SINGULAR BOTT-CHERN CLASSES AND THE ARITHMETIC
GROTHENDIECK RIEMANN ROCH THEOREM FOR CLOSED

IMMERSIONS
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ABSTRACT. We study the singular Bott-Chern classes introduced by Bismut,
Gillet and Soulé. Singular Bott-Chern classes are the main ingredient to define
direct images for closed immersions in arithmetic K-theory. In this paper we
give an axiomatic definition of a theory of singular Bott-Chern classes, study
their properties, and classify all possible theories of this kind. We identify
the theory defined by Bismut, Gillet and Soulé as the only one that satisfies
the additional condition of being homogeneous. We include a proof of the
arithmetic Grothendieck-Riemann-Roch theorem for closed immersions that
generalizes a result of Bismut, Gillet and Soulé and was already proved by
Zha. This result can be combined with the arithmetic Grothendieck-Riemann-
Roch theorem for submersions to extend this theorem to arbitrary projective
morphisms. As a byproduct of this study we obtain two results of independent
interest. First, we prove a Poincaré lemma for the complex of currents with
fixed wave front set, and second we prove that certain direct images of Bott-
Chern classes are closed.

CONTENTS
[0.__Introductionl
[1. Characteristic classes in analytic Deligne cohomology|
2. Bott-Chern classes|
[3.  Direct images of Bott-Chern classes|
[4.  Cohomology of currents and wave front sets|
5 Dol . i iond
[6. Singular Bott-Chern classes|

[7.  Classification of theories ot singular Bott-Chern classes|
[8. "Transitivity and projection formulaj
[9. Homogeneous singular Bott-Chern classes|

[{10. The arithmetic Riemann-Roch theorem for regular closed immersions|

[References

*Partially supported by Grant DGI MTM2006-14234-C02-01.
**Partially supported by CNCSIS Grant 1338/2007 and PN II Grant ID_2228 (502/2009).

1

[\

14
28
33
37
41
47
51
68

95



2 JOSE I. BURGOS GIL AND RAZVAN LITCANU

0. INTRODUCTION

Chern-Weil theory associates to each hermitian vector bundle a family of closed
characteristic forms that represent the characteristic classes of the vector bundle.
The characteristic classes are compatible with exact sequences. But this is not
true for the characteristic forms. The Bott-Chern classes measure the lack of
compatibility of the characteristic forms with exact sequences.

The Grothendieck-Riemann-Roch theorem gives a formula that relates direct
images and characteristic classes. In general this formula is not valid for the char-
acteristic forms. The singular Bott-Chern classes measure, in a functorial way, the
failure of an exact Grothendieck-Riemann-Roch theorem for closed immersions
at the level of characteristic forms. In the same spirit, the analytic torsion forms
measure the failure of an exact Grothendieck-Riemann-Roch theorem for sub-
mersions at the level of characteristic forms. Hence singular Bott-Chern classes
and analytic torsion forms are analogous objects, the first for closed immersions
and the second for submersions.

Let us give a more precise description of Bott-Chern classes and singular
Bott-Chern classes. Let X be a complex manifold and let ¢ be a symmetric
power series in r variables with real coefficients. Let E = (E,h) be a rank r
holomorphic vector bundle provided with a hermitian metric. Using Chern-Weil
theory, we can associate to E a differential form ¢(E) = ¢(—K), where K is the
curvature tensor of E viewed as a matrix of 2-forms. The differential form ¢(E)
is closed and is a sum of components of bidegree (p, p) for p > 0.

If
& 0—FE —FE—E —0
is a short exact sequence of holomorphic vector bundles provided with hermitian
metrics, then the differential forms ¢(E) and gp(El &) El) may be different, but

they represent the same cohomology class.
The Bott-Chern form associated to £ is a solution of the differential equation

(0.1) ~2000(€) = 9(E' © E) - o(E)
obtained in a functorial way. The class of a Bott-Chern form modulo the image
of 0 and 0 is called a Bott-Chern class and is denoted by 3(€).

There are three ways of defining the Bott-Chern classes. The first one is the
original definition of Bott and Chern [7]. It is based on a deformation between
the connection associated to E and the connection associated to E' @ E . This
deformation is parameterized by a real variable.

In [I7] Gillet and Soulé introduced a second definition of Bott-Chern classes
that is based on a deformation between E and E ® E parameterized by a
projective line. This second definition is used in [4] to prove that the Bott-Chern
classes are characterized by three properties

(i) The differential equation (0.1)).
(ii) Functoriality (i.e. compatibility with pull-backs via holomorphic maps).
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(iii) The vanishing of the Bott-Chern class of a orthogonally split exact
sequence.

In [4] Bismut, Gillet and Soulé have a third definition of Bott-Chern classes
based on the theory of superconnections. This definition is useful to link
Bott-Chern classes with analytic torsion forms.

The definition of Bott-Chern classes can be generalized to any bounded exact
sequence of hermitian vector bundles (see section [2f for details). Let

£:0— (Enyhy) — ... — (Ey, hy) — (Eg, ho) — 0

be a bounded acyclic complex of hermitian vector bundles; by this we mean a
bounded acyclic complex of vector bundles, where each vector bundle is equipped
with an arbitrarily chosen hermitian metric. Let

r= Y rk(E) =) k().

i even i odd

As before, let ¢ be a symmetric power series in 7 variables. A Bott-Chern class
associated to & satisfies the differential equation

—2003(€) = (P Ear) — o(ED Eors1).

In particular, let “ch” denote the power series associated to the Chern character
class. The Chern character class has the advantage of being additive for direct
sums. Then, the Bott-Chern class associated to the long exact sequence € and to
the Chern character class satisfies the differential equation

n

—200ch(€) = = > "(=1)" ch(Ey).

k=0

Let now i: Y — X be a closed immersion of complex manifolds. Let F be a
holomorphic vector bundle on Y provided with a hermitian metric. Let N be the
normal bundle to Y in X provided also with a hermitian metric. Let

0—E,—FE, —...— FEy— i, —0

be a resolution of the coherent sheaf i, F' by locally free sheaves, provided with
hermitian metrics (following Zha [32] we shall call such a sequence a metric
on the coherent sheaf i, F'). Let Td denote the Todd characteristic class. Then
the Grothendieck-Riemann-Roch theorem for the closed immersion i implies that
the current i,(Td(N)~!ch(F)) and the differential form >, (—1)* ch(E}) repre-
sent the same class in cohomology. We denote ¢ the data consisting in the closed
embedding 4, the hermitian bundle N, the hermitian bundle F and the resolution
E, —i,F.

In the paper [5], Bismut, Gillet and Soulé introduced a current associated to
the above situation. These currents are called singular Bott-Chern currents and

denoted in [5] by 7'(§). When the hermitian metrics satisfy a certain technical
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condition (condition A of Bismut) then the singular Bott-Chern current T(€)
satisfies the differential equation
—200T(§) = i.(Td(N) " ch(F)) — Y (~1)"ch(E;).
i=0

These singular Bott-Chern currents are among the main ingredients of the proof
of Gillet and Soulé’s arithmetic Riemann-Roch theorem. In fact it is the main
ingredient of the arithmetic Riemann-Roch theorem for closed immersions [6].
This definition of singular Bott-Chern classes is based on the formalism of super-
connections, like the third definition of ordinary Bott-Chern classes.

In his thesis [32], Zha gave another definition of singular Bott-Chern currents
and used it to give a proof of a different version of the arithmetic Riemann-Roch
theorem. This second definition is analogous to Bott and Chern’s original defini-
tion. Nevertheless there is no explicit comparison between the two definitions of
singular Bott-Chern currents.

One of the purposes of this note is to give a third construction of singular Bott-
Chern currents, in fact of their classes modulo the image of @ and 9, which could
be seen as analogous to the second definition of Bott-Chern classes. Moreover
we will use this third construction to give an axiomatic definition of a theory
of singular Bott-Chern classes. A theory of singular Bott-Chern classes is an
assignment that, to each data ¢ as above, associates a class of currents 7'(€), that
satisfies the analogue of conditions and . The main technical point
of this axiomatic definition is that the conditions analogous to and
above are not enough to characterize the singular Bott-Chern classes. Thus we
are led to the problem of classifying the possible theories of Bott-Chern classes,
which is the other purpose of this paper.

We fix a theory T of singular Bott-Chern classes. Let Y be a complex manifold
and let N and F be two hermitian holomorphic vector bundles on Y. We write
P = P(N @ 1) for the projective completion of N. Let s: Y — P be the
inclusion as the zero section and let mp: P — Y be the projection. Let K, be
the Koszul resolution of s,0y endowed with the metric induced by N. Then we
have a resolution by hermitian vector bundles

K(F,N): K,®@mpF — s,F.
To these data we associate a singular Bott-Chern class T(K(F, N)). It turns out

that the current
1

(2mi) kN

is closed (see section [3[for general properties of the Bott-Chern classes that imply
this property) and determines a characteristic class Cr(F, N) on Y for the vector
bundles N and F. Conversely, any arbitrary characteristic class for pairs of
vector bundles can be obtained in this way. This allows us to classify the possible
theories of singular Bott-Chern classes:

/ T(K(F,N)) = (). T(K(F, )
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Claim (theorem . The assignment that sends a singular Bott-Chern class T’
to the characteristic class C'r is a bijection between the set of theories of singular
Bott-Chern classes and the set of characteristic classes.

The next objective of this note is to study the properties of the different theories
of singular Bott-Chern classes and of the corresponding characteristic classes.
We mention, in the first place, that for the functoriality condition to make sense,
we have to study the wave front sets of the currents representing the singular
Bott-Chern classes. In particular we use a Poincaré Lemma for currents with
fixed wave front set. This result implies that, in each singular Bott-Chern class,
we can find a representative with controlled wave front set that can be pulled
back with respect certain morphisms.

