible with the ring structure of the complex Bott-Chern cohomology via
the canonical map. Section four gives the construction of Chern classes associated
with a vector bundle and verifies the list of Axioms A. Section five introduces cycle
classes in integral Bott-Chern cohomology and verifies the intersection theory part
of Axioms B. Section six studies the transformation of Chern classes under blow
ups. This completes the verification of Axioms B.

Acknowledgement. 1 thank Jean-Pierre Demailly, my PhD supervisor, for his
guidance, patience and generosity. I am indebted to Stéphane Guillermou, Julien
Grivaux, Honghao Gao and Bingyu Zhang for very helpful suggestions, in partic-
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like to thank Junyan Cao for authorising using one of his unpublished work. I
would also like to express my gratitude to colleagues of Institut Fourier for all the
interesting discussions we had. During the course of this research, my work has
been supported by a Doctoral Fellowship AMX attributed by Ecole Polytechnique
and Ministere de 'Enseignement Supérieur et de la Recherche et de I'Innovation
de France, and I have also benefited from the support of the European Research
Consortium grant ALKAGE Nr. 670846 managed by J.-P. Demailly. We thank
the anonymous reviewer for a very careful reading of this paper, and for insightful
comments and suggestions.

2. Definition of integral Bott-Chern cohomology classes

In this section, we recall the basic definitions associated with integral Bott-
Chern cohomology. A reference for this part is [Sch07]. Notice that changing Z(p)
by C in the integral Bott-Chern complex gives a complex which defines the complex
Bott-Chern cohomology. Hence one gets a canonical map from the integral Bott-
Chern cohomology to the complex Bott-Chern cohomology. Next, we define pull
backs and push forwards in integral Bott-Chern cohomology. We verify the axioms
without involving the ring structure of the integral Bott-Chern cohomology (namely
Axiom B (2), part of (7)).

Definition 1. The integral Bott-Chern cohomology group is defined as the hy-
percohomology group
HEA(X,2)=H(X, By, )

of the integral Bott-Chern complex
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B, 7 Z(p) = 000 — Q' o0l — . — Pl T — 0P — .

(1) — Qi1 —0

where Z(p)=(2mi)PZ at 0 degree and A is multiplication by 1 for the first component
and multiplication by —1 for the second component. We call rational (or complex)
Bott-Chern cohomology the hypercohomology of the complex obtained by changing
Z(p) respectively into Q,C

Notice that the choice of the sign in A is to ensure that the natural map from
the integral Bott-Chern cohomology to the complex Bott-Chern cohomology is a
ring morphism. This will be discussed in Section 3. The choice of Z(p) instead of
Z(q) is more or less artificial, but since the Chern class always lies in HR4 (X, Z)
for some p, this choice poses no problem.

We begin by the definition of pull-backs of cohomology classes. Let f: X —Y
be a holomorphic map, it induces a natural morphism of complexes of abelian

group on any open set U of Y, B;, Y(U)f—>3;7 oz.x (f7H(U)) which induces the
cohomological class morphism HpZ (Y, Z) ~— H%A(X,Z). More precisely, the pull-

back of forms induces a morphism of complexes f* B 0. Y—)B 5 .z,x on X which
induces a cohomological morphism H*(X, f*B; , 7 Y)——)H (X, B, qZX) On the
other hand, there exists a natural morphism H" (Y B, ,zv)—H(X, B, ,7v)
since the pre-image of any open covering of Y gives an open covering of X. The com-

position of two morphisms gives the pull back morphism H%A (Y, Z) — HZL(X,Z).

The second morphism can be interpreted more formally as follows. There exists a

natural morphism B;, 7y —Rf.f*B;, ;5. Taking RI'(Y,—) on both sides gives
(Y" Bp,q,Z,Y)—>H (X f Bp,q,Z,Y)

For a proper holomorphic map f:X —Y of relative dimension d, we next con-
struct a functorial Gysin morphism f,: H3L (X, Z)— HY 9~ 4(Y, Z). The construc-
tion is a modification of the similar construction for Deligne cohomological class
given in [ZZ84]. The condition of properness is necessary even if we just consider
cycle classes, since the image of an analytic set is not necessarily an analytic set
when the properness condition is omitted.

Let K* be a complex of sheaves on the space X. One denotes by {FPK"}
the stupid filtration which does not preserve the cohomology at degree p i.e. if
q>p, FPK9=K1, otherwise FPK7=0. For the corresponding quotient complex,
we denote it as JpK *=K"/FPK*. We denote by Q" the complex of sheaves of
holomorphic forms on X. Let i:Z(p)—0,Q ®0,Q° be the complex map defined by
the diagonal map sending Z(p) into Ox®Ox at degree 0 with a sign —1 at the
second component and viewing Z(p) as a complex centred at degree 0. With the
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above notations, the integral Bott-Chern complex is the mapping cone of ¢ which we
denote as Cone’(7)[—1]. The idea to define the push-forward of the cohomology class
is to choose compatible resolutions of the complexes Z(p), apﬂ'@oqﬁ such that the
both complexes are formed by some kind of currents for which the push-forward is

well-defined.

For the convenience of the readers, we recall here some basic definitions and
properties concerning currents and geometric measure theory. We will use them
to define a resolution of Z(p). For more details and proofs, we refer to the article
of [Kin71]. We need locally integral currents to construct a resolution of locally
constant sheaf.

Definition 2. The space of locally integral currents is defined by
L°(N):={T € R*(N)|dT € R*(N)}
where RI°¢ is the sheaves of locally rectifiable currents.

We do not give the precise definition of locally rectifiable currents (generalized
singular chains with integer coefficients) here since these definitions by themselves
play no role in the article, just certain properties of locally integral currents. We
refer to the book of [Fed96] for more information.

Lemma 1. The complex of locally integral currents gives a soft resolution of
the locally constant sheaf Z over a manifold.

Proof. Tt is enough to observe the fact that for T€Z!°¢(R") such that dT'=0
there exists a S€Z}0¢ | (R™) such that dS=T (cf. [Fed96] 4.2.10 as a consequence of
the deformation theorem) and the following proposition in [Kin71] Proposition 2.1.9
for the case of top degree.

The fact that the sheaves of locally integral currents are soft can be found in
the discussions on Page 57 [HK74] before Theorem 2.2 (as a consequence of Federer
theory of slicing). O

Theorem 2. Let M be a Riemannian manifold of dimension n. If T€D'°(M)
such that dT'=0 then T is the current defined by locally constant functions. If
TET°¢(M) then this function is integral valued.

We now return to the construction of the push forward for hypercohomology.
We denote by D7 the sheaf of currents of type (p, q) on X. For each p, (D", 9)
is a fine resolution of Q% . By taking the conjugation, (D% "?,d) is a fine resolution
of @. The conjugate of differential forms induces the conjugate of currents. In
particular, o, . D" (resp. o.,D%"") is a Cartan-Eilenberg resolution of o,
(resp. 04 ). Taking the total complex of the double complex, we deduce that
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o,D’" is a resolution of ¢,Q%. Here, we use an abuse of notation, and actually
mean that we take direct sums of spaces of currents of bidegree (k,l) with k<p.
Similarly, o,D%" is a resolution of aq@. By taking complex coefficients, locally
integral currents extend into a complex of C-vector spaces of currents instead of
Z-modules.

Let Z% be sheaf of Z(p) times locally integral currents of real codimension i on
X, as defined above. In the following, to simplify the notations, we make an abuse
of notation to ignore the factor Z(p). The complex T is a soft resolution of Z by
Lemma 1. The integral Bott-Chern complex is quasi-isomorphic to the following
complex obtained by composing the natural inclusion of forms into currents:

Z(p) =5 0, Dy B0, Dy .
This morphism of complexes factorises into
(2) Z(p) — Tx =0, Dy B0 D"

In the following, we denote EX the mapping cone of A in (2). We will call it the
integral Bott-Chern complex involving integral currents and currents.

The morphism of complexes A factorises itself into the composition of two
maps: the first is the diagonal map with positive sign on the first component and
negative sign on the second component with image in D @D’ "; the second map
is the decomposition of locally integral currents into their components of adequate
bidegrees.

Since the first inclusion is a quasi-isomorphism in the derived category in
D(Sh(X)), the integral Bott-Chern complex is quasi-isomorphic to Cone’(A)[—1]:
Ty —A—>apD’X'éBan’X'. Note that the push-forward of currents and of the locally
integral currents are both well-defined for a proper morphism. We also remark
that the rule df.=f.d holds for currents. Hence there exists a natural morphism of
complexes on Y

[ Tx _>I;/_d7 f(oyDx @0y D) — 0p—dDy ©oq—aDy’
which, as will be explained below, induces a cohomological group morphism
for HRL(X,Z) — HY P NY, Z).

Here, to define the push-forward for cohomology classes, it is enough to define it
for global section representatives; in fact, the complex 75 is soft, which means
any section over any closed subset can be extended to a global section; a soft
sheaf is in particular acyclic, thus the complex o0,D% @0 D" is acyclic. The
hypercohomology of the integral Bott-Chern complex is just the cohomology of
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the global sections of the mapping cone A. Now we define the push-forward of a
cohomology class as the push-forward of any of the global currents representing the
cohomology class. By construction, the pull-back and push-forward both satisfy the
functoriality property.
Notice that the use of a resolution of the locally constant sheaf Z(p) seems
to be necessary since a priori we have only natural morphism in inverse direction
H(Y, fiB,, 4 z.x)—H (X, B, , 7 x). The trace morphism tr: f.Zx —Zy and the
push forward of currents mduceb a morphism H*(Y, £.B; 7 x)—H(Y,B;, 7 +)
if X,Y have the same dimension. It seems to be not easy to induces from these
two morphisms a morphism H*(X, B;, 7 ) —H(Y,B;, , 7). If we take the quasi-
isomorphic acyclic resolution involving the locally integral currents as in (2), the
hypercohomology of H*(X, B, .z ) is represented by global sections. Then the re-
striction of the global section on the open sets induces a morphism H-* (X, B;qux) —
H*(Y, f«B;, , 7 x) in the desired direction. In this case, we have the following fac-
torisation
H* (X, B;),q,z,x) — H'(Y, fu ;yq,Z,X)

\ |

YquZY[ 2d])

where d is the relative complex dimension. The vertical arrow is the morphism
induced by pushing forward currents, under the assumption that f is proper.

Commutativity can be checked directly. Let T be the global section represent-
ing a cohomology class in H'(X,B;, 7 v). Let (Vi); be an open Stein covering of
Y such that the hypercohomology class on Y can be calculated by the hyperco-
homology associated with the open cover. We denote by {7;} the image of T in
H* (Y, f*B;)7q7Z’X) by restriction on V;. More precisely, T; is the restriction of T on
fH(Ve). Tts image in H'(Y, B;, ,  [—2d]) is {f.Ti}, and those sections glue into a
global section f,T

The definition of the push-forward of cohomology classes can also be inter-
preted more formally as follows. In order to distinguish the different morphisms
of complexes, we denote by Ax the map on X involving Z(p) and Ax the map
on X involving locally integral currents. The complex Cone(A x) involving locally
integral currents is a soft complex. Since f is proper, f*Cone(A x) is a soft complex
which means f,Cone(Ax)=Rf,Cone(Ax) in D(Sh(Y)). We denote by ax (resp.
ay) the morphism from X (resp. Y) to a point. The push forward of currents
induces a morphism of complexes in C'(Sh(Y)): f,Cone(Ax)— Cone(Ay)[—2d]. In
other words, we have by composition a morphism in the derived category

Rf.(Cone(Ax)) — Cone(Ay)[—2d].
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Taking RT' (Y, —)=Ray. on both sides, and using the fact that R(ayof).=Rax.=
Ray.oRf. (since f, transforms soft complexes into soft complexes), we get f.:
HY4(X, Z)— HY "7 %(Y, Z) after taking cohomology.

In the following, once we want to view the push forward of the cohomology
groups as a morphism in the cohomology level induced by a morphism of com-
plexes, we use the above interpretation (for example, in the proof of the projection
formula).

In the case where f is analytic fibration, in the sense that f is a proper surjective
morphism and all fibres are connected, we can additionally define a morphism from
the push forward of the locally constant sheaf Zx to the locally constant sheaf Zy,
e.g. a morphism f,Zx —Zy. Any modification f such as a composition of blows-up
with smooth centers is an example of an analytic fibration in the above setting.
We now use this morphism to prove that any modification p yields an injective
morphism p* between the corresponding integral Bott-Chern cohomology groups.

In this case, for any connected open set V CY, we have f.Zx(V)=Zx(f~1(V))
where f~1(V) is a connected open set, so it is enough to define the morphism
f+Zx —Zy by asserting that it associates the constant function 1 on f~*(V) to the
constant function 1 on V. In preparation for the next steps, we need the following
lemma.