We also investigate how different properties of the singular Bott-Chern classes
T are reflected in properties of the characteristic classes C. We thus characterize
the compatibility of the singular Bott-Chern classes with the projection formula,
by the property of Cr of being compatible with the projection formula. We
also relate the compatibility of the singular Bott-Chern classes with the compo-
sition of successive closed immersions to an additivity property of the associated
characteristic class.

Furthermore, we show that we can add a natural fourth axiom to the condi-

tions analogue to , and namely the condition of being homogeneous
(see section [J] for the precise definition).

Claim (theorem [9.11]). There exists a unique homogeneous theory of singular
Bott-Chern classes.

Thanks to this axiomatic characterization, we prove that this theory agrees
with the theories of singular Bott-Chern classes introduced by Bismut, Gillet and
Soulé [6], and by Zha [32]. In particular this provides us a comparison between
the two definitions. We will also characterize the characteristic class Cpn for the
theory of homogeneous singular Bott-Chern classes.

The last objective of this paper is to give a proof of the arithmetic Riemann-
Roch theorem for closed immersions. A version of this theorem was proved by
Bismut, Gillet and Soulé and by Zha.

Next we will discuss the contents of the different sections of this paper. In
section §1 we recall the properties of characteristic classes in analytic Deligne
cohomology. A characteristic class is just a functorial assignment that associates
a cohomology class to each vector bundle. The main result of this section is
that any characteristic class is given by a power series on the Chern classes, with
appropriate coefficients.

In section §2 we recall the theory of Bott-Chern forms and its main properties.
The contents of this section are standard although the presentation is slightly
different to the ones published in the literature.

In section §3 we study certain direct images of Bott-Chern forms. The main
result of this section is that, even if the Bott-Chern classes are not closed, certain
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direct images of Bott-Chern classes are closed. This result generalizes previous
results of Bismut, Gillet and Soulé and of Mourougane. This result is used to
prove that the class C7 mentioned previously is indeed a cohomology class, but
it can be of independent interest because it implies that several identities in
characteristic classes are valid at the level of differential forms.

In section §4 we study the cohomology of the complex of currents with a fixed
wave front set. The main result of this section is a Poincaré lemma for currents
of this kind. This implies in particular a 00-lemma. The results of this section
are necessary to state the functorial properties of singular Bott-Chern classes.

In section §5 we recall the deformation of resolutions, that is a generalization
of the deformation to the normal cone, and we also recall the construction of the
Koszul resolution. These are the main geometric tools used to study singular
Bott-Chern classes.

Sections §6 to §9 are devoted to the definition and study of the theories of sin-
gular Bott-Chern classes. Section §6 contains the definition and first properties.
Section §7 is devoted to the classification theorem of such theories. In section §8
we study how properties of the theory of singular Bott-Chern classes and of the
associated characteristic class are related. And in section §9 we define the theory
of homogeneous singular Bott-Chern classes and we prove that it agrees with the
theories defined by Bismut, Gillet and Soulé and by Zha.

Finally in section §10 we define arithmetic K-groups associated to a
Digg-arithmetic variety (X,C) (in the sense of [I3]) and push-forward maps for
closed immersions of metrized arithmetic varieties, at the level of the arithmetic
K-groups. After studying the compatibility of these maps with the projection
formula and with the push-forward map at the level of currents, we prove a
general Riemann-Roch theorem for closed immersions (theorem that com-
pares the direct images in the arithmetic K-groups with the direct images in the
arithmetic Chow groups. This theorem is compatible, if we choose the theory
of homogeneous singular Bott-Chern classes, with the arithmetic Riemann-Roch
theorem for closed immersions proved by Bismut, Gillet and Soulé [6] and it
agrees with the theorem proved by Zha [32]. Theorem together with the
arithmetic Grothendieck-Riemann-Roch theorem for submersions proved in [16],
can be used to obtain an arithmetic Grothendieck-Riemann-Roch theorem for
projective morphisms of regular arithmetic varieties.
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D. Rossler, and J. Wildeshaus with whom we have had many discussions on the
subject of this paper. Our special thanks to G. Freixas and Shun Tang for their
careful reading of the paper and for suggesting some simplifications of the proofs.
Finally we would like to thank the referee for his excellent work.
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1. CHARACTERISTIC CLASSES IN ANALYTIC DELIGNE COHOMOLOGY

A characteristic class for complex vector bundles is a functorial assignment
which, to each complex continuous vector bundle on a paracompact topological
space X, assigns a class in a suitable cohomology theory of X. For example, if
the cohomology theory is singular cohomology, it is well known that each char-
acteristic class can be expressed as a power series in the Chern classes. This can
be seen for instance, showing that continuous complex vector bundles on a para-
compact space X can be classified by homotopy classes of maps from X to the
classifying space BG L. (C) and that the cohomology of BG L. (C) is generated
by the Chern classes (see for instance [2§]).

The aim of this section is to show that a similar result is true if we restrict
the class of spaces to the class of quasi-projective smooth complex manifolds, the
class of maps to the class of algebraic maps and the class of vector bundles to
the class of algebraic vector bundles and we choose analytic Deligne cohomology
as our cohomology theory.

This result and the techniques used to prove it are standard. We will use the
splitting principle to reduce to the case of line bundles and will then use the
projective spaces as a model of the classifying space BGL{(C). In this section
we also recall the definition of Chern classes in analytic Deligne cohomology and
we fix some notations that will be used through the paper.

Definition 1.1. Let X be a complex manifold. For each integer p, the analytic
real Deligne complex of X is
Rxp(p) = (R(p) — Ox — Q — ... — Q)
= s(R(p) ® FPQx — Q),
where R(p) is the constant sheaf (27wi)PR C C. The analytic real Deligne co-

homology of X, denoted Hja(X,R(p)), is the hyper-cohomology of the above
complex.

Analytic Deligne cohomology satisfies the following result.

Theorem 1.2. The assignment X —— Hpu (X, R(x)) = @, Hpa (X, R(p)) is a
contravariant functor between the category of complex manifolds and holomorphic
maps and the category of unitary bigraded rings that are graded commutative (with
respect to the first degree) and associative. Moreover there exists a functorial map

c: Pic(X) = H'(X,0%) — Hpuu(X,R(1))

and, for each closed immersion of complex manifolds i: Y — X of codimension
p, there exists a morphism

iv: Hpa (Y, R(%)) — Hpt2 (X, R(x + p))

satisfying the properties
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Al Let X be a complex manifold and let EE be a holomorphic vector bundle
of rank r. Let P(E) be the associated projective bundle and let O(—1)
the tautological line bundle. The map

7T Hpan (X, R(*)) — Hpan(P(E), R(%))

induced by the projection m: P(E) — X gives to the second ring a
structure of left module over the first. Then the elements c(cl(O(—1))),
1=0,...,7—1 form a basis of this module.

A2 If X is a complex manifold, L a line bundle, s a holomorphic section
of L that is transverse to the zero section, Y 1is the zero locus of s and
1: Y — X the inclusion, then

c(cl(L)) =i, (1y).
A3 Ifj: Z — Y andi: Y — X are closed immersions of complex mani-
folds then (ij)s = i4Js.
A4 Ifi: Y — X is a closed immersion of complex manifolds then, for every

a € Hpun (X, R(x)) and b € H}un (Y, R(%))
i.(bi*a) = (i.b)a.

Proof. The functoriality is clear. The product structure is described, for instance,
n [15]. The morphism c is defined by the morphism in the derived category

O%[1] = s(Z(1) — Ox) — s(R(1) — Ox) = Rp(1).

The morphism i, can be constructed by resolving the sheaves Rp(p) by means of
currents (see [26] for a related construction). Properties A3 and A4 follow easily
from this construction.

By abuse of notation, we will denote by ¢;(O(—1)) the first Chern class of
O(—1) with the algebro-geometric twist, in any of the groups H?(P(E),R(1)),
H*(P(E),C), H'(P(E),Qp). Then, we have sheaf isomorphisms (see for
instance [22] for a related result),

EBRX (p—i)[-2] — R Rp ) (p)
@Q* —2i] — Rm.Qpp

@FP Q5 [—2i] — Rm FPQp

given, all of them, by (ag,...,a,_1) — > a;c;(O(—1))". Hence we obtain a
sheaf isomorphism

@ RX,D(p — z)[—22] — R?T*R]}»(E)7'D(p)
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from which property Al follows. Finally property A2 in this context is given by
the Poincare-Lelong formula (see [13] proposition 5.64). O

Notation 1.3. For the convenience of the reader, we gather here together several
notations and conventions regarding the differential forms, currents and Deligne
cohomology that will be used through the paper.

Throughout this paper we will use consistently the algebro-geometric twist.
In particular the Chern classes ¢;, © = 0,... in Betti cohomology will live in
c; € H*(X,R(7)); hence our normalizations differ from the ones in [I8] where
real forms and currents are used.

Moreover we will use the following notations. We will denote by &% the sheaf of
Dolbeault algebras of differential forms on X and by Z% the sheaf of Dolbeault
complexes of currents on X (see [13] §5.4 for the structure of Dolbeault com-
plex of 7%). We will denote by E*(X) and by D*(X) the complexes of global
sections of &% and Z% respectively. Following [9] and [13] definition 5.10, we
denote by (D*(_,*),dp) the functor that associates to a Dolbeault complex its
corresponding Deligne complex. For shorthand, we will denote

D*(X,p) = D*(E*(X),p),
D*D<Xap> = D*(D*(X),p)

To keep track of the algebro-geometric twist we will use the conventions of [13]
§5.4 regarding the current associated to a locally integrable differential form

1
[W](ﬁ)zm/xﬁ/\w

and the current associated with a subvariety Y

Sy (n) = W/Yﬁ-

With these conventions, we have a bigraded morphism D*(X, x) — D} (X, %)
and, if Y has codimension p, the current dy belongs to D?’(X,p). Then D*(X,p)
and Dj,(X,p) are the complex of global sections of an acyclic resolution of
Rx p(p). Therefore

Hpan (X, R(p)) = H*(D(X, p)) = H*(Dp(X, p)).