Lemma 2. For any analytic fibration f:X—Y, there is a commutative dia-
gram

f*ZX — f*Ig)(

! |

Zy — 10,

Proof. This is directly verified on any connected open set VCY. The map
Zx(f~Y(V))=ZI%(f~1(V)) is given by associating the constant function 1 to the
integral current [f~1(V)] associated with f~!(V'). The image of the constant func-
tion 1 under Zx (f~1(V))—Zy (V) is the constant function 1 on V. The image of
the constant function 1 under Zy (V)—Z%(V) is the integral current [V] associated
with V which is also the image of [f~*(V)] under £.Z%(V)—Z% (V). O

Using an identification of the push forward of currents on X as currents on Y,
we get the following commutative diagram

f+«Cone(Ax) ——— f.Cone(Ax)

J !

Cone(Ay)[—2d] —— Cone(Ay)[—2d]
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with the above notations. Taking Ray. and cohomology to the commutative dia-
gram gives

H* (Y, f*B;a,q,Z,X) — (X, Bz.mq,Z,X)

| |-

H*(Y, B, , 7.y [—2d]) L m(y, B, .2y —2d]).

In the case of a modification, one can prove that f* is injective. This can be
seen via the following

Lemma 3. For any modification f: X —Y, one has
fofT=1d:H (Y, Z) — H5 (Y, Z).

Proof. Using the above commutative diagram, it is enough to show that for
any open set V CY and any sheaf in the integral Bott-Chern complex one has the
identity f.f*=id, so that the identity will hold for any hypercocycle representing
an integral Bott-Chern cohomology class.

Let A be an analytic set of X, Z be an analytic set of Y such that the map
flx\a:X\A—=Y\Z is biholomorphic. For any smooth form w defined on V', we
have f, f*w=w. In fact, for any smooth form w with compact support in V', we can
write

(fof w0, @) = ([*w, [*B) :/

v

:/ w/\fu:/ WAW = (W, Q).
V\Z %

Here, the third and fourth equality hold since the integral of a smooth form on an
analytic set of lower dimension is 0 (such a set being of Lebesgue measure 0 in the
relevant dimension).

For the locally constant sheaf Z, since the analytic fibration has connected
fibres, a straightforward argument yields f. f*=id.

f*wAf*wz/ FrwAfD

f-1v\A

In conclusion the composition of sheaf morphisms: B, ;v —f«f*B, 7y
(given by the canonical map), f«f*B;, 7y —fB; 7 x (induced by pull-back of
smooth forms) and f.B;, 7 x—B; , 7 (induced by push-forward of currents) is
the identity map. Notice that a priori, the image complex of the last morphism
should be the quasi-isomorphic complex involving currents instead of smooth forms.
However, in the case of a modification, the push forward of a pull-back of a smooth

form is still a smooth form. In particular, the composition of sheaf morphisms

B, gzy — [l By gny — [«By gz x — By gmy
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is the identity map. This shows that the canonical map B, , 7 v = f« "B, 7y Is
an isomorphism.
Thus we have the following commutative diagram

H* (Y, 8;77,17271/) =H"(Y, f*f*B;],q,Z,Y) — H(Y, f*B;;?7qZ,X)

! l

H (X, f*B;, 4 7y) ——— H(X,B; , ; %)

The vertical arrows are the canonical maps and the horizontal maps are given by
pull-back of smooth forms. Notice that the composition of

H* (Y, B;;,q,z,y) =H (Y, f*f*B;),q,Z,Y) — H(Y, f*B;),q,Z,X) — H" (X, B;],q,z,x)

is exactly the pull-back of cohomology classes. A comparison of this diagram with
the diagram given before the lemma concludes the proof. [

For complex Bott-Chern cohomology, the following formula in Proposition 1
is valid, since the cohomology class can be represented by global smooth forms
and since the push forward of global forms under the projection is just the inte-
gration over the second component, which commutes with the restriction on the
corresponding (smooth) submanifold.

To prove the case of integral coefficients, we need a relative version of pull back
and push forward for cohomology classes. To do this, we recall some definitions of
derived categories. For a more complete description, we refer to [KS02]. We start
with the definition of a relative soft sheaf.

Definition 3. Let f: X —Y be a continuous proper morphism between topolog-
ical spaces and F' be a sheaf of abelian groups on X. Then we say that F' is f-soft
if for any yeY, F|s-1(,) is soft.

In general, to define Rf, (or some right derived functor), one can take any
fy-injective resolution (or any relative injective resolution). In particular, we do
not need to take an injective resolution (which is the key point of Axiom B (2)).
We verify that a f-soft resolution gives a f.-injective resolution.

Definition 4. (Definition 1.8.2 in [KS02]) Let F':C—C’ be an additive functor
between abelian categories. A full additive subcategory S of C is called injective
with respect to F' if

1. for any X €0b(C) there exists X' €O0b(S) and an exact sequence 0—X — X",

2. For any exact sequence 0— X' X —X"—01in C, if X/, X €Ob(S) then X" €
0b(S).
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3. For any exact sequence 0—X'—»X—X"—=01in C, if X', X, X" €Ob(S) then
we have exact sequence

0— F(X')—F(X)— F(X")—0.

Lemma 4. The subcategory formed by f-soft modules in C(Sh(X)) is injective
with respect to fy for f proper.

Proof. Tt is a variant version of Proposition 2.5.10 in [KS02]. We give the proof
in the relative case.

Since any soft module is f-soft by definition and the subcategory formed by soft
modules has enough injective element i.e. it satisfies condition 1, the subcategory
formed by f-soft modules in C(Sh(X)) also satisfies condition 1. Notice that since
f is proper, for any y€Y, f~1(y) is compact hence closed.

Condition 2 is a direct consequence of equivalence (i) and (ii) in Exercice I1.19
(b) in [KS02]. It says that for any exact sequence of Zx modules 0— F'— F—F"—0
with F, F" f-soft and for any y€Y’, the hypothesis that 0— F'| ;-1 ()= F|f-1(,) —
F"|4-10,)—0 is exact implies that F'|;-1(, is soft. In particular, F" is f-soft.

Now, we prove condition 3, i.e. that if 0—F'— F— F”—0 is an exact sequence
of f-soft module, then there is an exact sequence

0— foF' — f.F — f.F'—0.

Let y€Y, we want to check that for any s” €T'(f~1(y), F"') there exists s€T'(f ~1(y),
F) whose image is s”. Notice that since f is proper the functors f,. and f; are the
same. By the base change theorem (Proposition 2.5.2 in [KS02]), we have

(f*F)y g1—‘(]6_1(:1/)7F|f—1(y))'

Let K; be a finite covering of f~!(y) by compact subsets such that there exists
s; € (K;, F) whose image is s”|k,. This is possible from the assumption that F'e F”
is surjective and the fact that f~1(y) is compact. Let us argue by the induction on
the index of the covering to adjust the s;’s such that s;’s glue to a global section. For
n>2, on (U,<,,_; Ki)NK,, we have s| the glued section constructed by induction
and so€T(K,, F). Hence s} —s0€T((U,<,,_; Ki)NKy, F') which extends to s'€
L(f~(y), F') since F’ is f-soft. Replacing s, by so+s’ we may assume that

/ _
SUUscn s KN =52l(Uc_y KONK-

Therefore, after finite times induction, there exists s€'(f~1(y), F) such that s|g, =
S;.
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(Notice that condition 2 can be deduced from condition 3 by the following
commutative diagram. Let K be a closed subset of f~1(y). We have

L(f~ ), F) —— T(f(y), F")

| |

I'(K,F) — (K, F").

The fact that the bottom and left arrow are surjective implies that the right arrow
is surjective.) 0O

We also need the following lemma (Lemma 3.1.2) in [KS02].

Lemma 5. Let f:X—Y be a continuous map of locally compact spaces and
K be a flat and f-soft Zx module. For any sheaf G on X, G®z, K is f-soft.

This lemma entails the following useful corollary.

Corollary 2. Let X, Z be two complex manifolds with Z compact. Let F* be a
flat complex (of sheaves of abelian groups) over X and G* be a soft and flat complex
over Z. Then F*XG" is flat and q-soft with respect to ¢: X x Z—X.

Proof. The flatness part is from the fact that for abelian groups flatness is
equivalent to torsion-freeness. For any x€X we have F*MNG"|(yxz=F,®z,G"
which, by the lemma, is g-soft. [

Now, we are prepared for the proof of Axiom B (2).

Proposition 1. Consider the following commutative diagram where p,q are
the projections on the first factors

iy xz

YxZ——S XxZ

y(i—y> X

Assume Z to be compact. Then one has in integral Bott-Chern cohomology an

equality 13 g« =psiy o ;-

Proof. The idea is to use a resolution on X x Z formed by pulling back a resolu-
tion involving smooth forms on X, and tensoring with the pull-back of a resolution
involving currents on Z. This gives a ¢-soft resolution, and an explicit method to
calculate Rgq,, via Corollary 2.

Let U be an open covering of X formed by geodesic balls with a small enough ra-
dius such that any finite intersection of such balls is diffeomorphic to a euclidean ball.
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Consider the Cech complex C*(U,Zx) associated to Zx (a sheafified version with
the same notation used in Hartshorne [Har77]). More precisely, denote Zx ;,...i,
the restriction of Zx to Uj,...;, =U;,N...NU;,. There exists a complex (,7'(7/{, Zx) of
Zx-modules with CP(U, Zx)=]1,, ; (io...iy)+Zx io...i, and the usual Cech differen-
tial where j;,..;, is the inclusion of Uj,. ;, (cf. 20.34 [St22]). Therefore, the Cech
complex gives a resolution of Zx (i.e. Zx —CP(U,Zx) is a quasi-isomorphism). By
Leray theorem, H*(X,Zx) can be represented by global Cech cocycles. It is a flat
complex on X since all terms are torsion-free. Also, 77, is a flat and soft resolution
of Z; on Z.

By Corollary 2, Cv'(L{,ZX)®I'Z is a g-soft resolution of Zxxz=ZxXZ; on
XxZ.

Now we perform a similar construction for the sheaves of smooth forms. The
sheaves of smooth forms COO xxz on X X Z can be viewed as flat Zy-modules and
Zz-modules. Thus we have quasi-isomorphisms

e ot ~ e L
CU xxz2C0% xxz®2x C U Lx)=2CY x 7®7, Lx.
Similarly, we have quasi-isomorphisms
o TR o~ Yo L
Clxxz25C00 xxz292, L3 =C x4 797,z

Therefore, the integral Bott-Chern complex on X x Z in the derived category is
quasi-isomorphic to

3) B, x 7 = Cone(C*(U, Zx )BTy — 0,,.CL D0 C2)[-1]

with the natural inclusion morphism where o, .C% means in fact C*(U,Zx)®zy
0p+C xxz®2,Ly (similarly for o.,CZ). In the following, we denote the right-
handed-side complex as M%, , in (3). Note that we have quasi-isomorphisms
B'Z,XxZgM.XXZgC’/.(usz)@ZX B%.,. By Kiinneth formula (or by fineness of

C3 xxz®2,Ty), all higher cohomologies of sheaves in M, , (before tensoring

C(U,Zx)) over Uy, 4,
M, can be represented by global sections. As before, we denote C*(U, Zx ) ®z,

x Z are trivial. By Leray theorem, the hypercohomologies of

B =B, 5 the Bott-Chern complex involving locally integral currents and cur-
rents as in (2). The tensor product is induced from the tensor product of sheaves
of Zx— (resp. Zz—)modules. Notice that the sheaves of smooth forms on X x Z
are also g-soft. In particular, we have

Rq, (B.Z,sz) =gy (Cone(é’ U, Zx)XTy — 0y .CL D0, ,C) [—1]).

We have natural morphisms ¢.pr3Z, —q¢.Z%,,—2Z%. It induces a morphism
4(C*(U, Zx)RT;)—(C (U, Zx) Rz L )[—2n] where n=dimc Z. On the other hand,
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since ¢ is a proper submersion, we have a canonical morphism g.(C:2 )—>(CV U,
Zx)®z, D' *")[—2n] induced by push forward of currents. Thus we get a morphism

4 (Cone(C* (U, Zx )RTy — 0,.C2 G0, ,C2)[—1]) — M [—2n]
:=Cone((C' (U, Zx )72, Ix) — C (U, Zx) Rz, 0. D' " ®C (U, Zx)
®2, 00 gD ") [~2n—1].

Passing to hypercohomology, this morphism induces the push forward of inte-
gral Bott-Chern cohomology by ¢. The push forward of cohomology classes defined
in this way coincides with the previous one induced by inclusion into currents.