If f: X — Y is a proper smooth morphism of complex manifolds of relative
dimension e, then the integral along the fibre morphism

fo: DHX,p) — D*(X p—e)
is given by

1
(1.4) faw = W/fw

If (D*(x),dp) is a Deligne complex associated to a Dolbeault complex, we will
write

DM(X,p) := DM(X,p)/ dp DM 1 (X, p).
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Finally, following [13] 5.14 we denote by e the product in the Deligne com-
plex that induces the usual product in Deligne cohomology. Note that, if w €
D, D?(X, p), then for any n € D*(X, *) we have wen = new = nAw. Sometimes,
in this case we will just write nw :=n e w.

We denote by * the complex manifold consisting on one single point. Then

R(p) := (2mi)PR, ifn=0, p<o,
Hpw(%,p) =S R(p—1) := 2mi)P7'R, ifn=1, p>0.
{0}, otherwise.

The product structure in this case is the bigraded product that is given by
complex number multiplication when the degrees allow the product to be non
zero. We will denote by DD this ring. This is the base ring for analytic Deligne
cohomology. Note that, in particular, Hpu(*,1) = R = C/R(1). We will denote
by 1; the image of 1 in Hja (%, 1).

Following [23], theorem implies the existence of a theory of Chern classes
for holomorphic vector bundles in analytic Deligne cohomology. That is, to
every vector bundle F, we can associate a collection of Chern classes ¢;(E) €
H2..(X,R(:)), i > 1 in a functorial way.

We want to see that all possible characteristic classes in analytic Deligne
cohomology can be derived from the Chern classes.

Definition 1.5. Let n > 1 be an integer and let r; > 1,...,r, > 1 be a collection
of integers. A theory of characteristic classes for n-tuples of vector bundles of rank
ri,...,T, is an assignment that, to each n-tuple of isomorphism classes of vector
bundles (E4,. .., E,) over a complex manifold X, with rk(F;) = r;, assigns a class

B, ..., E,) € P Hpun (X, R(p))
k,p

in a functorial way. That is, for every morphism f: X — Y of complex mani-
folds, the equality

(B, ..., Ey)) =cl(fEy, ..., [*E,)
holds

The first consequence of the functoriality and certain homotopy property of
analytic Deligne cohomology classes is the following.

Proposition 1.6. Let cl be a theory of characteristic classes for n-tuples of vector
bundles of rank ry,...,r,. Let X be a complex manifold and let (Er, ..., E,) be
a n-tuple of vector bundles over X with vk(E;) = r; for alli. Let 1 < j <n and
let

0 — B, — E; — E — 0,
be a short exact sequence. Then the equality

AEr,...,Ejy... By) =Ccl(BEy,...,El®E!, ... E,)

*

holds.
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Proof. Let tg,t00: X — X x P! be the inclusion as the fiber over 0 and the
fiber over oo respectively. Then there exists a vector bundle Ej on X x P!
(see for instance [19] (1.2.3.1) or definition below) such that L(’SEj = F; and
L;Ej = FE; @ Ef. Let pi: X x P! — X be the first projection. Let w €
D, D*(X,p) be any dp-closed form that represents cl(piFEy, ... ,Ej, L DIER).
Then, by functoriality we know that jw represents cl(Ey, ..., Ej, ..., E,) and
tiw represents cl(Ey, ..., B @ EY, ... E,). We write
1

_]_ _
S B
0= omi |, 3 losttew,

where ¢ is the absolute coordinate of P'. Then
dp B = thw — tpw
which implies the result. 0

A standard method to produce characteristic classes for vector bundles is to
choose hermitian metrics on the vector bundles and to construct closed differential
forms out of them. The following result shows that functoriality implies that
the cohomology classes represented by these forms are independent from the
hermitian metrics and therefore are characteristic classes. When working with
hermitian vector bundles we will use the convention that, if £ denotes the vector
bundle, then £ = (E, h) will denote the vector bundle together with the hermitian
metric.

Proposition 1.7. Let n > 1 be an integer and let 1 > 1,...,r, > 1 be a
collection of integers. Let cl be an assignment that, to each n-tuple (E1, ..., E,) =
((E1,h), ...y (En, hy)) of isometry classes of hermitian vector bundles of rank
r1,...,Tn over a complex manifold X, associates a cohomology class

(Ey,...,E,) € P HE(X R(p))
k,p

such that, for each morphism f:Y — X,
Cl(f*El, e f*En> = f* Cl(Fl, Ce ,Fn)

Then the cohomology class cl(E., . .., E,) is independent from the hermitian met-
rics. Therefore it is a well defined characteristic class.

Proof. Let 1 < j < n be an integer and let E; = (Ej,h}) be the vector bundle
underlying Ej with a different choice of metric. Let ¢, too and p; be as in the proof

of proposition . Then we can choose a hermitian metric h on piE;, such that
w(piE; h) = E; and o (piEj, h) = F; Let w be any smooth closed differential
form on X x P! that represents cl(piEy, ..., (piEy, h),...,piE,). Then,

1 -1
— | gt
O= 5 [, o losftew
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satisfies
dp B = thw — tpw
which implies the result. 0

We are interested in vector bundles that can be extended to a projective variety.
Therefore we will restrict ourselves to the algebraic category. So, by a complex
algebraic manifold we will mean the complex manifold associated to a smooth
quasi-projective variety over C. When working with an algebraic manifold, by
a vector bundle we will mean the holomorphic vector bundle associated to an
algebraic vector bundle.

We will denote by D[[z1, ..., x,]] the ring of commutative formal power series.
That is, the unknowns x4, . . . , z,, commute with each other and with . We turn it
into a commutative bigraded ring by declaring that the unknowns x; have bidegree
(2,1). The symmetric group in r elements, &, acts on D[[xy,...,z,]]. The
subalgebra of invariant elements is generated over D by the elementary symmetric
functions. The main result of this section is the following

Theorem 1.8. Let cl be a theory of characteristic classes for n-tuples of vector
bundles of rank ry,...,r,. Then, there is a power series ¢ € Dl[xy,...,z,]]
mr = r + -+ r, variables with coefficients in the ring D, such that, for
each complex algebraic manifold X and each n-tuple of algebraic vector bundles
(E1, ..., E,) over X with tk(E;) = r; this equality holds:

(1.9) (B, ... Ey) =p(c(Er), .. oyer (B, oo osei(Ey)y oo yen (Er)).

Conversely, any power series ¢ as before determines a theory of characteristic
classes for n-tuples of vector bundles of rank rq,...,r,, by equation (|1.9).

Proof. The second statement is obvious from the properties of Chern classes.

Since we are assuming X quasi-projective, given n algebraic vector bundles
Ey, ..., E, on X, there is a smooth projective compactification X and vector
bundles Ei,...,E, on X, such that E; = E; |x (see for instance [I4] proposition
2.2), we are reduced to the case when X is projective. In this case, analytic
Deligne cohomology agrees with ordinary Deligne cohomology.

Let us assume first that ry = --- = r,, = 1 and that we have a characteristic
class cl for n line bundles. Then, for each n-tuple of positive integers mq,...,m,
we consider the space P™mn = P x ... x Pd™ and we denote by p; the

projection over the i-th factor. Then

& aE P R(p)) = D, - . ,xn]/(x;m, )

k,p
is a quotient of the polynomial ring generated by the classes z; = (sz(l))
with coefficients in the ring ID. Therefore, there is a polynomial ¢, ., in n

variables such that

cd(piO1),...,p7O01)) = Gy (15 - -, Tnr).
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If my <mj, ..., m, < m) then, by functoriality, the polynomial ¢,,, . is
the truncation of the polynomial Oms,,....mi, Therefore there is a power series in n
variables, ¢ such that ¢,,, . is the truncation of ¢ in the appropriate quotient
of the polynomial ring.

Let Lq,..., L, be line bundles on a projective algebraic manifold that are gen-
erated by global sections. Then they determine a morphism f: X — P™in
such that L; = f*pfO(1). Therefore, again by functoriality, we obtain

A(Ly, ..., Ln) = g(cr(Ly), ..., c1(Ly)).

From the class cl we can define a new characteristic class for n -+ 1 line bundles
by the formula

d'(Ly,... Ly, M) =cl(Ly @ MY,... L, ®M).

.....

When Ly, ..., L, and M are generated by global sections we have that there is a
power series 1 such that

c'(Ly,..., Ly, M) =(ci(Ly),...,c1(Ly),ci(M)).

Moreover, when the line bundles L; ® M" are also generated by global sections
the following holds

¢(01(L1), e 7Cl<Ln>7 Cl(M)) = gO(Cl(Ll & MV), e 701(Ln (024 Mv))
=p(c1i(Lr) —aa(M), ..., ci(Ln) — cr(M)).
Considering the system of spaces P "n™n+1 with line bundles
Li=p;O(1)®p,,,01),i=1,....,n, M=p; 0(1),
we see that there is an identity of power series

90(351—2/7---,3711_3/):¢<x1,~--axnay)~

Now let X be a projective complex manifold and let Lq,..., L, be arbitrary
line bundles. Then there is a line bundle M such that M and L) = L, ® M,
1 =1,...,n are generated by global sections. Then we have

c(Ly,...,L,)=cl(Lio@ MY, ...,L, @ M")
=cl'(L},..., L M)
= Y(a(Ly), ..., a(Ly), e(M))
= ¢((ar(Ly) — (M), ..., e1i(Ly,) — er(M)))
=p(e1(Ly),...,c1(Ly)).
The case of arbitrary rank vector bundles follows from the case of rank one

vector bundles by proposition and the splitting principle. We next recall the
argument. Given a projective complex manifold X and vector bundles F, ..., E,
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of rank ry, ..., r,, we can find a proper morphism 7: X — X, with X a complex
projective manifold, and such that the induced morphism

7 Hp (X, R(*)) — Hp(X,R(%))
is injective and every bundle 7*(E;) admits a holomorphic filtration
0= KZ‘,() C Ki71 c---C Ki,ri—l C Kiﬂ = W*(Ei),

with L; ; = K, ;j/K; j—1 a line bundle. If cl is a characteristic class for n-tuples of
vector bundles of rank rq,...,r,, we define a characteristic class for ry +---+1,-
tuples of line bundles by the formula

Cll(lel, ey Llﬂ“l? ey Ln,la . 7Ln,7'n) =
Cl(Ll,l b---D Ll,’r‘17 ceey Ln,l ®--- ®a Ln,rn)-

By the case of line bundles we know that there is a power series in r{ 4+ -+ 4+ 7,
variables 1 such that

Cll(LLl, ceey L17T17 Ce ,Ln,ly ey Ln,rn> = ¢(01(L1,1)7 Ce 7C1(Ln7rn)).

Since the class cl’ is symmetric under the group &,, x -+ x &, , the same is
true for the power series v. Therefore ¢ can be written in terms of symmetric
elementary functions. That is, there is another power series in r{ + -+ + 7,
variables ¢, such that

Y(T11, s Tnry) = P(S1(@115 o Ty )y e ooy Sey (11 ooy Tagy )y - -
oS (Tns - T ) e S (Tnts e T )

where s; is the i-th elementary symmetric function of the appropriate number of
variables. Then

7 (cl(Ey, ..., E,)) =cl(n*Ey, ..., 7 E,))
=c'(Li1,.--, Lny,)
=(c1(L1q), . c1(Lng,))
= (el ("B, ... e (T L), .. .,a1(TEy), ... e (T7ER))
=1'p(c1(E1), ..., (Er)y .o osc1(En)y oy, (Er)).
Therefore, the result follows from the injectivity of 7*. O
Remark 1.10. It would be interesting to know if the functoriality of a charac-

teristic class in enough to imply that it is a power series in the Chern classes for
arbitrary complex manifolds and holomorphic vector bundles.

2. BOTT-CHERN CLASSES

The aim of this section is to recall the theory of Bott-Chern classes. For
more details we refer the reader to [7], [4], [19], [31], [14], [I0] and [I2]. Note
however that the theory we present here is equivalent, although not identical, to
the different versions that appear in the literature.

Let X be a complex manifold and let £ = (E,h) be a rank r holomorphic
vector bundle provided with a hermitian metric. Let ¢ € D[[zq,...,2,]] be a
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formal power series in r variables that is symmetric under the action of &,.. Let
Si, © = 1,...,r be the elementary symmetric functions in r variables. Then
é(x1, ... x) = @(s1,...,5.) for certain power series ¢. By Chern-Weil theory
we can obtain a representative of the class

O(E) = ¢(c1(E), ..., c,(E)) € D Hpun (X, R(p))
k.p
as follows.

We denote also by ¢ the invariant power series in r X r matrices defined by ¢.
Let K be the curvature matrix of the hermitian holomorphic connection of (E, h).
The entries of K in a particular trivialization of E are local sections of D?(X, 1).
Then we write

$(E,h) = 6(—K) € DX, p).

The form ¢(FE, h) is well defined, closed, and it represents the class ¢(F).
Now let
E.=(."™F E,_ = )
be a bounded acyclic complex of hermitian vector bundles; by this we mean a

bounded acyclic complex of vector bundles, where each vector bundle is equipped
with an arbitrarily chosen hermitian metric.

Write
r= Y rk(E) =) rk(E).

1 even 7 odd
and let ¢ be a symmetric power series in r variables.
As before, we can define the Chern forms

S(EP (Ei, hi)) and o(ED (B, i),

i even i odd

that represent the Chern classes ¢(@D; on &) and (P, ,qq £i)- The Chern
classes are compatible with respect to exact sequences, that is,

(P E:) = o(EP Ev).
i even i odd

But, in general, this is not true for the Chern forms. This lack of compatibility
with exact sequences on the level of Chern forms is measured by the Bott-Chern
classes.

Definition 2.1. Let
E.=(."F E, )

be an acyclic complex of hermitian vector bundles, we will say that F, is an
orthogonally split complex of vector bundles if, for any integer n, the exact se-
quence

0—Kerf, — FE, — Kerf,_;, —0
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is split, there is a splitting section s,,: Ker f,_; — E, such that FE,, is the orthog-
onal direct sum of Ker f,, and Im s, and the metrics induced in the subbundle
Ker f,,_1 by the inclusion Ker f,,_; C E,,_; and by the section s, agree.

Notation 2.2. Let (z : y) be homogeneous coordinates of P! and let t = x/y be
the absolute coordinate. In order to make certain choices of metrics in a functorial
way, we fix once and for all a partition of unity {og, 0w}, over P! subordinated to
the open cover of P! given by the open subsets {{|y| > 1/2|z|}, {|z| > 1/2]y|}}.
As usual we will write co = (1:0), 0= (0:1).

The fundamental result of the theory of Bott-Chern classes is the following
theorem (see [7], [4], [19]).

Theorem 2.3. There is a unique way to attach to each bounded exact complex
E, as above, a class ¢(E.) in
P> (X, k) = P D* (X, k)/ Tm(dp)
k k
satisfying the following properties
(i) (Differential equation)
(2.4) dp ¢(E.) = 6(€P (Ei, b)) — o(ED (B, ha)).
i even i odd
(ii) (Punctoriality) f*¢(E.) = ¢(f*E.), for every holomorphic map f:
X — X. B
(iii) (Normalization) If E, is orthogonally split, then ¢(E.) = 0.
Proof. We first recall how to prove the uniqueness.

Let K; = (K;,¢;), where K; = Ker f; and g; is the metric induced by the
inclusion K; C Ej;. Consider the complex manifold X x P! with projections p;
and py. For every vector bundle F' on X we will denote F(i) = piF' @ p3Op1 (7).
Let C, = C(FE,)« be the complex of vector bundles on X X P! given by C; =
Ei(i) & E;—1(i — 1) with differential d(s,t) = (¢,0). Let D, = D(E,). be the
complex of vector bundles with D; = E;_; ()@ E;_2(i—1) and differential d(s, ¢) =
(¢,0). Using notation we define the map ¢: C(E,); — D(FE.); given by
W(s,t) = (fi(s) —t®uy, fi—1(t)). It is a morphism of complexes.

Definition 2.5. The first transgression exact sequence of F, is given by
tri(Ey). = Ker.

On X x Al the map piE; — C(E,); given by s — (s ® ', fi(s) @ yi™1)
induces an isomorphism of complexes
(2.6) PIE. — tr1(Ey) ] x xar,
and in particular isomorphisms
(2.7) tr1(Ey)ilx <oy = Ei.
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Moreover, we have isomorphisms
(2.8) t11 (Ey)i| x x oo} = K ® K.

Definition 2.9. We will denote by tr;(E.), the complex tr;(E,). provided with
any hermitian metric such that the isomorphisms (2.7)) and ({2.8]) are isometries.
If we need a functorial choice of metric, we proceed as follows. On X x (P'\ {0})

we consider the metric induced by C on trl( W) On X x (PY\ {oo}) we consider
the metric induced by the isomorphism (2.6). We glue both metrics by means of
the partition of unity of notation

In particular, we have that tr;(E,)| Xx{oo} is orthogonally split. We assume that
there exists a theory of Bott-Chern classes satisfying the above properties. Thus,

there exists a class of differential forms ¢(tr;(E,),) with the following properties.
By [(i)] this class satisfies

dD Qﬁ(th @ tI‘l E — ¢(@ tI‘l (E

i even 1 odd

By [(ii)} it satisfies
o(tr11(E.).) [xxioy= o(tri(Ea)s [xxq0)) = S(EL).
Finally, by and it satisfies
(tr1 (B ). Lxxgooy= (tr1 (s [xxgoe)) = 0.

Let ¢(tr,(E,).) be any representative of the class ¢(try(E,)s).
Then, in the group @, D*~!(X, k), we have

0= dp % ~Hlog(tf) e 6(tn,(B.).)
-/ (dp L log(t) o o(tr (E.).) — 5 log(th) o dp ¢<tr1<E>*>)

= ¢(tr1(E ))IXx{oo} o(tr1(E ))|Xx{0}

1 _
"o T log (tt) ® @ try(E @1 tr1(E.):))
-~ 1 -1 _
= —¢(E,) — el s 5 log(h) e zg?ntrl <-€% try(E,);)).

Hence, if such a theory exists, it should satisfy the formula

(2.10)  &(E,) = = —log (t1) o (¢(ED tr1 (E. (P tri(E.))).

271
Pt i odd i even

Therefore ¢(E,) is determined by properties (i), (i) and (iii).
In order to prove the existence of a theory of functorial Bott-Chern forms, we
have to see that the right hand side of equation (2.10]) is independent from the
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choice of the metric on tr;(E,). and that it satisfies the properties (i), (ii) and
(iii). For this the reader can follow the proof of [4] theorem 1.29. O

In view of the proof of theorem [2.3, we can define the Bott-Chern classes as
follows.

Definition 2.11. Let
E.:0— (B, hy) — ... — (E1, h1) — (Eo, hg) — 0

be a bounded acyclic complex of hermitian vector bundles. Let

r=>Y 1k(E)=> rk(E).

i even i odd

Let ¢ € D[[zy,...,7,]]° be a symmetric power series in r variables. Then the
Bott-Chern class assomated to ¢ and E, is the element of @k *(Ex,p) given
by

- 1 o
Qb(E*) - % Pt _log tf) %trl (i@ntrl(E*%))‘

The following property is obvious from the definition.

Lemma 2.12. Let E, be an acyclic complex of hermitian vector bundles. Then,
for any integer k, N N

A(EL[k]) = (—1)"o(E.). O

Particular cases of Bott-Chern classes are obtained when we consider a single

vector bundle with two different hermitian metrics or a short exact sequence of

vector bundles. Note however that, in order to fix the sign of the Bott-Chern

classes on these cases, one has to choose the degree of the vector bundles involved,
for instance as in the next definition.