Since this resolution is flat, we can also use it to define the pull-back of cohomol-
ogy classes. More precisely, one can define the pull-back of the cohomology class
as follows. Since iy z=/(iy,idz), one has i}, ,:Cone(C' (U, Zx)RTy,—0,.Cld
0..4C2)[=1]— Cone(C* (UNY, Zy )RIy — 0, .0 Do, ;C)[—1] induced by pulling
back forms and pulling back currents. Here idz is a submersion, so the pull back
of currents is well defined (and is in fact the identity!). Passing to hypercohomol-
ogy, we get another way of defining 3., , for integral Bott-Chern cohomology. We
next check that these two definitions coincide. The inclusion Zz—Z% induces a
commutative diagram

Lxxz=LxW7Zz ez, Ly xz=2LyWZz

| |

<k

C'(U,Zx)RTy —Z5 C(UNY, Zy)RTy.

This commutative diagram implies that the two definitions of pull back coincide.
Similar arguments show that the push forward by p. can be defined using the
corresponding resolutions. It is non trivial to study 43¢, since the image of ¢, is val-
ued in H*(X, EX) where 7y is not always well defined for currents on X. Note that
the image of g, is valued in H*(X, Im(q*(M‘XXz)%/f\\/lj}([an])) where the sections
can be locally written as [ f(z, z)du(z) where f(z, z) are smooth forms on X x Z and
du(z) locally integral currents (hence with measures coefficients). Note that pull-
back of currents by i} is well defined for such currents valued in Im(p, (M5 ;) —
/\7;/[—271}). Im(q*(./\/l}(xz)%.//\z}( [—2n]) is quasi-isomorphic to By since by the
proof of Dolbeault-Grothendieck lemma (cf. Chap. I Lemma 3.29 [Dem12]), a solu-
tion of Ju=uv for any local d-closed current v valued in Tm (g, (M, Z)—>Mv}( [—2n])
could be constructed explicitly by integration formula which is also valued in
Im(q, (M, ,)— M [—2n]). More preciscly, Dolbeault-Grothendieck lemma, im-
plies that for fixed k, the complex Im(q*(C;g’XXZ®ZZI'Z)—>D/);’°[—2n]—>D/;+2""

[—2n]) formed by currents and forms of fixed first index as a subcomplex of Dl;"
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is quasi isomorphic to Q%. On the other hand, ¢.(C*(U,Zx)XI;)—C (U, Zx)®
Ty [—2n] factors through C*(U,Zx) with surjective map onto C'(U,Zx). In
particular, Im(q.(C*(U,Zx)XTy)—C (U, Zx)®T[-2n]) is quasi isomorphic to

C'U,Zx).
Consider the following commutative diagram

H (X, B) H (Y, 33 By) ————— H(Y.B})
H* (X, I (g (M 7) H*(Y, 35 Tm(q. (M ) . lw.
SMyl-2m) = Myl-2n)) — H'(Y, My).

Thus the pull back of currents valued in Im(q, (./\/l‘XXz)%//\/lv'X[f2n]) induces the
pull back of cohomology classes by 3.

Since the resolution is relatively soft with respect to p or ¢ and flat, the
hypercohomologies in the morphisms H**(X xZ, Mxxz)—=H"" (Y xZ, My xz)—
H (Y, My) (vesp. H"(XXZ, Mxxz)—H ™ "X, Mx)—H ™" "(Y,
My)) can be represented by global sections which define the same pull-back and
push-forward in Bott-Chern cohomologies as defined in the beginning of this sec-
tion. The sections are formed by currents valued in Im(g, (M, Z)—>/T/l/'X [—2n])
(or valued in Im(p*(/\/lg/xz)%ﬁ/lv}[—2n])) and forms on the open set of UxZ
or (UNY)xZ for some open set U of X, which is some intersection of the open
sets in the cover U. The equality asserted in the proposition is satisfied for such
forms and currents. In particular, i [ f(z, 2)du(z)= [ i} f(z, z)du(z) for f(z,z)
smooth forms on U x Z and du(z) locally integral currents on Z. This concludes the
proof. O

Axiom B (2) can be generalised to any proper morphism f:Y — X, not neces-
sarily a closed immersion with Z compact, which would be needed to prove Axiom B
(3).

By the fact that the pull-back of a current is always well defined in the case of
submersion, one gets the following proposition.

Proposition 2. Let Y, Z be compler manifolds with Z compact and natural
projection p:Y x Z—Y . The pull-back of global representatives in terms of currents
induces the pull-back of integral Bott-Chern cohomologies defined above in terms of
forms.

Proof. For any connected open set VCY, we have the following commutative
diagram
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*

Zy(V) —2 Zy w2 (071 (V)) .

Lo

Ty (V) — Ty (07 1(V))

The vertical arrow is given by associating the constant 1 to the integral current
associated with [V] (resp. [p~1(V)]).

Passing to hypercohomology, inclusion of forms and constants B* into currents
and locally integral currents B* induces isomorphism on hypercohomology, so the
morphisms of integral Bott-Chern cohomology groups induced by pulling back forms
and pulling back currents are the same. In other words, the commutative diagram

p*By —— p*By
B;/XZ E— B;/XZ
induces in hypercohomology the commutative diagram

H*(Y,By) ———— H*(Y.By)

J L

H*(Y X Z,p*By) —— H*(Y xZ,p*B})

J !

H*(YXZ,By, ;) —— H*(Y XZ,By . ).

Here the terms containing a tilde indicate complexes involving currents, and the

terms without a tilde indicate complexes involving locally constant sheaves or forms.
O

Proposition 3. Let f:Y —X be a proper map between compact complex man-
ifolds. Assume that Z is a compact complex manifold. Consider the following
commutative diagram where p,q are the projections on the first factors

(f,id)
YXxZ —> XxZ

|

Y — X.

Then one has in integral Bott-Chern cohomology an equality f*q.=p.(f,id)*.
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Proof. There are two ways to prove it. The first way is to consider the following
diagram

PXxZz

Vxz @Dy Xz P4 x w7
lpyxz/y l}lyxx lPsz/x

y <D L yex X.

Pyxx/x

To show that f*pxxz/x,«=Pyxz/v,«(f,id)*, using Proposition 1, it is enough to
show that p;xx/XprZ/X,*:prX,*P§xz~ By Proposition 2, since all the maps
in the right square are projections, the pullback of integral Bott-Chern cohomol-
ogy can be induced from the pullback of currents as well as push forward (for
proper morphism such that the push forward of currents is well defined). In par-
ticular, to show the equality at the level of cohomology, it is enough to show the
equality for global currents representing the corresponding cohomology class. Du-
ally, it is enough to show for smooth form w on Y xZ with compact support,
p}XZ/XprX/X,*w:pXxZ,*p;(/XXW which is true since we always integrate along
the factor of Y.

The second way is following the proof of Proposition 1. Let U be a cover of
X with small geodesic balls. Let V be a cover of Y with small geodesic balls such
that the image of each geodesic ball is contained in some open set in . In previous
proof of Proposition 1, we take V to be the intersection of & with Y. The rest of
the proof works identically. [

Remark 1. In the rational coefficient case, instead of the sheaves of locally
integral currents 7%, one should consider the image of the natural map 7% ®z, Qx
to the sheaves of currents which will be denoted by Z¥ g (Note that by Lemma 5,
T% ®z, Qx is soft by considering f as a map to a point.) More precisely, in (2),
one should consider

Qlp) — Ik = 0D @0 D

Note that the local sections of 7% ®z, Qx are the rational linear combinations of
locally integral currents which can be seen as currents. In the rational coefficient
case, we work in the (derived) categories of sheaves of Q x-modules instead of abelian
groups. For example, we should replace (3) by

B} xx 7 = Cone(C* (U, Qx ) KTy o — 0,,.CL B0, 4 O) 1]
with
C;o.,XXZ = C'(u’ QX)®QX C;Q,XXZ@)QZI.Z,Q'

Ixg is a (flat) resolution of Qx. In fact, for any germ of T - some positive
multiple of this germ is locally integral. As the germs of 7% is a resolution of the
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germs of Zx, I q is a resolution of Qx. The only issue is to check that T g is soft.
The following arguments are modified from Page 57 of [HK74]. Let Z be a closed
subset of X. Let SEI'(Z,T% o) which we want to extend onto X. Assume that S
is defined over an open neighbourhood U of Z. Let f be a smooth function on X
which is identically equal to 1 on an open neighbourhood of X \U and is equal to 0
near Z. Let x. be the characteristic function of the set {f<e}. Fix some 0<eg<1.
Cover X by open sets X; such that X; €X;,;. For any 4, since X, is compact, there
exists V;€N* such that NiS|{f§so}07i values in Z*. By Federer slicing theorem,
for a.e. e<ep, N;x:S is locally integral when restricting to X;N{f<ep}. Thus for
a.e. €<eg, X S€(X,Zy o) which extends S. Hence all our results in the integral
coefficient case also work in the rational coefficient case.

Let f: X —Y be a proper morphism between Riemannian manifolds of relative
dimension r. By compactness of the fibers, the natural morphism f.Z% —Z; [—7]
induces a natural morphism f,(Z5% ®z, Qx)—Z; ®z, Qy[—7] since some multiple
of a local section of f.(Z%®z,Qx) is integral coefficient (up to restriction to a
relatively compact open subset). Taking image in the sheaf of currents, the induced
natural morphism is independent of the choice of multiple. In other words, we have
a natural morphism f.Z% o—Z7 o[—7].

3. Multiplication of the Bott-Chern cohomology ring

In this section, we discuss a natural ring structure of the integral Bott-Chern
cohomology and we verify the projection formula (Axiom B(1)). Some calcula-
tion of this part is borrowed from an unpublished work of Junyan Cao. The de-
tailed verification of all the calculations can be founded in the author’s PhD thesis
[Wu20].

The complex Bott-Chern cohomology is represented by global differential forms.
The exterior product of forms induces the multiplication of cohomology classes. To
define a multiplication of integral Bott-Chern cohomology which preserves the ring
structure under the canonical map from the integral Bott-Chern cohomology to the
complex Bott-Chern cohomology, we start by defining a modified version of multi-
plication of Deligne cohomology. Recall that the integral Deligne complex D(p)* is
the complex in C'(Sh(X))

Z(p) — O — Q' — . —r 0.
The integral Deligne complex admits a multiplication structure as follows.

U:D(p)' ®zy D(q)" — D(p+q)°
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-y, if deg(x)=0
Uy =< xAdy, if deg(z)>0 and deg(y)=p

0, otherwise.

U is a morphism of Zx-module sheaf complexes by a direct verification. A modified
version of multiplication is given in the following definition.

Definition 5. For the integral Deligne complex, we define

U:D(p) @z D(q)' — D(p+q)°

Ty, if deg(y)=0
zUy =< (—1)PdxAy, if deg(y)>0 and deg(x)=p
0, otherwise.

We can verify that U yields a well defined morphism of complexes, namely that
d(zUy) = dzUy+(—1)%°s@ zUdy.

Remark 2. For the definition of multiplication in the integral Bott-Chern com-
plex, we need a modified Deligne complex where we change the signs. To be more
precise, we consider the complex

Z(p) =50 — Q' — Q0.

In this case, we define the multiplication as follows:

Y, if deg(y)=0
zUy =< (=1)P~tdxAy, if deg(y)>0 and deg(z)=p
0, otherwise.

Proposition 4. The multiplication is associative and homotopy graded-com-
mutative. Thus, it induces a structure of an anti-commutative ring with unit on the
integral Deligne cohomology.

Proof. Considering a€D(p)*, a€D(p')* and deg (a)=1, deg (&)=, we prove
the formula
(-9 aua=aUa+(dH+Hd)(a@®a).

Here d is the differential of D(p)*®@D(p')*, and d(a®p) is defined by d(a®p)=d a®
B+(—1)%e(@q®d 3. The modified homotopy operator H is defined by: H(G®a)=
(—1Y'ana, if i#0,7#0. Otherwise, H(a®a)=0. O
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Remark 3. Similarly, for the integral Bott-Chern cohomology, the modified
Deligne complex admits a homotopy operator defined by: H(a®a)=(—1)'aAq, if
i#0, j#0. Otherwise, H(a®a)=0. We also have the equality:

(—1)YaUa =aUa+(dH+Hd)(@®a).

Once we have defined a morphism from a tensor product of two complexes to
another complex. It naturally induces a product on the hypercohomology class. For
self-containedness, we recall the construction.