Definition 2.13. Let E be a holomorphic vector bundle of rank r, let hg and hq
be two hermitian metrics and let ¢ be an invariant power series of r variables.
We will denote by ¢(E, hg, h1) the Bott-Chern class associated to the complex

€0 — (B, lu) — (B, ho) — 0,
where (E, hy) sits in degree zero.
Therefore, this class satisfies
dp (B, ho, h) = ¢(E, ho) — ¢(E, hy).
In fact we can characterize ¢~5(E , ho, hq) axiomatically as follows.

Proposition 2.14. Given ¢, a symmetric power series in r variables, there is a
unique way to attach, to each rank r vector bundle E on a complex manifold X
and metrics hg and hy, a class (Z(E ho, h1) satisfying
(i) dp Cb(E ho, hi) = ¢(E, ho) — ¢(E, h1).
(i) f*&(E, ho, h1)=o([*(E, ho, hy)) for every holomorphic map f:Y — X.
(iii) ¢(E,h,h) = 0.
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Moreover, if we denote E = tr (€)1, then it satisfies
E|X><{oo} = (E, hy), E|X><{O} = (E, h)

and
~ 1

(2.15) B hohn) = 5= | = Hlos(tf) e ().

Proof. The axiomatic characterization is proved as in theorem [2.3] In order to
prove equation , if we follow the notations of the proof of theorem we
have Ky = (E, hy) and K; = 0. Therefore try(€) = pi(E, hg), while E = try(€);
satisfies E|XX{0} = (E,hy) and E]XX{OO} = (E, hy). Using the antisymmetry of
log tt under the involution ¢ — 1/t we obtain

~ ~_ 1 -1 ~

E hy,hy) = = — — log(tt E). U
We can also treat the case of short exact sequences. If
g:0—Ey—FE, — E;—0

is a short exact sequence of hermitian vector bundles, by convention, we will
assume that Fy sits in degree zero. This fixs the sign of ¢().

Proposition 2.16. Given ¢, a symmetric power series in r variables, there is a
unique way to attach, to each short evact sequence of hermitian vector bundles
on a complex manifold X

g: O—>E2 — F, —>E0—>O,
where E, has rank v, a class 5(5) satisfying

(i) dp ¢(2) = p(Eo & E») — ¢(Er).
(ii) ]i*qﬁ(g) = ¢(f*(€)) for every holomorphic map f: Y — X.

(iii) ¢(Z) = 0 whenever € is orthogonally split. O
The following additivity result of Bott-Chern classes will be useful later.

Lemma 2.17. Let Z*,* be a bounded exact sequence of bounded exact sequences
of hermitian vector bundles. Let

r= Z tk(4,; ;) = Z k(4 ;) = Z rk(4; ;) = Z rk(A; ;).

i,j even 1,j odd i odd 1_even
j even j odd

Let ¢ be a symmetric power series in r variables. Then
D A — AP ) = A P Ar) - S A,
k even k odd k even k odd

Proof. The proof is analogous to the proof of proposition and is left to the
reader. O
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Corollary 2.18. Let Z*,* be a bounded double complex of hermitian vector bun-
dles with exact rows, let

r = Z I'k(A,LJ) = Z I'k(Al’])
i+j even i+j odd

and let ¢ be a symmetric power series in r variables. Then

3(Tot A,.) = o(PD Ail[—k)).

Proof. Let ko be an integer such that A;; = 0 for k < k. For any integer n we
denote by Tot,, = Tot((Ax)k>n) the total complex of the exact complex formed

by the rows with index greater or equal than n. Then Toty, = Tot(A..). For
each k there is an exact sequence of complexes

0— TOtk+1 — TOtk @D @Zl’*[—l] e @Zl’*{—l] I O,
1<k 1<k
which is orthogonally split in each degree. Therefore by lemma we obtain
(Toty, & EP A1.[~1]) = ¢(Toty—1 & D Ar..[-1]).
1<k 1<k
Hence the result follows by induction. 0
A particularly important characteristic class is the Chern character. This class

is additive for exact sequences. Specializing lemma and corollary to the
Chern character we obtain

Corollary 2.19. With the hypothesis of lemma|2.17, the following equality holds:
> (=1)Fch(A,) =Y (~1)¥ch(A, ) = ch(Tot 4, ,). O
k 2

Our next aim is to extend the Bott-Chern classes associated to the Chern char-
acter to metrized coherent sheaves. This extension is due to Zha [32], although
it is still unpublished.

Definition 2.20. A metrized coherent sheaf F on X is a pair (F,E, — F)
where F is a coherent sheaf on X and
0—-FE,—E, 11— —FE;—F—=0

is a finite resolution by hermitian vector bundles of the coherent sheaf F. This
resolution is also called the metric of F. -
If £ is a hermitian vector bundle, we will also denote by E the metrized

coherent sheaf (E, E 2, E).

Note that the coherent sheaf 0 may have non trivial metrics. In fact, any exact
sequence of hermitian vector bundles

0—A,— - —A;—0—0
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can be seen as a metric on 0. It will be denoted 04,. A metric on 0 is said to be
orthogonally split if the exact sequence is orthogonally split.

A morphism of metrized coherent sheaves F; — F, is just a morphism of
sheaves F; — F5. A sequence of metrized coherent sheaves

e ...—Fuyu—F,— Fp1— ...
is said to be exact if it is exact as a sequence of coherent sheaves.

Definition 2.21. Let F = (F, E. — JF) be a metrized coherent sheaf. Then the
Chern character form associated to JF is given by

ch(F) =) (—1)"ch(E)).
Definition 2.22. An exact sequence of metrized coherent sheaves with compatible
metrics is a commutative diagram

L

|
0 — En,l — ... EO,l — 0
|l L
(223) 0 — En,O e 4 E070 — 0
| l |
0O — F — ... - Fo — 0
| l |
0 0 0

where all the rows and columns are exact. The columns of this diagram are the
individual metrics of each coherent sheaf. We will say that an exact sequence
with compatible metrics is orthogonally split if each row of vector bundles is an
orthogonally split exact sequence of hermitian vector bundles.

As in the case of exact sequences of hermitian vector bundles, the Chern char-
acter form is not compatible with exact sequences of metrized coherent sheaves
and we can define a secondary Bott-Chern character which measures the lack of
compatibility between the metrics.

Theorem 2.24. 1) There is a unique way to attach to every finite exact
sequence of metrized coherent sheaves with compatible metrics

E0—=F,— - —Fy—0
on a complex manifold X a Bott-Chern secondary character

ch(z) e D '(X.p)

p

such that the following axioms are satisfied:
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(i) (Differential equation)

dp ch(E) = 3°(~1)F eh(F).
k
(ii) (Functoriality) If f: X' — X is a morphism of complex manifolds,
that is tor-independent from the coherent sheaves Fj., then
f*(ch) () = ch(f7%),
where the exact sequence f*€ exists thanks to the tor-independence.
(iii) (Horizontal normalization) If € is orthogonally split then

ch(z) = 0.
2) There is a unique way to attach to every finite exact sequence of metrized
coherent sheaves
E0—-F,— -—Fy—0
on a complex manifold X a Bott-Chern secondary character
ch(s) € HD* (X, p)
p

such that the axioms (i), (ii) and (iii) above and the axiom (iv) below are

satisfied:

(iv) (Vertical normalization) For every bounded complex of hermitian
vector bundles

«sz—wuﬁzoﬁo

that is orthogonally split, and every bounded complex of metrized
coherent sheaves

E:0—F,— - —Fy—0
where the metrics are given by E; . — F;, if, for some iy we denote
Froy = (Figs Bigs ® A = Fiy)
and
G 0—>?n—>---—>.7"20—>---—>7:0—>0,
then ch(z') = ch(z).
Proof. 1) The uniqueness is proved using the standard deformation argument.

By definition, the metrics of the coherent sheaves form a diagram like (2.23). On

X x P!, for each j > 0 we consider the exact sequences E,;= trl(E*vj) associated
to the rows of the diagram with the hermitian metrics of definition [2.9] Then,

for each ¢, j there are maps d: E;; — E;_1;, and 0: E;; — E; j_;. We denote

Fi = Coker(3: Eiy — Ejyp).
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Using the definition of tr; and diagram chasing one can prove that there is a
commutative diagram

Lol

0 — Eml - ... — EOJ — 0
! ! !
(2.25) 0 — En,O — ... = E/QO — 0
oo
0O — F - ... - F — 0
! ! !
0 0 0

where all the rows and columns are exact. In particular this implies that the
inclusions ip: X — X x {0} — X x P! and ig: X — X x {oo} — X x P! are
tor-independent from the sheaves .7: But 23.7:* is isometric with F, and 3 .7:
is orthogonally split. Hence, by the standard argument, axioms (i), (ii) and (111)
imply that

(2.26) ch(g) = > (~1)/ch(E.,).
J
To prove the existence we use equation (2.26)) as definition. Then the properties
of the Bott-Chern classes of exact sequences of hermitian vector bundles imply
that axioms (i), (ii) and (iii) are satisfied.
Proof of 2). We first assume that such theory exists. Let
~—>zk—>--~—>z0—>0

be a bounded complex of hermitian vector bundles, non necessarily orthogonally
split, and

e 0—-F,—--—>Fy—0
a bounded complex of metrized coherent sheaves where the metrics are given by
E;.— F;. Asin axiom (iv), for some iq we denote

Fro = (Fip, Bin @A — Fy)
and
G 0—>7:n—>---—>7";0—>---—>?0—>0.
By axioms (i), (ii) and (iv), the class (—1)"(ch(g') — ch(z)) satisfies the prop-
erties that characterize ch(A,). Therefore ch(z') = ch(g) + (—1)"och(A,).
Fix again a number iy and assume that there is an exact sequence of resolutions

—/

E, 0

(] 20,%

T

(2.27) 0

©<7 |
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Let now & denote the exact sequence € but with the metric EQM in the position
io. Let 7; denote the j-th row of the diagram (2.27). Again using a deformation
argument one sees that

(228) ) - () = ()" (61&@) DI éflmj)) .

Choose now a compatible system of metrics

L

l
0 — En,l A 4 5071 — 0
1 L
(229) 0 — Dn,O O 4 DU,O — 0
! ! !
0O — F - ... = Fo — 0
! ! !
0 0 0

we denote by Xj each row of the above diagram. For each i, choose a resolution
EZ* — JF; such that there exist exact sequences of resolutions

(2.30) 0 A; E;, E;. 0
0——Fi——5F

and

(2.31) 0 Bi. E,, D;. 0
0——=F——F

We denote by 7, each row of the diagram (2.30) and by 7, ; each row of the

diagram (2 Then by ([2.28) and (2.26), we have
(2:32) ch(z) =) (=1 ch(}y) + Z(—l)i(&l@i,*) — ch(4;,))

J

+ Z H_] Ch 7]1]) gh(ﬁz,j))

Thus, ch(€) is uniquely determined by axioms (i) to (iv). To prove the existence
we use equation as definition. We have to show that this definition is
independent of the choices of the new resolutions. This independence follows
from corollary 2.19] Once we know that the Bott-Chern classes are well defined,
it is clear that they satisfy axioms (i), (ii), (iil) and (iv). O
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Proposition 2.33. (Compatibility with exact squares) If

! ! !

- ?n+l,m+l - ?nJrl,m - ?nJrl,mfl -
! 1l !
- n,m-+1 — n,m — Fn,m—l -
! ! ol
- fnfl,erl - fnfl,m - fnfl,mfl -
| ! !
s a bounded commutative diagram of metrized coherent sheaves, where all the
rows ...(En—1), (En), (Ent1), -..and all the columns (0,,_1), (M), (Mpy1) are
exact, then
> (~1)"ch(E) = Y (=1)"ch(i,,).
Proof. This follows from equation ([2.32)) and corollary [2.19| O

We will use the notation of definition .13 also in the case of metrized coherent
sheaves.
It is easy to verify the following result.

Proposition 2.34. Let
() oo — Fpiy — By — FEp g — ...

be a finite exact sequence of hermitian vector bundles. Then the Bott-Chern

classes obtained by theorem and by theorem [2.3 agree. 0

Proposition 2.35. Let F = (F,E. — F) be a metrized coherent sheaf. We
consider the exact sequence of metrized coherent sheaves

z: 0—>En—>--~—>F0—>7:—>0,
where, by abuse of notation, E; = (E;, E; = E;). Then ch(g) = 0.
Proof. Define K; = Ker(E; — E;_1),i=1,...,n and Ky = Ker(Ey — F). Write
Ki=(Ki,0 =E, — - —E —K;),i=0,...,n,
and K_; = F. If we prove that
(2.36) ch(0 —» K; — E; — K;_1 — 0) =0,

then we obtain the result by induction using proposition [2.33| In order to prove
equation (2.36) we apply equation (2.32). To this end consider resolutions

Do — Ki1, Doy = Eryq
Dy . — Ei, D = Epyit1 © Epg

Dy, — K, Dy = Eptita
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with the map Dy, 4 D, . given by s — (s,ds) and the map D AR Dy, given
by (s,t) — t—ds. The differential of the complex D, j is given by (s,t) — (¢,0).
Using equations and we write the left hand side of equation in
terms of Bott-Chern classes of vector bundles. All the exact sequences involved
are orthogonally split except maybe the sequences

Xk: 0— 527k — 517;? — Eo,k — 0.
But now we consider the diagrams

e il e — p2 e
Eirivi — Epyit1 © By — Eig

Ok

— A — — \vA—
Eivivi — Epyiv1 © Epyy > Fpyi

and

J— 12 — — D1 J—
Eiri — Eiriv1 © Epyi — Bty >

L

J— 12 J— J— P1 J—
Epyi— Erqiv1 ® Epyi — Epqin

where i;, 75 are the natural inclusions, p; and p, are the projections and f(s,t) =
(s,t+ f(s)). These diagrams and corollary imply that ch(\;) = 0. O

Remark 2.37. In [32], Zha shows that the Bott-Chern classes associated to
exact sequences of metrized coherent sheaves are characterized by proposition
2.34] proposition [2.35] and proposition We prefer the characterization in
terms of the differential equation, the functoriality and the normalization, be-
cause it relies on natural extensions of the corresponding axioms that define the
Bott-Chern classes for exact sequences of hermitian vector bundles. Moreover,
this approach will be used in a subsequent paper where we will study singular
Bott-Chern classes associated to arbitrary proper morphisms.

The following generalization of proposition [2.35| will be useful later. Let
e:0—-6G,—-G,.1—-—>G —>F—=0

be a finite resolution of a coherent sheaf by coherent sheaves. Assume that we
have a commutative diagram
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Lo

El,n e EI,O
|l T
Eo’n —_— ... E070
i l A
O — G, — ... - G — F — 0
l l l
0 0 0

where the columns are exact, the rows are complexes and the E@j are hermitian
vector bundles. The columns of this diagram define metrized coherent sheaves G;.
Let F be the metrized coherent sheaf defined by the resolution Tot(E. ) — F.

Proposition 2.38. With the notations above, let € be the exact sequence of
metrized coherent sheaves

330—>§n—>§n—1—>"'—>§0—>?—>0
Then ch(z) = 0.

Proof. For each k, let Tot, =Tot((E, ;) >k). There are inclusions Toty, — Tot_.
Let D, ; = s(Tot;4; — Tot;) with the hermitian metric induced by E, .. There
are exact sequences of complexes

(239) 0— E*J — ﬁ*ﬂ' e s(Toth — TOtj_H) — 0

that are orthogonally split at each degree. The third complex is orthogonally
split. Therefore, if we denote by hg and hp the metric structures of G; induced
respectively by the first and second column of diagram ([2.39)), then

(2.40) ch(G;, hg, hp) = 0.

There is a commutative diagram of resolutions

!

— e

Ll

0 — El,n —_ ... EI,O — (TOt())l — 0
1l L !

0 — Doy — ... = Dog — (Totg)g — 0
! ! ! !

O — G, — ... — Gy — F — 0
! ! ! !
0 0 0 0

where the rows of degree greater or equal than zero are orthogonally split. Hence

the result follows from equation ([2.26f), equation (2.40|) and proposition 2.33, [
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Remark 2.41. We have only defined the Bott-Chern classes associated to the
Chern character. Everything applies without change to any additive characteris-
tic class. The reader will find no difficulty to adapt the previous results to any
multiplicative characteristic class like the Todd genus or the total Chern class.

3. DIRECT IMAGES OF BOTT-CHERN CLASSES

The aim of this section is to show that certain direct images of Bott-Chern
classes are closed. This result is a generalization of results of Bismut, Gillet and
Soulé [6] page 325 and of Mourougane [29] proposition 6. The fact that these
direct images of Bott-Chern classes are closed implies that certain relations be-
tween characteristic classes are true at the level of differential forms (see corollary
and corollary .

In the first part of this section we deal with differential geometry. Thus all the
varieties will be differentiable manifolds.

Let Gy be a Lie group and let m: N, — M5 be a principal bundle with
structure group G5 and connection wy. Assume that there is a left action of G
over N, that commutes with the right action of G5 and such that the connection
wsy 1s G1-invariant.

Let gy and go be the Lie algebras of G; and Gs. Every element v € g; defines
a tangent vector field v* over N, given by

= @, exp(t7)p.
Let (v*)V be the vertical component of v* with respect to the connection ws.
For every point p € Ny, we denote by ¢(v,p) € g the element characterized
by (7)) = @(7,p);, where (7, p)* is the fundamental vector field associated to
e(7,p)-

The commutativity of the actions of G; and G5 and the invariance of the
connection wo implies that, for ¢ € G; and v € g, the following equalities hold

(3.1) Lg(v") = (ad(g)7"),
(3.2) Lg(v)" = (ad(g)v")",
(3.3) e(ad(g)7.p) = ¢(v.97'p).

Let G5 be the vector bundle over M, associated to Ny and the adjoint represen-
tation of Gy. That is,

Go = Ny x g2 /{(pg.v) ~ (p,ad(g)v)) .

Thus, we can identify smooth sections of G, with go-valued functions on N that
are invariant under the action of Go. In this way, ¢(v,p) determines a section

©(7) € C%(Ny, g2) % = C°(Ms, Gs).
Equation (3.3)) implies that, for ¢ € G and v € gy,
p(ad(g)y) = Lg-10(7)-
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We denote by 2“2 the curvature of the connection w,. Let P be an invariant
function on go, then P(2“2 + (7)) is a well defined differential form on M.

Proposition 3.4. Let P be an invariant function on go and let p be a current
on My invariant under the action of Gy. Then u(P(Q“2 4+ ¢(v))) is an invariant
function on g;.

Proof. Let g € G;. Then,

u(P(2 + p(ad(g)y))) = p(P(Q* + Li-19(7)))
= u(P(Ly— Q2 + Li-19(7)))
= L1 () (P2 + 0(7)))
= p(P(2* +¢(7))) O

Let now N; — M, be a principal bundle with structure group G; and provided
with a connection w;. Then we can form the diagram

N1XN2 LN N1XN2
G

AR

N1XM2 LNIXMQ
G1

lq

M,
Then 7 is a principal bundle with structure group G5. The connections w; and
wy induce a connection on the principal bundle 7. The subbundle of horizontal
vectors with respect to this connection is given by 7, (T Ny ® THN,). We will
denote this connection by w;o. We are interested in computing the curvature
wi1,2-

In fact, all the maps in the above diagram are fiber bundles provided with a
connection. When applicable, given a vector field U in any of these spaces, we
will denote by U#! the horizontal lifting to N; x Ny, by U2 the horizontal lifting
to N x Ny and by U3 the horizontal lifting to N; x M.