Definition 6. Consider two complexes of sheaves A°,B°, such that there ex-
ists a multiplication denoted by U: A*'®zB*'—C*, a®pr—aUf satisfying the rela-
tion d(aUpB)=(da)UB+(—1)%e(®qUdB. Then one can define a product between
H*(A°) and H*(B") as follows: let € C*(A") and 3eC* (B") (where C means Cech
hypercocycle). One defines a Cech hypercocycle 8-3eCFHHE (€1 by

(ﬁ'ﬁ)jomjk_*_k/ = (_1)kl Bjo-ujk Uﬁ]k]k+k/ N
We can check the derivation relation:
8(8-B)=(8p)-5+(~1)""'p-(85)
where 55:(71)15ﬂ+dﬂ, § is the Cech differential.
The multiplicative structure on the integral Deligne complex induces a mul-
tiplicative structure on the integral Bott-Chern complex as follows. We denote
ep the canonical morphism of complexes from the integral Bott-Chern complex

B;, 7 to the integral Deligne complex D(p)’. We denote p the canonical mor-
phlsm of complexes from the integral Bott-Chern complex B;,  ; to the modified

conjugated integral Deligne complex D(q)‘:zO—)Z(q)——)OX—h..—)Qg( —0 with
a multiplication of (27i)9~? at degree 0. The modified multiplication of modified
integral Deligne complex in Remark 2 induces a multiplication of modified conju-
gated integral Deligne complex. These two canonical maps induce a multiplicative
structure on the integral Bott-Chern complex as follows. Let v, 3" be two elements
of D(p)?,D(q)? over the same open set for some i. If i=0, there exists a unique
element x of BO g,z Such that ep(x)= y" and gp(z)=y’ if and only if they satisfy
y'=(2mi)1 Py’ T he existence of the unique element is trivial for all posmlve de-

gree. Hence we can define the multiplication zUz" of two elements x, 2’ of B; o7

and BZ,’q,’Z respectively just to be the unique element such that ep(xUz’)=zUx’
and gp(zUa’)=zUz’ with the cup product of Deligne complex and the modified
cup product of modified conjugated Deligne complex respectively. At degree 0,
the multiplication is just the multiplication of the two integer at degree 0 up to a
constant satisfying the compatible condition. Therefore, the multiplication of the
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integral Bott-Chern complex is well-defined. In conclusion, the cup product of the
complex is given explicitly by the following definition.

Definition 7. Let w,w be two elements of the complex B, @z B, ., and let us
use the following diagrams to denote the elements w, w of mixed degrees

0,0 ~1,0 0,0 ~p'—1,0
w c u~, L uP & : UV e , aP
— ~ ~ /7 .
P00 Jo0et ) P00 L pYe L

For instance, at degree 0, we denote w by ¢, at degree 1, we denote w by (u%?, %)
etc. With the same notation, the cup product wUw is represented by the diagram

~ -~ /7 - /7 _ - /7
Ne ena®0, ... JeAGP —10 00 Aggp —10 - ypmLOA P —10
cN\C - L = a g P
TOONE, L YT AE (—1)2 o0 T A0 , (1)1 L9t Ag0a —L

The cup product of integral Bott-Chern cohomology is given explicitly by the
following diagram.

Definition 8. Let w,w be two representatives of hypercocycles of the complex

Bp,q ®ZBP/7Q/7

~ ~ /7
w00, . 10 — %0 ,ap 10
w=|c w=|é _ o .
P00 yo%at )7 P00 L g0t
For instance, at degree 0, we denote by ¢ an element in C’p“‘q(Bg’q), at degree 1, we

denote by (u%9 v%9) an element in C‘/erq*l(B},’q) etc. With the same notation, the
cup product wUw is represented by the diagram

and let us use the following diagrams to denote the elements w, w

o~ . ~! ’ ~ /. . ~!
CAE V¥ enu®0 ) ... JeP LA 10 ek 0.0 Agyp 10 - eptpt L p—1,0 A gy’ —1,0
- _ _ - - _ - ' _ 157/ . - r_ .

Te*0y00aE L e g0 am NG 4 29y0 eI AG00 , €59t —1990:0—1 0,0’ —1

S

The signs e*, ¢*° are given as follows:

B (—1)ra) (B4 - if R<p/ —1
Ty, i Ry

ws )L if S<qg—1
=T (_1)PS+(P+1)(Q+1)’ if $>gq.

Notice that this cup product is just the cup product defined in [Sch07]. Let
us also notice that there exists a more obvious natural product structure on the
complex Bott-Chern cohomology induced by the wedge product of forms. The
signs in the cup product defined in [Sch07] are exactly taken in such a way that the
two products coincide under the natural morphism. The natural inclusion of the
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integral Bott-Chern complex into the complex Bott-Chern complex induces a ring
morphism in hypercohomology. The morphism of complexes ep also induces a ring
morphism in hypercohomology.

Proposition 5. The multiplication is anti-commutative. Thus, it induces a
structure of an anti-commutative ring with unit on the integral Bott-Chern coho-
mology.

Proof. As for Deligne cohomology, there is a natural homotopy operator. We
identify the degree 0 sheaf in the integral Bott-Chern class Z(p) with a subsheaf
of Z(p)®Z(q) via the map 1—(1,(27i)97P). In this way, we can include the
integral Bott-Chern complex into the direct sum of the integral Deligne coho-
mology and the (modified) conjugate integral Deligne complex. We define H:
B;?yq’z ®Z.X B.;)’,q/,Zl_>B;7+p’,q+q’,Z by the formula for any element ¢'=(a’,b")€B,, , 7,
¢‘]:(a/‘7,b/‘7)68‘;/7q/,z,

i JUEDEAY (<1 AYT), i i£0, j#0
H(p'®@y?) = :

0, otherwise.
This is well defined since at degree 0, the homotopy operator is 0 map. We have
checked that

(=197 U’ = " U +(dH + Hd) (@' @17 ).

Therefore, passing to hypercohomology, we have defined an anti-commutative ring
structure on the integral Bott-Chern cohomology. For reference, the formulas for
the homotopy operator of the integral Deligne complex can be found in [EV88]. O

We write ¢-1 for the multiplication of cohomology classes. There exists also
another description of cup product following [EV88] by introducing a modified ver-
sion of the Deligne-Beilinson complex. In this way, the projection formula can be
expressed more formally. It differs in sign from the original definitions in [EV88] in
order to get ring morphisms.

The advantage of the Deligne-Beilinson complex is that the multiplication is
either 0 or weight product of two forms. When changing the complex involving
forms by the complex involving currents, it becomes clearer what the sign should
be.

The modified Deligne complex is quasi isomorphic to the following modified
Deligne-Beilinson complex

A(p)" = Cone(Z(p) & F* Oy =5 0 )[~1]
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where ¢, £ are the natural maps. A quasi-isomorphism a:D(p)'— A(p)* can be given

7(p) Oy Qr-2 or-1 0
C T T e e
Z(p) —= Ox —25 .. Qr-2 224 gpgar-t 0 qrrlgop.

with a,(w)=(—1)P(dw,w) and ;(w)=(—1)*w. The symbol § denotes the differential
of the mapping cone, where in particular

Sp-1(n) = (0,dn), (¢, 1) = (—dep, = +dn).

The mapping cone has a negative sign, by the convention that for a complex (A°,d"),
the complex A*[d] has a differential in degree n defined by (—1)4d"~9.

We define a modified cup product Uy by the following table which is a morphism
of complexes.

Qq fq Wq
ap | Qp- Qg 0 0
fol 0 |=fpAfq (_1)deg(fp)_1fp/\wq '
Wp |Wp-aq 0 0

We can verify that the map from modified Deligne complex to the modified Delinge-
Beilinson complex is also commutative under the modified cup product.

Hence passing to hypercohomology, we have a ring isomorphism for the modi-
fied Deligne cohomology and the modified Deligne-Beilinson cohomology.

As above, the cup product of the Deligne-Beilinson complex and the modified
cup product of the conjugate modified Deligne-Beilinson complex induce a cup
product on the integral Bott-Chern complex. Indeed, the latter is quasi-isomorphic
to

(e,—(2m)T " Pe)+(—

By, g = Cone(Z(p) & FP Q% & F 10 220, 0y 00 [-1]

where ¢ is the natural map Z(p) — Q% and £, £ are the natural maps FPQ% — Q' and
F p@%@ With this quasi-isomorphism it becomes easier to check the projection
formula.

Proposition 6. (Projection formula) For any holomorphic morphism g, one
has

(D) g e-g"Y=g"(@-1).

For a proper morphism f, one has

(2) fle- ) = frp-t.
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Proof. For the first equality, we can in fact check that on the level of complexes
g eUg = g"(pU).
Below, we concentrate ourselves on the proof of the second equality. The integral
Bott-Chern complex is quasi-isomorphic to the complex

(e,—8)+(—£,—£)

B, ;.z+= Cone(Iy @s(F" DY) @s(F DY) Dy aDy)[-1]

where ¢ is the natural map Iy —DY, s(FP*DY") is the total complex of FP*D",
i.e. the direct sum of spaces of currents of bidegree (k,l) (k<p), and £,/ are the
natural maps s(FP*Dy") =Dl and s(F*9D")—D%. We start by defining a mul-
tiplication between B;,/7q,,Z and [5’;,7 oz that is compatible with the multiplication
of the integral Bott-Chern complex. In this way, we avoid the problematic weight
product of two currents. We first perform a similar construction for the integral
Deligne complex. One can represent the product

Uo : A(p)"® Cone(Ty ®s(FI" D) <=5 D) [~ 1] — Cone(T B s(FPHo D)

=5 D%)[-1]
by the following table
aq Jfq Wy
aplap-aq| 0 |ap-wg
fol O [foAfq| O
wpl 0 |wpAfg] O

representing elements of

Ty | s(FeDy") DY
Z(p) | I 0 D%
FPQ| 0 |s(FPTe DY) 0 |
Q |0 Dy 0

Notice that the wedge product of smooth forms and currents is always well-defined.
We also observe that since a locally integral current is represented by a generalised
measure by the Riesz representation theorem, it defines a current of order 0. We
can check that the multiplication is a morphism of complexes.

One can change the definition of Uy for the modified Deligne complex by in-
troducing a different sign for the morphism at degree 0, according to the table

Aq Ja Wq
ap|ap-ag 0 0
fol 0 |=furnfo (=1l =1 f Aw,
Wp|Wp-aq 0 0
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representing elements of

Iy | s(F DY) |DYy
Z(p) | T 0 0
FPQe| 0 [s(FPTeD) Dy
Q |Dy 0 0

We have the following commutative diagram of Zx-modules, where, as before,
the multiplication of Deligne complex and the modified multiplication of the modi-
fied Deligne complex induce the multiplication of the integral Bott-Chern complex

B(p,q,2) @z, B(p',¢',Z) —>— B(p+p',q+4¢,Z)"

l l

B(p,q,2) ®z, B(p, ¢, 2) — B(p+p',q+4,Z)".

The vertical arrow is induced by the morphism of complexes Z(p) +Z%. The “gluing
condition” used to define the multiplication of the integral Bott-Chern complex,
starting from the Deligne complex and the conjugate (modified) Deligne complex,
is that Z(p)®Z% —Z% should be the same for both complexes. Now, the second
equality comes from the straightforward check

f(f* Y Uop) =¥l frep.

This equality induces as follows the desired formula on the level of hypercohomol-
ogy. By the algebraic Kiinneth formula (cf. Theorem 15.5 in [Dem12]), we have a
morphism

H*(Ray.B(p,q,2))® H*(Ray . Rf. BV, ¢, L))
— H*(Ray.B(p, q,2)®" Ray.(Rf.B(, ¢, 2))).

Notice that since Z is a PID, B(p',q',Z), B(p,q,Z),axB@ ¢, Z),ay.B(p,q,7)
are torsion free and flat. Notice also that Zﬂfv(p7 q,7) is also a soft complex. There
is in fact no need to write functors~R and L in the above morphism.~More pre-
cisely, Ray.B(p,q,Z)@" Ray.(Rf.B(p,q,Z))=Ray.B(p,q, Z)@ay.(fB(p,q,Z))=
ay«B(p,q,Z)®@ax.B(p',q',Z). We have proven that the following diagram com-

mutes:

B(p,q,2)® £ B ¢, Z) — f(f*Blp.q,Z)2B ¢, Z))

*) l l

B(p,q, Z)@B(p . ', Z)[~2d] ——— Blp+p', ¢+, Z))[—2d]
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where d is the relative dimension gf f. More precisely, the right arrow is given by
f(f*B(p, ¢, 2)@B(', ¢, 2)) = f(B(p+p', g+, 2)) = B(p+p', g+, Z))[-2d]. Let
us observe that a tensor product of a soft and flat complex by any complex is soft
by Lemma 5. In fact, we can write functors R and L in the above morphism since
all complexes are soft and flat. By taking Ray. we have the following induced map

Ray . B(p, ¢, Z)®@*Rax.B(p', ¢, Z)— Ray .(B(p, ¢, Z)R*Rf. B, ¢', Z))

S

Ray . B(p+p', q+q', Z)[—2d].

(Remark that the symbol f* used here is denoted f~! by some authors.) The
left arrow is the natural morphism and the left-down arrow is just the composition.
Taking hypercohomology and composing with the morphism in the Kiinneth formula
give the projection formula.

The order for taking the cup product is unimportant when passing to hyper-
cohomology, since the integral Bott-Chern cohomology is anti-commutative. This
finishes the proof of the projection formula. [J

4. Chern classes of a vector bundle

In this part we give a construction of the Chern class of a vector bundle in
the integral Bott-Chern cohomology. It is borrowed from Junyan Cao (personal
communication). The general line is Grothendieck’s construction of Chern classes
of a vector bundle via the splitting principle. In particular, we prove Axiom A
stated in the introduction.

We first recall the definition of the first Chern class of a line bundle in integral
Bott-Chern cohomology, following [Sch07].

Let L be a holomorphic line bundle over X and &= (U;) be an open covering
of X with connected intersections such that on each Uj, L is locally trivial by a
nowhere-vanishing section e;. We denote g;; the transition function defined on
U;NUy, defined by the relation ey (z)=g;x(x)e;(z). Perhaps with further refinement
of the open covering, we can suppose that g;r=exp(u;x). The element

{g;x} e H U, 0*) = H (X, 0%)

determines the isomorphic class of L. Let h be a hermitian metric on L and we
denote by D the Chern connection associated with (L, h) and by © the curvature
of the Chern connection. On Uy, the Chern connection is given by the formula

D(&;(w)e;(x)) = (d&; () —0p; (x)€; () @e; (x)
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where ¢; is the local weight function of the metric under the trivialisation defined
by
7 =le;(2)[7,

which verifies the compatibility condition on U;NUj:
—Prt ;= Uikt Uk
We define the Cech 2-cocycle 6(u;i) to be (2mic;;) which means on Uy
2TIC k1 = Ujk — Uy + UL
Taking exponential map on the both sides we know
exp 27ic i = gjk *gﬁl *grr =1

which in particular shows (27icjr)€C?(X,Z(1)) a 2—Cech cocycle with value in
Z(1). We define the first Chern class of L in the integral Bott-Chern cohomology
to be

er(L)poz = {(2micju). (ujn), (Wr)} € Hpe (X, Z).

By possible further refinement of the cover, we can assume that two line bundles
L1, Ly are trivialised at the same time. Since the transition functions of L;® Lo
are the product of corresponding ones of L, Lo, it is easy to see that ¢; is a group
morphism by the above construction.

We prove in what follows that this hypercocycle also represents the Chern class
of L in the complex Bott-Chern cohomology. For the complex Bott-Chern coho-
mology, the corresponding global representative (1,1)-form via the quasi-isomorphic
complex £  [1] which is defined with p=1,¢=1

ﬁgq: @ E™ ik <pt+q-—2,

r+s==k
r<p,s<q
Elgii,qflz @ ENT itk =2 p+q,
r+s=k
r>p,s>q
with differential
pr,1od pr,2od _ %{85 1 d d
L0 ot = okt okt S ek S

is just the global form with i@ggoj on Uj. Notice that the complex £},  is acyclic.
The proof of the quasi isomorphism between £;, - and B, ; can be found in section 12
Chap VI of [Dem12]. (Notice that in [Sch07], the operator 5-00 is changed by 90.
Here we take this choice so that the first Chern class of a line bundle in the integral
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Bott-Chern class has image as the first Chern class in the complex Bott-Chern class
under the canonical morphism.)

With the same notation as in [Sch07], a®:® can be chosen to be (¢;), so the
global representative is #°0=:-99a%C. This is exactly the curvature form on U;.
Therefore, the hypercocycle of B ; ; viewed as a hypercocycle of B ; ¢ correspond-
ing to O is

{0} «— {Q@micjm), (ujr), (Ujk)}-
Observe that the first Chern class of the complex Bott-Chern cohomology is just
represented by the curvature. We denote by epc the canonical map from the
integral Bott-Chern complex to the complex Bott-Chern complex. We have in
hypercohomology
epcci(L)pez=ci(L)pc.

Notice that the Chern classes of a vector bundle in integral Bott-Chern cohomology
(which will be defined below) and in complex Bott-Chern cohomology are both
defined by means of the splitting principle, in such a way that for any d and any
vector bundle E we have

epc cd(E)pez=ca(E)pc.

To construct the Chern class of a vector bundle, we use Grothendieck’s splitting
principle. We begin by proving a Leray-Hirsch type theorem for the integral Bott-
Chern cohomology. This theorem is a direct consequence of the Hodge decompo-
sition theorem and of the Leray-Hirsch theorem for De Rham cohomology, in case
X is a compact Kéhler manifold. Here we give a generalisation to arbitrary com-
pact complex manifolds. Before giving the statement in the integral Bott-Chern
cohomology, we need a Kiinneth type theorem of the same nature for Dolbeault
cohomology, and which will be used in a further induction process.

Theorem 3. (Theorem 1.1 [Meng20], Proposition 11 [ASTT20]) Let X be a
compact complex manifold and E be a vector bundle of rank r on X. One has an
isomorphism

P HPE X)) 65 (O(1) — HPFP(P(E)).

Now, we prove the principal proposition of this section, namely a Leray-Hirsch
type theorem for the integral Bott-Chern cohomology.

Proposition 7. Let X be a compact complex manifold, E a vector bundle of
rank r over it. Then, we have

H*(P(E), B, z)

=H"X,B, ,2)0H " 2(X,B,_1 ,_17) w®..0H" > (X, B, 4 py17)w "
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where w is the first Chern class of the tautological line bundle over P(E) in
Hg’é(P(E),Z) as defined above.

The isomorphism is induced by pull back followed by the cup product of the
integral Bott-Chern cohomology defined in Section 3 which is a morphism of com-
plexes. Note that since we do not assume that p,¢g>r—1, some notations need to
be explained for the negative index case. In the proposition we use the following
notations.

If p<0 (resp. ¢<0), we denote B;, =B, ; (vesp. B; ;7). The morphism

F: @ Hk 2S ].o 8,q— SZ) wSHHk(P(E)?BPH)

s<r—1

is defined as follows. Let m:P(F)— X be the natural projection.

If s<min (p,q), F(a-w®)=m"(a) w®;

If s>p, Fa-w®)=r"(a)-wP pry; (w)*77;

If s2q, Fa-w®)=r"(a)-w?-pry o(w)*,
where the projection pry; is induced by the canonical projection from Bj ; 5 to
B 1 z- Similarly, pry o is induced by the projection to Bj ;.

Notice that when p=q¢=r, k=2r, this is just the normal splitting principle
without the complicated notations.

Proof. The idea is to use the exact sequence
0— P[] — B,y 42— B, ,2—0
to reduce the proof to the Dolbeault case. In this proof, we use the usual convention

for differential forms that for p<0, QP[p]=0. We begin by proving that the following
diagram is commutative and that its two lines are exact:

@ Hk—2s (X, @ Hk72s (X, @ Hk72s (X, @ Hk_25+1(X7
s<r—1 — s<r-—1 — s<r—1 — s<r-—1
prs[p_s])_ws B;;Jrlfs,qfs,Z)'ws B;)fs,qfs,Z)"“‘]S prs[p_s])_ws

| l | |

H*(P(E), @ [p]) — HNP(E), B}y 47) — HYP(E), B, 2) — HH(P(E), Q%[p))

p p,

We first check the exactness of the two lines. The exactness is just obtained from
the long exact sequence associated with the short exact sequence of sheaves. We
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now check the commutativity of the first square.

HkiQS (X7 Qr—s [p—S]) ‘w® 42) HkiQS (X7 B;:H»lfs,qfs,Z) w®

I |-

H*(B(E), 0 [p]) —————— HF(P(E), By, 1, 2)-

The morphism G is induced from the following morphism of complexes QP~*[p—
S| ®zy Bi’l’zéﬂp_s‘*‘l[p—s—&—l}. Denote the germs as a€QP~*[p—s], w=(¢,5; B).
We define

G(a®pf)=an(0p).

We take it equal to zero otherwise. G defines a morphism at the level of hyper-
cohomology. From now on, we do not pay attention to write o or 7*a when the
context should make the meaning clear. To prove the commutativity at the level of
hypercohomology, it is enough to show the commutativity at the level of complexes.
It is enough to check the commutativity for the case s<p. We have

i(@n(9B)*) = (0,0,0....aP~* A(B)*; 0),

which is equal to the image of Foi.

We check the commutativity of the second square. Let a=(c, ao, ..., ap_s; BO, .
Bq_s_l, w= (67 B;E) be the representatives of hypercocycles. If s<p, the horizontal
morphism just consists of forgetting the term involving oy, thus it is commuta-
tive. Otherwise, a= (c, 50, ey Bq_s_l) and the morphism is induced by the identity
map at the level of complexes, so it is commutative.

We check the commutativity of the third square.

@ k—2s (X, B;j—s,q—s,Z) WS *Z> @ HFk—2s+1 (X, Qp—s [p*s]) ‘WS

| I

H*(P(E), B, , 2) : H(B(E), Q7 [p).

If s<p—1, take a representative of hypercocycle a=(c, ag, ..., ap—s—1; Bos -y Eq7571)7
which is the image of hypercocycle of B, .., . ., (e, a0y -y p—s—1,0;
Bos +s By—s—1)- By the definition of the connecting morphism, i(«) can be taken as
the degree (p—s) element of the hypercocycle g(c, 0, vy Qp—s—1, 0; By, ...,Bq_s_l)
which is da,—s—1. Hence

G(i(@) = Day-s-1 A (O5)°.
On the other hand, i(F(a))=0(ap—s—1A(08)%)=0c,_s_1 A (0B)*.
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If s=p, we take a representative of the hypercocycle az(c, EO,...7§q7571),
which is the image of the hypercocycle (c, 0; Bo: e Bq_s_l) of B] ,_sz- By definition
of the connecting morphism, i(a) can be taken as the degree 0 element of the
hypercocycle B) (c, 0; BO, ...,Bq_s_l), which is c.

Therefore i(a)=c and G(i(a))=cA(0B)%. The two elements with highest de-
grees in the hypercocycle F(a) are cABA(9B)*~t and cA(9B)%. Now, i(F(a)) is
the degree p element of the hypercocycle & (F(@)), namely

i(F(@) =0(cABA0B) 1) =G(i(a)).
If s<p, the sequence
0— W] — B oqz—B cgz—0

is an isomorphism between the second and third terms, which therefore induces a
zero connecting morphism. The diagram is also commutative in this case.
At this point, all the asserted commutativity properties have been checked.
Using the five lemma to perform an induction on p, we have to prove that the
following morphism is an isomorphism:

G: (P B (X0 [p—s)) w* — HY(B(E), 2[p).

s<r—1

On the Cech cohomology groups H? (X, Q9), one can introduce a ring structure by
the wedge product

HP(X,Q0) x H” (X,Q7) — HP TP (X, Q419),

On the other hand, using the De Rham-Weil isomorphism, we have a canonical
isomorphism
¢: HP(X,07) — H??(X,C).

The isomorphism is compatible with the ring structure of Dolbeault cohomology,
possibly up to a sign (sketched in [Suw09] and detailed in [Wu20]).

Now we prove that G is an isomorphism. Let w=(c,3;3), so that by defini-
tion G(a-w?) is represented by the k-hypercocycle G(a-w®)=n*(a)A(98)°. By the
construction of the Chern class of the line bundle O(1), we have B, +Bs=0¢; — o
which implies

Bjk =0(¢j —dr,).
A diagram chasing procedure similar to the proof of the De Rham-Weil isomorphism
gives that the image of 93, in H(P(E), C) is —9(d¢;), where the later form is the
curvature. The negative sign comes from the convention that if we denote d,d the
differentials of a double complex, dd+3dd=0. Therefore, to define a double complex
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from the Cech complex and O-complex, we have to add a negative sign following
the parity. In conclusion w represents ¢1(O(1)), hence by the Leray-Hirsch type
theorem for Dolbeault cohomology, the isomorphism G is settled.

To conclude the proof of the proposition, the five lemma and an induction on
p reduce the proof to the case p=0. It is enough to show that

Hk (]P)(E)a B(.),q,Z)
= Hk (X7 B(.),q,Z) @Hk72(X7 BE),q—l,Z) wd... @Hk727ﬁ+2 (Xa B(‘),q—r-i-l,Z) 'wr71 .

The short exact sequence 0—Q" (9] =85 41,2 Bh 420 induces the two lines of
the following diagram are exact.