G1 Gl

The tangent space T'(IN7 x N3) can be decomposed as direct sum in the following
ways

T(Ny x No) =THN, @ TYN, TN, @ TV N,
(3.5) =THIN, @ TV N, @ T" N, @ Ker my,,,

For every point (z,y) € Ni x Ny we have that (Ker i), C T N1 @& T,N.
Moreover, there is an isomorphism g; — (Ker Wl*)(x’y) that sends an element
7y € g1 to the element (v}, —v;) € Ty Ny & T, N,.

The tangent space to N; x My can be decomposed as the sum of the subbundle
G1
of vertical vectors with respect to ¢ and the subbundle of horizontal vectors
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defined by the connection w;. The horizontal lifting to N; x Ny of a vertical
vector lies in 77 N, and the horizontal lifting of a horizontal vector lies in T Nj.

Let U, V be two vector fields on M; and let U3, V3 be the horizontal liftings
to N; (>;< Ms;. Then

Qure (U3 YHSY = [UH3 yHIH2 _[H2 v
= o ([UHS, V3L _ [HL yHL)
= mn (U, VI [0, V] U,V [ V)
= m L ([UT3, VIS — [0, V) 4+ Qe (U, V).
But, we have
Qur2(UH3 VH3) € TV N,,
Q' (U, V) € TV Ny,
(U2, VI — U, v]Tt e THN,.
Therefore, by the direct sum decomposition we obtain that
QU2 V) = ((m, Q9 (U, V)Y,

where the vertical part is taken with respect to the fib re bundle 7.
If U is a horizontal vector field over N; x My and V' is a vertical vector field, a
G

1
similar argument shows that Q“2(U, V) = 0. Finally, if U and V" are vector fields

on My, they determine vertical vector fields on N7 x M,. Then the horizontal
G1

liftings U™! and V! are induced by horizontal liftings of U and V to Ns.
Therefore, reasoning as before we see that

Q2 (U, V) = Q=2 (U, V).

Proposition 3.6. Let Gy and G5 be Lie groups, with Lie algebras g, and go. For
1=1,2, let N; — M; be a principal bundle with structure group G;, provided with
a connection w;. Assume that there is a left action of Gy over Ny that commutes
with the right action of Gy and that the connection wy is invariant under the
G1-action. We form the Gs-principal bundle m: Ny >< Ny — N >< My with the

induced connection wy o and curvature Q¥v2. Let P be any mvamant function on
g2. Thus P(Q“2) is a well defined closed dzﬁer@ntml form on Ny x M. Let i be a
Gt

current on My invariant under the Gy-action. Being G invariant, the current u
induces a current on Ny X My, that we denote also by . Let q: Ny X My — My
G1 Gl

be the projection. Then q.(P(Q2““2) A u) is a closed differential form on M;.

Proof. Let U C M be a trivializing open subset for N; and choose a trivialization
of Ny |y= U x G;. With this trivialization, we can identify Q“* |, with a 2-form
on U with values in g;.
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For v € g, we denote by
Uu(7) = w(P(Q + ¢(v)))

the invariant function provided by proposition [3.4!
Then

G (P(SX2) A ) = b, ().
Therefore, the result follows from the usual Chern-Weil theory. O

We go back now to complex geometry and analytic real Deligne cohomology

and to the notations in particular (|1.4)).

Corollary 3.7. Let X be a complex manifold and let E = (E,h¥) be a rank r
hermitian holomorphic vector bundle on X. Let m: P(E) — X be the associated
projective bundle. On P(E) we consider the tautological exact sequence

£:0—O0(-1) —71E —Q—0

where all the vector bundles have the induced metric. Let Py, Py and Ps be
invariant power series in 1, r — 1 and r variables respectively with coefficients in
D. Let P(O(-1)) and Py(Q) be the associated Chern forms and let Ps(€) the

associated Bott-Chern class. Then
T.(P(O(-1)) o P,(Q) ® P5(2)) € P D* (X, k)
k

15 closed. Hence it defines a class in analytic real Deligne cohomology. This class
does not depend on the hermitian metric of E.

Proof. We consider C” with the standard hermitian metric. On the space P(C")
we have the tautological exact sequence

0 — Opcry(—1) S0 — Q — 0.

Let (x : y) be homogeneous coordinates on P! and let ¢+ = x/y be the absolute

coordinate. Let p; and p, be the two projections of My = P(C") x PL. Let E be
the cokernel of the map

PiOpcn(=1) — piOrcr)(—1) ® p5Opi (1) ® piC" ® p3O0p (1)
s — s@y+ f(s)®@x
with the metric induced by the standard metric of C" and the Fubini-Study metric
of O]p(l) (1) .

Let Ny be the principal bundle over M, formed by the triples (eq, es, €3), where
e1, eg and e3 are unitary frames of piOpcry(—1), pj@ and E respectively. The
structure group of this principal bundle is Gy = U(1) x U(r—1) x U(r). Let wy be
the connection induced by the hermitian holomorphic connections on the vector
bundles p;Opcry(—1), piQ and E.

Now we denote M; = X, and let N; be the bundle of unitary frames of E.
This is a principal bundle over M; with structure group Gy = U(r).
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The group G; acts on the left on N,. This action commutes with the right
action of GGy and the connection ws is invariant under this action.

Let p = [—1log(|t|)] be the current on M associated to the locally integrable
function —log(|t]). This current is invariant under the action of G because this
group acts trivially on the factor P!.

The invariant power series P, P, and P3 determine an invariant function P on
go, the Lie algebra of Gs.

Let w; be the connection induced in N7 by the holomorphic hermitian connec-
tion on E. As before let w12 be the connection on N, é( N induced by w; and w»

1
and let ¢: Ny x My — M be the projection. Observe that Ny x M, = P(E) x P!
G1 Gl

and ¢ = mop;.
By the projection formula and the definition of Bott-Chern classes we have
T (PLO(=1)) A Po(Q) A Po(€)) = qulpn @ P(212)),
Therefore the fact that it is closed follows from 3.6l Since, for fixed Py, P, and
P, the construction is functorial on (X.£), the fact that the class in analytic

real Deligne cohomology does not depend on the choice of the hermitian metric
follows from proposition (1.7 OJ

Corollary 3.8. Let E = (E,h¥) be a hermitian holomorphic vector bundle on
a complex manifold X. We consider the projective bundle n: P(E & C) — X.
Let Q be the universal quotient bundle on the space P(E @ C) with the induced
metric. Then the following equality of differential forms holds

.Y (=1)'ch(A\ Q") = mu(c(@Q) TdT'(Q)) = Td™'(E).

i
Proof. Let € be the tautological exact sequence with induced metrics. We first
prove that

m(er(Q) TA(O(-1))) = 1.
We can write Td(O(—1)) = 1 + ¢1(O(—1))p(O(—1)) for certain power series ¢.
Since ¢,41(E @ C) = 0 we have

e (Q)er(O(=1)) = dp &1 (§).
Therefore, by corollary 3.7, we have

. (e:(Q) Td(O(-1))) = m(r(Q)) + (e (Q)er (O(=1))H(O(-1)))

=1+ dpm.(¢:11(€)p(O(-1)))
~1.

Then the corollary follows from corollary by using the identity
(¢, (@) TA™(Q)) = m(er(Q) TA(O(-1))7" Td™(E))
+dp (e, (Q) TA(O(-1))Td™(€)).00
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The following generalization of corollary provides many relations between
integrals of Bott-Chern classes and is left to the reader.

Corollary 3.9. Let X be a complex manifold and let E = (E,h¥) be a rank r
hermitian holomorphic vector bundle on X. Let w: P(E) — X be the associated
projective bundle. On P(E) we consider the tautological exact sequence

&0—0(-1) —1mE—Q—0

where all the vector bundles have the induced metric. Let P, and Py be invari-
ant power series in 1 and r — 1 variables respectively with coefficients in D and
let Ps, ..., Py be invariant power series in r variables with coefficients in . Let

P (O(=1)) and P5(Q) be the associated Chern forms and let Ps(€),. .., Py(€) be
the associated Bott-Chern classes. Then

(P (O(=1)) » P>(Q) ® P5(€) o --- @ Py(£))

15 a closed differential form on X for any choice of the ordering in computing the
non associative product under the integral.

4. COHOMOLOGY OF CURRENTS AND WAVE FRONT SETS

The aim of this section is to prove the Poincaré lemma for the complex of
currents with fixed wave front set. This implies in particular a certain 90-lemma
(corollary that will allow us to control the singularities of singular Bott-Chern
classes.

Let X be a complex manifold of dimension n. Following notation [L.3] recall
that there is a canonical isomorphism

Hpan (X, R(p)) = H(Dp(X, p)).

A current n can be viewed as a generalized section of a vector bundle and,
as such, has a wave front set that is denoted by WF(n). The theory of wave
front sets of distributions is developed in [25] chap. VIII. For the theory of
wave front sets of generalized sections, the reader can consult [24] chap. VI.
Although we will work with currents and hence with generalized sections of vec-
tor bundles, we will follow [25].

The wave front set of 1 is a closed conical subset of the cotangent bundle of
X minus the zero section T* Xy = T*X \ {0}. This set describes the points and
directions of the singularities of 7 and it allows us to define certain products
and inverse images of currents.

Let S C T" Xy be a closed conical subset, we will denote by Z% 5 the subsheaf
of currents whose wave front set is contained in S. We will denote by D*(X, 5)
its complex of global sections.

For every open set U C X there is an appropriate notion of convergence in
D% .5(U) (see [25] VIII Definition 8.2.2). All references to continuity below are
with respect to this notion of convergence.