@ Hk_2S(X, 69 Hk_2S(X, @ Hk_QS(X, @ Hk725+1(X,
iS’”_l — s<r-—1 — s<r—1 — s<r-—1
Q" lg—s))w? Bo,g+1—s)-w" Bog—s)-w* Q1=s[g—s])-w*

J | | J

H* (P(E), @[q]) —— H*(P(E), Bo,q+1) — HF¥(P(E), Bo,y) — H¥! (B(E), 27[q)),

Here we change the connecting morphism of the first line with a sign (—1)® on
the relevant terms. This change does not affect the exactness of sequence but
ensures the commutativity of the diagram. As before, we check that the diagram
is commutative. To simply the sign in the cup product of Bott-Chern cohomology,
we use the anti-commutativity of the integral Bott-Chern class. For any class a,
a-w=w-a. Notice that since p=0, w is in fact pry,w. With the same notations
as before, this time the morphism G is induced by the morphism of complexes
BLLZ®me[p—s]—>9‘1—s+l[p—s+l]. Denote the germs by a€Q4—5[p—s] and
w:(é, B;E). We define
G(Bea)=(9p) a

and take it equal to zero otherwise. To check the commutativity of the first square,
it is enough to check the commutativity at the level of complexes for the case s<gq.

i((0B)* Aa) = (0,0;0....(08)* Aa?™*)

which is equal to the image of Foi. The commutativity of the second square is easy.

We now check the commutativity of the third square. Take hypercocycles a=
(¢,0, -+, Vg—s), Pro 1 (w)=(E, B). Tt is enough to check the case s<q, otherwise the
connecting morphism is zero map. If s<q¢—1, the image of o under the connecting
morphism is 5@1_5. The image at the lower right corner of the diagram is (—93)*A

Ov,_s. (The sign comes from the change of the signs in the first line.) On the
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other hand, the image under the connecting morphism of F(a)=(08)°AUs_s is
O((0B)° NUg—s)=(—0B)° NOT4_s.

If s=¢q, the image of a under the connecting morphism is —c. The image
at the lower right corner of the diagram is (—98)°*A—c. On the other hand, the
elements with the two highest degrees in the hypercocycle F(a) are (98)* " ABA
c and (9B)°Ac. The image of the first one under the connecting morphism is
B((3B)*~* ABAC)=(~B)* A—c.

By the five lemma, similar arguments as those given above reduce the induction
on ¢ to the case ¢g=0, p=0. In the case B;J,q,Z:Z’ the isomorphism is trivial. [

The splitting principle can thus be applied and gives the following definition
of Chern classes for a vector bundle.

Definition 9. Taking p=q=r, k=2r, there are unique elements ¢; EH};C (X,72),
such that
WY (~1)(e) W T =0
where w=¢;1(O(1)) by the above Proposition 7. We define the Chern classes of a
vector bundle E in the integral Bott-Chern cohomology to be precisely the c;.

We now prove some elementary properties of Chern classes in the integral
Bott-Chern cohomology. In particular, we check that Axiom A of the introduction
holds. Let us first observe that such Chern classes are unique, since they satisfy the
Grothendieck axioms for Chern classes included in Axiom A. Notice that the first
Chern class defines a group morphism c; :Pic(X)— A (X) which is compatible with
pull-backs by construction.

The first property is the Whitney formula.

Proposition 8. Let 0—FE—F—G—0 be a short exact sequence of holomor-
phic vector bundles. Then we have ch(E)+ch(G)=ch(F) and c¢(E)-c¢(G)=c(F).

Proof. On X xP', there exists a short exact sequence of holomorphic vector

bundles
0—E—F—G— 0,

such that the restriction of exact sequence on the complex submanifold X x {0} is
0—=E—F—G—0 and the restriction on X x{oo} is 0 E—E®G—G—0. The
existence of such a sequence can be found for example on Page 80 in [Sou92]. In
the case of a direct sum, we obviously have the formulas ch(G)+ch(E)=ch(E®G)
and ¢(E®G)=c(F)-c¢(G) by the splitting principle. More precisely, by the splitting
principle, we can reduce to the case of the direct sum of line bundles. It is enough
to show that for any vector bundle E the total Serge class satisfies s(E®Ox)=s(F)
by Example 3.1.1 of [Ful84]. This formula is shown in the following Lemma 7.
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On the other hand, we have the following commutative diagram for every point
acP:
XxP! T X,
X

The identity element of the ring @y, ,H* (X, B; . 7) is the element in HO(X, Bj ;)
represented by the constant 1€Z(0)(X) (more precisely the 0-cocycle 1€Z(0)(U;) for
each U; in the open covering). Via the quasi-isomorphism, it can also be represented
by the integral current associated with X. We denote this element by Idx. By the
projection formula we have for every a€H* (X xP!) that

T (ia (Idx ) @) = o (i (Idx -1, () = (i « (i (@) ) = 1d. (ig () = 7, ().
By the functoriality of Chern classes, we thus find

T (i0 «(Idx ) - (ch(G) +ch(E) —ch(F)))
= (ch(G)+ch(E)—ch(F))| xx 0}
= ch(G)+ch(E)—ch(F), Ty (iso » Idx)- (ch(G)+ch(E) —ch(F)))
= (ch(G) +ch(E) —ch(F))|xx {oo} =0

To prove the Whitney formula, it is enough to prove the following homotopy prop-
erty in the next Lemma 6. O

Lemma 6. Letiq: X—X xP! be the inclusion of the compact complex subman-
ifold X x{a}, then i}(c) is independent of the choice of a for every a€ Hp-(X X
P, 7).

Proof. Since X x{a} is a codimension 1 analytic set in X xP!, its associated
integral current defines a global section of Z%. Since [X x{a}] is of type (1,1),
it projects to zero in H%(X,01.Dy " ®0.1Dy"). Hence 27 /—1[X x {a}] defines a
hypercocycle for the integral Bott-Chern complex Bi,l,Z' By the construction of
the push-forward, this element represents i, .(Idx). In the following, we denote
iqx(Idx) as {27 /=1[X x{a}]} (which is just the cycle class defined in the next
section). With this notation, the end of proof of Proposition 8 gives

ch(G)+ch(E)—ch(F)
= . (27 V=T({[X x {0}]} —{[X x {00}]})(ch(G) +ch(E) —ch(F)))

and we need to show that

{[X>{0}} = {[X x{oc}]} =
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To prove Lemma 6, we need to show that for any py, po €P?,

{[XxAp 3} = {[X < {p2}]} =0.

By a biholomorphism of P!, we may assume that p; =0, po =00 since PGL(2, C) acts
2-transitively on projective space. In the following, we force on showing

{[X {03} = {[X x{o0}]} =0

which finishes the proof of Proposition 8 and Lemma 6 at the same time.

We denote by z the parameter in P!=CU{oo} and by [0,00] a (real) line
connecting 0 and oo in P! (for example we can take the positive real axis). Then
the function In z is well defined on P'\[0, 00]. X x [0, 00] is a real codimension one
real analytic set of X xP!, so it well defines a locally integral current. As a current
d([X %[0, 00]])=—[X x0]+[X xo0]. For any smooth form of type (n+1,n) with
compact support where n is the complex dimension of X

<51nz,¢”+1’”>:—<lnz,5¢”+1’”>:—/ lnz-¢:—2i7r/ ®.
X x[0,00]t —X x[0,00] X x[0,00]

The second equality is a consequence of the Stokes formula. It shows that prg ; ([X x
[0, 00]])=—5=;0In(z). Similarly pr; o([X x [0, 00]])=—5=0In(Z). Therefore, in the
space of global sections of the mapping cone Cone(A)*[—1](X xP!) for p=1,¢=1,
we have

([X x{0}] = [X x{oc}], 0) = 6(X x [0, 0], S Inz),

1 1
PV R Y
where § is the differential of the integral Bott-Chern complex. In other words,
[X x{0}]—[X x {o0}] is exact, and this means that ch(G)+ch(FE)—ch(F)=0 in the
integral Bott-Chern cohomology class. The proof of the total Chern class formula
is similar.

(It would be more direct to conclude that the class of —[X x0]+[X X o0] is
0 in the complex Bott-Chern cohomology. Using a resolution by currents, this
is equivalent to show that as currents on X xP!, —[X x0]+[X x 00] is d0-exact.
However, notice that

—[X % 0]+ [X x 00] = —idd([X]1n |2|)

where we view z as a meromorphic function on P! with a single zero at 0 and a
single pole at infinity.) O

Lemma 7. Let E be a vector bundle over compact complexr manifold X. Then
we have that for total Serge current (i.e. the inverse of total Chern class)

s(E®Ox) =s(E).
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Proof. Consider the following diagram

<ty P(EaOx)
l /

It is enough to show that for any k,

T (€1(Opzy(1))F) = pa(c1(Opmoo L) (1))).

The integral current associated to P(FE) represents the first Chern class
c1(OpEaoy)(1) since P(E) is the zero locus of a section of Opggoy)(1). This
cycle class is also i41. Thus we have

) :p*(CI(OP(E@oX)(l))k “iy1)

=psis(i*e1(Opppoy) (1))F)
= 7. (c1(Op() (1)F)

P« (c1(Op(Eaoy)(1))

where the second equality follows from the projection formula and the third equality
follows from the fact that Oppgo)(1)lp(e)=0prE)(1). O

5. Cohomology class of an analytic set

To prove the other axioms, we have to study the transformation of cohomology
groups under what appears to be the “wrong” direction. For example the pull back
of a cohomology class represented by the closed current associated with a cycle
should morally be represented by the pull back of this current, but such pull backs
are not always well defined. In this section, given an irreducible analytic cycle Z of
codimension k in X, we will associate to it a cycle class in the integral Bott-Chern
cohomology H géﬁ (X,Z). Then we will prove a number of elementary properties of
this type of cycle classes. In particular, the projection formula, the transformation
formula of a cycle class under a morphism will be established (Axiom B (3)). At the
end, we will deduce the commutativity property of pull back and push forward by
projections and inclusions, according to Axiom B (4). The excess formula (Axiom B
(5)) is a direct consequence, using the standard deformation technique of the normal
bundle.

Cohomology with support is involved since cycle classes can be represented in
a natural way by currents associated which the cycle. These are in fact supported
in the given analytic sets, whence the appearance of cohomology with support.
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In this section, we denote Hj, (X, e) or Hy(X, ) the local hypercohomology
class of some complex on X with support in Z. We start by defining a cycle class
in the integral Bott-Chern cohomology. This is an analogue of the cycle class in
integral Deligne cohomology that has been defined in [ZZ84]. As before, we denote
by AZ(CX—)UPQ}(@O}JE..

For any p, ¢, we have the following commutative diagram with exact lines

0 B: B.,q,c—>(cX/ZX —0

P,q,Z P l
0 Zx (CX (Cx/ZX — 0.

The vertical morphism of complexes consists of forgetting the terms with degree
>0. It induces the following diagram with exact lines for p=g=k.

HE (X, Cx /Zx) —— B (X, By ) —— HPE (X, By o) —— (X, Cx /Zx)

l | | |

HiZ (X, Cx /Zx) — B (X, Zx) —— H%, (X, Cx) —— H (X, Cx /Zx).

The first and fourth vertical arrow are the identity map. By the Poincaré duality
for cohomology with support we know

HYS (X, Cx /Z.x) = Hay o 11(Z, Cx /Zx) =0

where the second equality comes from the fact that the real dimension of Z is
2n—2k.

By chasing the diagram, we know for any elements aEH‘?g'(X , Bl.f,k,(c) and
bEHfgl(X, Zx) such that their images in Hfgl(X, Cx) are the same, then there
exists a unique element in H, Ezk| (X, B;€7 k,Z) such that the image of this element is a, b
respectively.

To define the cycle class, it is thus enough to associate the cycle two elements
in Hfg‘(X, B;. 1.c)s leg‘(X, Zx ) such that their image in H\2§|(X’ Cx) is the same.
The cycle Z defines a global section in HY(X,Z%) so it represents an element in
Hfgl(X ,Zx). The inclusion Zx —Cx induces in the derived category a morphism
TI% —Ds. These two quasi-isomorphic morphisms induce the same morphism when
passing to hypercohomology. The cycle class in H‘le (X, Zx) associated with Z has
an image in Hfg‘(X ,Cx) represented also by the integral current associated with
Z.
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On the other hand, Cx is quasi-isomorphic to the complex D’. The complex
Bott-Chern complex is quasi isomorphic to the mapping cone C(q)°[—1] with the
natural map ¢:Ds —0y,.Dy”"®o. Dy’ with a negative sign on the second compo-
nent. The integral current associated with Z defines a global section of H%(X, DY)
of bidegree (k,k). And its image in H%(X, 04Dy " ®0. ;D) is 0. This means
in particular that the integration current defines a hypercocycle. Here the hy-
percohomology class can be represented by this global section since the sheaf of
currents is acyclic. Hence the integration current ([Z],0@0) represents an element
in H‘le (X, B, y.c)- Under the forgetting map B;, , - —Cx, its image in H‘le (X,Cx)
can also be represented by the same integration current [Z].

In conclusion, the cycle class associated with Z in Hfg‘(X , B;7k7Z) is exactly
the class of the integral current associated with Z view as an element in H, ka‘ (X,
Cone(q)*[—1]) with §:Zx — 0% Dy ®o. ;D" The image under the canonical map
Hfgl(X, B;, 1.2)—H* (X, B;, . ;) defines finally the cycle class associated with Z
represented by the same integration current. (This construction is already used
in the proof of the Whitney formula.) We denote in the following the cycle class
associated with Z as {[Z]}. In the following, we will only consider smooth cycles.

Notice that iz,1={[Z]} where 1€ H}(Z, Z) the identity in @, ,HY%(Z,Z) if
Z is smooth such that the Bott-Chern cohomology is well defined. The identity
in &, ,Hil(Z,Z) corresponds a global constant section 1€I'(Z,Zz) whose image
under iz, in the hypercohomology is defined by locally integral current [Z] by the
construction of the push forward. This global current represents the cycle class
{[Z]} on X.

Now we prove some properties of cycle classes. We start by the following lemma
which expresses the push forward of a cohomology class by an arbitrary morphism
in terms of the pull back and push forward of its projection, and a multiplication
by the cycle class associated with the graph of the morphism.

Lemma 8. Let f:X—Y be a holomorphic map between complex manifolds.
Assume X to be compact. Let « be an integral Bott-Chern cohomology class. Denote
by T" the graph of f in X XY and by p1,p2 the two canonical projections. Then one
has

fear=pau(pia-{[I1}).

Proof. This can be checked directly using the multiplication structure as in
the Deligne-Beilinson complex. The compactness condition is just used to ensure
that the push-forward is well defined. Taking [I'] as the global representative of the
cohomology class, the cup product is induced by the wedge product between the
forms and locally integral currents at the level of complexes. We prove at the level



Intersection theory and Chern classes in Bott-Chern cohomology 253

of complexes that
fe(a) =p2. (pi () Uo [1T]).
It suffices to check on germs on Y. Let U be an open set of X such that U=f~1(V)
for some connected open set V of Y. There are two kinds of sheaves in the Deligne-
Beilinson complex: locally constant sheaf in Z and sheaves of holomorphic forms.
Let a€Q.(U). Let welH
in U. Then we have

(f*oz,w>:(oz,f*w>:/ a/\f*w:/ pranp] ffw
U rnp; H(U)

repi).c (U) be a smooth form with compact support

_ / PiaApw = (2 (0 (@) Uy [T]), ).
rnpy H(U)

Notice that p; induces a biholomorphism between I'Np; () and U.
For ceZx (U), its image under f, via the quasi-isomorphism is the local integral
current cf,[U]. The equality at the level of complexes is just

cfe[U] = p2«(e[LNpy  (U)]) = p2s (07 () Un [T)).
Passing to hypercohomology gives the desired equality. [l

As in [Gril0], we have the following property. It is a combination of the above
lemma and the pull back of the cycle class under a closed immersion.

Proposition 9. Let f: X —Y be a surjective proper map between compact man-
zfolds and let D be a smooth divisor of Y. We denote f*D= m1D1—|— +mNDN
Let f;: D;—D (1<i<N) be the restriction of f to D; with smooth D;. Then we
have in integral Bott-Chern cohomology

N
[Fip.= Z miig  Jfi-
i=1
Proof. The proof is identical to the case of the Deligne complex. For self-
containedness, we give briefly the details to indicate where Proposition 3 is needed
and used. The idea consists of passing to the graph and using the above lemma.
Since all spaces are compact, the push-forward is always well-defined. Let I' be
the graph of ip:D—Y and let I’; be the graph of 5, D’ —X. We denote all
terms involving X with a prime symbol / and all other terms without that symbol.
By definition, [I}]:=(/f;,id).[["}] as current which induces as cycle class {[I"]}=
(fi,id). {[T"]}. [T is supported in the image of (f;,id). We denote by p; (1=1,2)
the natural projections of DxY, by p} projections of D x X, and by ﬁ;l projections
of Di xX.
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In terms of currents, we have (id, f)*[I'] :Z?]Zl m;[I'}]. We can prove the cycle

class equality (id, f )*{[F]}:Zfil m;{[[;]} in integral Bott-Chern cohomology as in
Lemma 10. In fact, it can be reduced from the corresponding equality in Deligne
cohomology proven in Corollary 7.7 [EV88] since the natural morphism of Chow
group to integral Deligne cohomologies is compatible with pull back. Then we have

feipea= [*pac(pia-{[T]}) = pa,(id, f)*(pTOé'{[F]})
= ph. ((id, f)*pie-(id, f)* Zmzpz* (pi*e{[T7]})

N
=" miph (fi, i) ((fi,id)*py o [f;m:Zmiz’:?u*@l‘,iﬁ*a-{[f;]})

N
- rEs
= g miip i o
i=1

The first equality uses Lemma 8. The second formula uses Proposition 3 for fo
ph=pao(id, f). The third equality uses the fact that pull-back is a ring morphism.
The fourth equality uses the fact that pj=pio(id, f). The fifth equality uses the
prOJectlon formula. The sixth equality uses the fact that p/ 2= ( fis id)eph and fio

P l,i_pl ( fl, id). The last equality uses another time Lemma 8. The surjectivity of
f is just used to ensure that the pull-back of a divisor is a divisor. [

We give an easy generalisation of a lemma in [Sch07]. It gives the expected
relation between the integral Bott-Chern cohomology and the Deligne cohomology.
In particular, one can reduce the relevant properties of cycle classes in the integral
Bott-Chern cohomology to the Deligne complex case, when they only involve the
group structure.

Lemma 9. For any p>1, we have a Z-module isomorphism
HEE(X,Z) = Hyf (X, Z(p)) HP1(X, Q).

Moreover, via the isomorphism, for any proper cycle Z in X, the cycle class {[Z]}sc
associated with Z in the integral Bott-Chern cohomology corresponds to ({[Z]}p,0),
where {[Z]}p is the cycle class associated with Z in the Deligne cohomology.

This isomorphism is functorial with respect to pull backs.

Proof. We have the short exact sequence

0—Q_,[1] — B, ,,—D(p) —0.
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We can prove as shown in [Sch07] that the short exact sequence is in fact split, so
that we have an abelian group isomorphism

HYP(X,Z)~ HY (X, Z(p)) @H>~1(X, Q)

by taking the hypercohomology. We have to transform the complex involving
smooth forms into a cone complex involving currents. These complexes are quasi-
isomorphic, so that the splitting induces a morphism of complexes in the derived
category. However, we want to modify that splitting to relate the cycle classes in
our different cohomology theories (respectively Deligne and integral Bott-Chern).
Let A be the matrix L
(i7)
2 2

We use the construction for A given in the next remark which shows that the integral

Bott-Chern complex is quasi-isomorphic to Cone(Z ﬂ>0p’.2?};,'690.4,1)}’(')[—1].

The Deligne complex is quasi-isomorphic to Cone(Z% &)apﬂ)}')[—l]. There ex-
ists a splitting morphism given by for any element (a, b)€I§( @O’S;ID;’(‘ by
F:Cone(Tx 22 6, D) [~1] — Cone(Tyx % 5, . DY 0., DY) [~1]
(a,b) — (a,b,0).

We verify that it is a morphism of complexes:

F(d(a,b)) = F(—da,pr, ,a+0b) = (—da, pr, ,a+0b,0)
=d(F(a,b)) =d(a,b,0) = (—da, pr, .a+0b, ).

Via this splitting isomorphism the cycle class associated with an analytic set Z is
the cohomology class represented by [Z] and ([Z],0) respectively. Thus the image
of the cycle class {[Z]}p under F is {[Z]}gc-

The functoriality comes from the functoriality of the construction given in the
remark. [J

Remark 4. The sign in the definition of the integral Bott-Chern complex is
unimportant for the group structure of the integral Bott-Chern cohomology when
p=q. In fact, up to an isomorphism of abelian group, we can change the vector

(1, —1) to be any non zero vector in C2. To do it, we need the following construction.

Recall that the integral Bott-Chern complex is Cone(ZMQ;peBﬁ;p)[fl]

the mapping cone of the morphism Zﬁ)Q;p@ﬁ;p. Let AeGL(2,R) be any

invertible matrix. We denote by aij(lgi7 j<2) the elements of A. Then we have
the following isomorphism of Z x-complex Q;p@ﬁ;p. For any k, (wl,wg)EQk@ﬁk
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sends to (a1jwy +a12W03, a1 +azews). The conjugation transforms the holomor-
phic forms to the anti-holomorphic forms and vice versa. (In fact it is R x-morphism
not Cx-morphism.) The inverse morphism is induced by the matrix A~!.

Via this isomorphism of complex of Z x-sheaves, the integral Bott-Chern com-
plex is isomorphic to

Cone(Z AQZDT Q;p@ﬁ;p) [—1].

For any vector (a,b)€C?, if we choose adequately A so that (a,b)t=A(1,-1)!, the

integral Bott-Chern complex is isomorphic to Cone(Z LGN 1,00 <p)[ 1], which
induces an isomorphism by passing to hypercohomology. This construction is func-
torial with respect to pull-backs, since the pull-back by a holomorphic map preserves
the holomorphic forms and the anti-holomorphic forms.

This construction does not work for complex Bott-Chern cohomology since the
isomorphism we have constructed is not complex linear.

The integral Bott-Chern complex is quasi-isomorphic to Cone(Z% i>a][,’.1)}’('€9
0.p,DY)[—1]. Via this quasi-isomorphism, the above construction gives an isomor-
phism of complexes

A(1,-1)*

F:Cone(T% 2, 0p DY ®0o. , DY )[—1] — Cone(Ty 0p. DY &0, , DY) [—1]

sending (a,b,c) to (a,a11b+a12C, azib+agec). Here A(1,—1)t is the composition
of A with the morphism given as in the above construction for o, .DY ®o.,DY
and A. Concretely for any k, the differential of T€Zx" sends to (ar1pr, T —
aizpr, T, aglpr,’pra”pr,ypT) with value in pr.D}’(k@a.pr?(". We check that A
induces a morphism of complexes.
F(d(a,b,c))

= F(—da,pr, ,a+0b, —pr, p6+5c)

= (—da,allpr .a+aj10b—ayapr, a—l—auac a21PT,, a+a218b agapr, a+a2250).
d(F(a,b,c))

:d(a,aub—l—algé, a215+a220)

=(—da,a1pr,.a+a110b—a2pr, .a+a120c, aglpr,’pd—i—aglgb—aggpr_’pa—i—agggc).
In particular, since the cycle class associated with an analytic set Z is represented

by the global section ([Z],0©0) where [Z] is the current associated with Z, its image
under the isomorphism is represented by the same section for any matrix A.

Now we return to the transformation of a cycle class under a morphism in the
integral Bott-Chern cohomology.
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Lemma 10. Let X be any complex manifold, Y and Z be compact submanifolds
of X which intersect transversally and let W =Y NZ. Letiy:Y —X be the inclusion.
Then we have in the integral Bott-Chern cohomology the equality

iv{[Z]} ={W]}.

Proof. In this proof, we denote {[Z]}p¢ for the cycle class associated with an
analytic set Z in the integral Bott-Chern cohomology and {[Z]}p for the corre-
sponding class in the Deligne cohomology. Via the isomorphism given in Lemma 9
and the functoriality, the equality i} {[Z]} pc={[W]} Bc is equivalent to the equality
i5{[Z]}p={[W]}p- The proof in the Deligne complex case is given in the following
via the Bloch cycle classes by Proposition 7.5 of [EV88]. One may refer to [Wu20]
for more details, or more explicit versions of some of the proofs. O

In fact, Lemma 10 gives as a special case the following proposition, which
translates into the equality i;‘/iz*lziw/y*i*{wzl.

Proposition 10. Consider the following commutative diagram, where Y and
Z are compact and intersect transversally with W=Y NZ:

Then we have in the integral Bott-Chern cohomology i;iz*:iw/y*z’;v/z.
Proof. The same proof in [Gril0] holds. O

The transversality condition is necessary in the above proposition. Indeed, if
we take Y=Z=W, the morphism 43 %y, is not equal to the identity. To calculate
it, we need the following excess formula. In the reverse direction, the formula is far
easier. For any smooth submanifold Z of X and any cohomology class o on X we
have

iz«iya=a-{[Z]}.

This can be derived from the projection formula, which implies
izsiya=ig«(iya-l)=a-iz.l=a-{[Z]}.

Proposition 11. IfY is a smooth hypersurface of X with X a compact com-
plex manifold, then for any a an integral Bott-Chern cohomological class,

i;iy*a = a-cl(Ny/X).

Proof. The same proof in [Gril0] holds using the deformation of the normal
cone (cf. [Ful84] chap V). O
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6. Transformation under blow-up

In this part, we want to show that the integral Bott-Chern class satisfies the
rest of the Axioms B in [Gril0] (see Axiom B (5)(6)(7) in Introduction).

To start with, we prove the transformation formula of the integral Bott-Chern
cohomology under blow up. The closed immersions, projections and blow ups are
the most elementary morphisms in the description of Serre’s proof of Riemann-Roch-
Grothendieck formula. In fact, by considering the graph, any projective morphism
can be written as a composition of a closed immersion and a projection. By devis-
sage, we reduce the general closed immersion to the case of closed immersion of a
smooth hypersurface. To perform this reduction, we need to blow up submanifolds,
and thus a study of the cohomology of blow ups is required. To do this, we will
need the following version for Dolbeault cohomology groups stated in [RYY17].

Theorem 4. Let X be a compact complex manifold with dimc X =n andY C X
a closed complex submanifold of complex codimension r>2. Suppose that p:)?%X
1s the blow-up of X along Y. We denote by E the exception divisor and by i:Y —
X, j:E%X’ the inclusions, by q:E—Y the restriction of p on E. Then for any
0<l,m<n, there are isomorphisms

(P" et (Ob(vy. ) (1) Acg")

I, r—2 ppl—i—1,m—i—1 lm
Hgm(X)@@Z:gHg ) m (Y) H577L(X)7
m —im1,m—i— (P"d=oc1(Op(ny ) ) (1) Acg™) .
H™M(X)oai2H, YY) s HS™(X).

Proof. Let us start with some explanations on Gysin morphism. For any k€N,
QF is quasi-isomorphic to the complex of smooth forms C** which is also quasi-
isomorphic to the complex of currents D’** by Dolbeault-Grothendieck lemma.
Using the resolution by currents, as in the integral Bott-Chern cohomology case,
one can define a functional Gysin morphism in Dolbeault cohomologies. In this case,
if Y is a codimension r smooth submanifold of X, the image of associated Bloch
cycle class of YV defines a cycle class in H"(X, Q%) (in fact in Hy (X,Q%)). The
same proof in [Gril0] proves analogue of Proposition 11 for Dolbeault cohomologies.
The first statement follows from the main theorem of [RYY17]. Note that by
their results, both sides have the same complex dimension. To prove the isomor-
phism, it is enough to show that it is injective. Assume that p*a—i—zz:g (@ BiN
c1 (OP(NY/X)(l))i):O. Taking j* by analogue of Proposition 11 for Dolbeault coho-
mologies gives
r—2
q*i*a+z q*ﬂi/\cl(OP(Ny/X) (1))i+1 =0.
i=0
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By Theorem 3, 3;=0(Vi),i*a=0. Taking p, on the original equation gives a=
p«p*a=0 by projection formula which finishes the proof. The second statement
uses the fact that

Hy™(X)
=ker{d:T(X,CL™) —I'(X,C™)}/Im{0:T(X,CoM™) — T(X, Y™}

—ker{0:['(X, 02" — T(X, C™™} /Im{d: D(X, C2 1) — (X, c2h}

_ ym,l
7H5 (X).
Now the second statement comes from the first statement. [

We also need the classical analogue for integral coefficient cohomology (cf.
[GHT78], page 603 or Theorem 7.31 [Voi07]) by using the Mayer-Vietoris sequence
involving a tubular neighbourhood of Y.

Lemma 11. Let X be a compact complex manifold with dimcX=n and Y C X
a closed complex submanifold of complex codimension r>2. Suppose that p:)N(%X
18 the blow-up of X along Y. We denote by E the exception divisor and by i:Y =X,
jE%)? the inclusions, by q: E—Y the restriction of p on E. Then for any k there
18 an tsomorphism

(P"dxoc1(Op(ny ) ) (1) Acg™) o ()?, 7).

HYX, Z)seiZgH* (Y, 2)

Proof. Note that in the book [Voi07], the theorem is stated with the assumption
that X is Ké&hler. However, its proof only uses the K&hler condition in Lemma 7.28
[Voi07] to conclude that p* is injective which can be replaced by an analogue of
Lemma 3 with p=¢=0 but with degree n hypercohomology.

Note that for the rational coefficients case, the proof of Theorem 4 with [GHT78]
can more easily conclude the proof. 0O

Using these results, we can prove by induction an analogous result for integral
Bott-Chern cohomology.

Proposition 12. Let X be a compact complex manifold with dimc X =n and
Y CX a closed complex submanifold of complex codimension r>2. Suppose that
p:)?—>X is the blow-up of X along Y. We denote by E the exception divisor and
by i:Y =X, j:E—>)~( the inclusions, by q:E—Y the restriction of p on E. Then
for any k,I,m there is an isomorphism

. (P*1dwoc1 (Op(ny ) (1) A0g™) ~
H*(X, B}, 2) @O gH (Y, B} ,,, ) e H*(X, B; . 2)-
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In particular, there is an isomorphism
j* HF (X, Bz,m,z)/p*Hk (X, Bj nz) = H*(E, BZ,m,z)/q*Hk(Y7 B 1.2)-
Proof. The short exact sequence
0— QM ~1—1]— B}z — Bimz —0

induces a commutative diagram

k—l—1,1+1 . .
Hy k+l (1)()? L _ Hk(fv Bi i1 mz)® Hk()2(, Bj 1, z)® o
EB;;OQH57 TimhE Ty i HF 2 2(Y, B 1mz) iy HF 2 2(Y, B .z2)
k—l—1,l41, 5 S e .
HE U RNR) o BE(R B ) ) HE(X, B, ) b

By the five lemma and Theorem 4, one can reduce the proof to the case [=0 by
induction. Then the short exact sequence

0 Qm+l [_m_l] BE).,m—&-l,Z B(.),m,Z 0
induces a commutative diagram

Jk—m— . .
mrbhEmTl (X e HR(X, By 001 2)® HE (X, By ) 2)®

I — N 0,m+ : N 0,m,2 .
®:;O2HgL+1 ik—m—1 Z(Y) @Z‘IOQH]C 2i 2(Y730,m+1,z) @:ZOQHIC 21 Z(Y’Bo,m,z)

| | |

1Lk—m—1,% S e .
HP R U(X) ——— HR (X, By, ) > HY (X, B, )

By the five lemma and Theorem 4 again, one can reduce the proof to the case [=0,
m=0 by induction. This is done directly by Lemma 11. [

A direct application of the proposition is the following general excess formula
compared to Proposition 11.

Proposition 13. With the same notation in the above proposition, if F' is the
excess conormal bundle on E defined by the exact sequence

0—>F—>q*N;/X—>N;/)? —0,

one has the following excess formula for any cohomology class o on Y :

priva=j.(q"a-cq_1(F7)).
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Proof. Define S=j.(q*a-cq—1(F*)). By the excess formula for a line bundle,
we have
J*B=la"o-ca1(F)]-c1(Np,5) =q"a-q" (ca(Ny,x))-
The second equality uses the Whitney formula for Chern class of vector bundles.
Hence j*f€lm(q*) and by the above Proposition we know S=p*v for some co-
homology class on X. So p.B=p.p*y=+ where the second equality uses p,p*=id
proven in the second section. Then we have

B=p"p«B=p"puju(q o ca-1(F")) =p ixqu(q - ca—1(F7))
=p (- geca—1 (F*)) =p*i.a.
The first equality on the second line uses the projection formula. The last equality
uses the fact that g.cq—1(F*)=1, as follows from the next lemma. [

Lemma 12. Let G— X be a vector bundle of rank r which induces m:P(G)—X.
Let H be the vector bundle defined by the exact sequence

0— H—71"G— Opg)(1) — 0.
Then we have m.(c,—1(H))=(-1)""1.

Proof. We start the proof for the complex Bott-Chern cohomology such that
the cohomology class can be represented by global differential forms. By the
Whitney formula for the total Chern class, ¢(m*G)=c(H)-c(Op()(1)). We denote
hlicl(Op(G)(l)). Then

c(H)=c(m*G)(1+h) = (1+c1 (7" G) +...der (7*G)) (1 —h+h* +...).

The element of degree r—1 on two sides is ¢, 1 (H)=(—1)""1h" "1 +(=1)""2h""2¢,
(m*G)+...4¢cr—1(7*G). 7, is given by integration along the fibre direction. By
degree reason, m.c,_1(H)=(—1)""tm,h"~t=(—1)""1. The integration can be cal-
culated by a metric on Op(¢)(1) induced by a smooth Hermitian metric on G. This
finishes the proof of the complex case.

Since the equality is taken in Hye(X,Z)=H°(X,Z)=Z which is a lattice in
Hlos’g(X, C)=H°(X,C)~C. We deduces the integral case from the complex one.
O

Everything we have done also works for rational Bott-Chern cohomology. In
[Gril0], Grivaux shows that as soon as one has a good intersection theory for some
cohomology theory, one can use the Riemann-Roch-Grothendieck formula to con-
struct the Chern class of a coherent sheaf by an induction on dimension. The last
axiom that remains to be proven is the Hirzebruch—-Riemann—Roch theorem. It can
be reduced to the case of the Deligne complex by the following observation made
in Lemma 7.2 of [Sch07].
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Lemma 13. Let X be a compact Kdhler manifold. Then for any peN* and
keN we have
Hk (X7 Q.<1a) = @T+s:k’r<pHT’s (X, C)-

Since P" is Kéhler, the lemma gives the complete description of the integral
Bott-Chern cohomology for the projective spaces.

Proposition 14. The natural morphism @ng’g (P, Z) =@, HF (P, Z(p)) in-

duces an isomorphism of rings. In particular, the Hirzebruch—Riemann—Roch theo-
rem holds for integral Bott-Chern cohomology.

Proof. By Lemma 13, we have for any peN*
H?P (P, Q7)) =0 — HEL(P", Z) — Hy (P", Z(p)) — H* 1 (P", Q7)) =0.

The second morphism is the natural morphism from Bott-Chern cohomology to
Deligne cohomology which is in fact an isomorphism shown by the exact sequence.
For p=0, it is also an isomorphism since the complexes are the same. Since the
natural morphism from Bott-Chern cohomology to Deligne cohomology is a ring
morphism, we have the first statement. [

Remark 5. As far as we know, it seems that Grivaux’s method does not work
for constructing Chern classes of a coherent sheaf in the integral Bott-Chern co-
homology, as opposed to the rational cohomology. The main reason is that the
Chern characteristic class is additive but the total Chern class is multiplicative, and
switching from one to the other involves denominators. The proof given in [Ful84]
for the Riemann-Roch-Grothendieck formula in the context of coherent sheaves and
the Chow ring reduces to proving that the Riemann-Roch-Grothendieck formula
holds for vector bundles. The additivity of the Chern characteristic class and the
nature of the formula ensure that after proving the special case of bundles, the
Riemann-Roch-Grothendieck formula will also be valid for coherent sheaves on pro-
jective manifolds. However, one needs the projectivity condition to ensure that
the Grothendieck group of coherent sheaves and the Grothendieck group of vector
bundles are the same.

There exists an analogue of the “integral” Riemann-Roch-Grothendieck formula
given in [Jou70]. In this work, Jouanolou proved that for a closed embedding
f:X—=Y of non-singular varieties of codimension d and for any vector bundle of
rank e on X, then the total Chern class in Chow groups satisfies

c(fE)=14f«(P(c1(N),...,ca(N),c1(E), ..., ce(F)))

where N is the normal bundle and P is some universal polynomial depending only
on d, e. This formula does not work directly for coherent sheaves by simply replacing
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e with the generic rank of the coherent sheaf involved, even in the projective case.
This is caused by the lack of additivity and the appearance of polynomials. As a
consequence, a different choice of the values of e will give a completely different
class. As a matter of fact, a coherent sheaf can carry in its Chern classes some
information that extend to degrees beyond its generic rank. At this point, there
does not seem to exist a similar integral Riemann-Roch-Grothendieck formula for
coherent sheaves.

An easy counter example is obtained by considering f:P?—P3 and F=0pz /my.
The left hand side is equal to ¢(Ops/mg)= Cc((ifj)) =1—¢1(Ops(1))3, but the right
hand of the universal polynomial with d=1,e=1 where 1 is the generic rank of
0p3/m0 glVQS 1+f* ( (N), Cl(OPz/mo)):1+f*P(Cl(O]p2(1)), C1(Op2/mo)):1+
f*(HCl(sz/mo) (0 —1)=1+¢1(Ops(1))*+¢1(Ops(1))®. The same example
shows that the formula is not valid when we taking e to be the largest number
such that the Chern class is not trivial. We do not know whether there are any
substitutes of the Riemann-Roch-Grothendieck formula used in Grivaux’s induction
argument, that would be capable of defining Chern classes in integral Bott-Chern
cohomology.
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