We next summarize the basic properties of wave front sets.
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Proposition 4.1. Let u be a generalized section of a vector bundle and let P be
a differential operator with smooth coefficients. Then
WF(Pu) C WF(u).
Proof. This is [25] VIII (8.1.11). O

Corollary 4.2. The sheaf D% g is closed under O and 0. Therefore it is a sheaf
of Dolbeault complexes.

Let f: X — Y be a morphism of complex manifolds. The set of normal
directions of f is

Ny = {(f(),v) € T'Y | df(w)'v = 0}.

This set measures the singularities of f. For instance, if f is a smooth map
then Ny = 0 whereas, if f is a closed immersion, N; is the conormal bundle of
f(X). Let S C T*Y; be a closed conical subset. We will say that f is transverse
to Sif Ny NS = (. We will denote

f8 =A{(z,df (2)'v) € T"Xo | (f(2),v) € S}.

Theorem 4.3. Let f: X — Y be a morphism of compler manifolds that is
transverse to S. Then there exists one and only one extension of the pull-back
morphism f*: & — &5 to a continuous morphism

I Dyvs — Dx s
In particular there is a continuous morphism of complexes
D*(Y,S) — D*(X, f*S).
Proof. This follows from [25] theorem 8.2.4. O

We now recall the effect of correspondences on the wave front sets.
Let K € D*(X xY), and let S be a conical subset of T*Y;. We will write

WF(K)x ={(2,8) e T"Xo | Iy €Y, (2,9,£,0) € WF(K)}
WF'(K)y ={(y,n) € T"Yo | 3x € X, (2,40, —n) € WF(K)}
WEF'(K) o8 ={(z,§) € T"Xo | Iy, n) € 5, (x,y,§, —n) € WF(K)}.
Theorem 4.4. The image of the correspondence map
EXY) — D*(X)
n o p(KAps(n)

is contained in D*(X,WF(K)x). Moreover, if SN WF'(K)y = 0, then there
exists one and only one extension to a continuous map

D:(Y,S) — D*(X, 5,
where " = WF(K)x UWF'(K) o S.
Proof. This is [25] theorem 8.2.13. O

We are now in a position to state and prove the Poincaré lemma for currents
with fixed wave front set. As usual, we will denote by F' the Hodge filtration of
any Dolbeault complex.
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Theorem 4.5 (Poincaré lemma). Let S be any conical subset of T*Xy. Then the
natural morphism

v (EY(X), F) — (D*(X,9), F)
is a filtered quasi-isomorphism.

Proof. Let K be the Bochner-Martinelli integral operator on C" x C". It is the
operator
EpaCr) — Era=i(Cr)
o fueen Kz w) Ap(w),
where k is the Bochner-Martinelli kernel ([21] pag. 383). Thus k is a differential
form on C" x C™ with singularities only along the diagonal.

Using the explicit description of & in [21I], it can be seen that W F'(k) = N*A,,
the conormal bundle of the diagonal. By theorem [4.4] the operator K defines a
continuous linear map from I'o(C", Z¢. 5) to T'(C", Z¢n g). This is the key fact
that allows us to adapt the proof of the Poincaré Lemma for arbitrary currents
to the case of currents with fixed wave front set.

We will prove that the sheaf inclusion

(@ﬁx,F) — (-@X,SaF)

is a filtered quasi-isomorphism. Then the theorem will follow from the fact that
both are fine sheaves.

The previous statement is equivalent to the fact that, for any integer p > 0,
the inclusion

L EYT — DR

is a quasi-isomorphism.

Let x € X, since exactness can be checked at the level of stalks, we need to
show that

be éa)%,; - @5(’:;',:6

is a quasi-isomorphism. let U be a coordinate neighborhood around x and let
x € V C U be a relatively compact open subset.

Let p € C°(U) be a function with compact support such that p |[y= 1. We
define an operator

Kp: 2%%(U) — %5 (V).

IfT € 2¥%(U) and ¢ € EX(V) is a test form, then

Kp(T)(¢) = (=1)"""T(pK(p)).
Hence, using that 0K (@) + K (J¢) = ¢, and that ¢ = pp, we have
(OKpT + KpdT +T)(¢) = =T(0(p) N K(p)).
Observe that, even if the support of ¢ is contained in V', the support of K(y)
can be C"; therefore the right hand side of the above equation may be non zero.
We compute

1(00) A Ko) =T (3 A [ bw2) np(w)

eCn
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=1 ([ o) Akw) nptw)).

Since supp(¢) C V and 9(p)|y = 0, we can find a number e > 0 such that,
if ||z — w| < ¢ then I(p) A k(w,z) A p(w) = 0. Since the singularities of
k(w, z) are concentrated on the diagonal, it follows that the differential form

A(p) N k(w, z) A p(w) is smooth. Therefore, the current in V' given by

e ([ o nkw) new).

is the current associated to the smooth differential form 7. (9(p) A k(w, z)), where
the subindex z means that 1" only acts on the z variable, being w € V a parameter.
This smooth form will be denoted by W(T).

Summing up, we have shown that, for any current 7' € .@f(’zq(U ) there exists a
smooth differential form U(T') € &%(V') such that

T |v=—0KpT — KpdT — W(T).

Observe that we can not say that W is a quasi-inverse of ¢, because it depends
on the choice of p and it is not possible to choose a single p that can be applied
to all T. Hence it is not a well defined operator at the level of stalks. Let
now 1" € .@fg‘s’x be closed. It is defined in some neighborhood of z, say U’.
Applying the above procedure we find a smooth differential form W¥(7') defined
on a relatively compact subset of U’ say V', that is cohomologous to 7. Hence
the map induced by ¢, in cohomology is surjective. Let w € & )Z;Z be closed and
such that t,w = T for some T € @;’gfsj;. We may assume that w and T' are
defined is some neighborhood U” of x. Then, on some relatively compact subset
V" c U”, we have
w |V”: 5T |V”: —5pr - 5\11(T)

Since Kpw and U(T') are smooth differential forms we conclude that the map
induced by ¢, in cohomology is injective. U

We will denote by D5, (X, .S, p) the Deligne complex associated to D*(X, S).
The following two results are direct consequences of theorem [4.5]

Corollary 4.6. The inclusion Dj(X,S,p) — D5 (X,p) induces an isomor-
phism
H*(Dp(X, 5,p)) = Hpan (X, R(p)).

Corollary 4.7. (i) Let n € D}H(X,p) be a current such that
an S D%+1(X7 Sap)a

then there is a current a € D (X, p) such that n+dpa € D}(X, S,p).
(i) Let n € D}H(X,S,p) be a current such that there is a current a €
DX, p) with n = dpa, then there is a current b € DX, S, p)
such that n = dpb. O
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5. DEFORMATION OF RESOLUTIONS

In this section we will recall the deformation of resolutions based on the Grass-
mannian graph construction of [I]. We will also recall the Koszul resolution
associated to a section of a vector bundle.

The main theme is that given a bounded complex FE, of locally free sheaves
(with some properties) on a complex manifold X, one can construct a bounded
complex try(E,), over a certain manifold W. This new manifold has a birational
map 7: W — X x P! that is an isomorphism over X x P!\ {oo}. The complex
tri(E, ). agrees with the original complex over X x {0} and is particularly simple
over 71 (X X {oo}). Thus tr;(F,). is a deformation of the original complex to a
simpler one. The two examples we are interested in are: first, when the original
complex is exact, then W agrees with X x P! and tr;(E.). was defined in .
Its restriction to 7~ 1(X x {oo}) is split; second, when i: Y — X is a closed
immersion of complex manifolds, and FE, is a bounded resolution of 7,0y, then
W agrees with the deformation to the normal cone of Y and the restriction of
try(E,). to m 1 (X x {00} ) is an extension of a Koszul resolution by a split complex.
Note that, if we allow singularities, then the Grassmannian graph construction
is much more general.

The deformation of resolutions is based on the Grassmannian graph construc-
tion of [I], and, in the form that we present here, has been developed in [0]
and [20].

In order to fix notations we first recall the deformation to the normal cone and
the Koszul resolution associated to the zero section of a vector bundle.

Let Y — X be a closed immersion of complex manifolds, with Y of pure
codimension n. In the sequel we will use notation . Let W = Wy, x be the
blow-up of X x P! along Y x {oo}. Since Y and X x P! are manifolds, W is also
a manifold. The map 7: W — X x P! is an isomorphism away from Y x {oo};
we will write P for the exceptional divisor of the blow-up. Then

P =P(Ny/x ® N jp @©C).

Thus P can be seen as the projective completion of the vector bundle Ny, x ®
N;J}Pl. Note that N, /p1 is trivial although not canonically trivial. Nevertheless
we can choose to trivialize it by means of the section y € Op1(1). Sometimes we
will tacitly assume this trivialization and omit Ny p1 from the formulae.

The map qw: W — P!, obtained by composing m with the projection ¢:
X x P! — P! is flat and, for t € P!, we have

i) = X x it}7 if t # oo,
W PUX, ift=oo,

where X is the blow-up of X along Y, and P NX is, at the same time, the divisor
at oo of P and the exceptional divisor of X.
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Following [6] we will use the following notations

r— 1 w

Y x {oo} == X x P!

1Y — X,
W =7 (o0) = PUX,
g: X x P! — P!, the projection,
p: X x P! — X, the projection,
qw =qom
bw =pom
qy: Y x P! — P!, the projection,
py: Y x Pl —Y, the projection,

jY xPt— W the induced map,
Joo: Y X {0} — P.
Given any map ¢: Z — X x P!, we will denote py = po g and gz = go g. For
instance pp = pomwo f = py o f = iomp, where, in the last equality, we are
identifying Y with Y x {oo}.

We next recall the construction of the Koszul resolution. Let Y be a com-
plex manifold and let N be a rank n vector bundle. Let P = P(N @ C) be
the projective bundle of lines in N & C. It is obtained by completing N with
the divisor at infinity. Let mp: P — Y be the projection and let s: Y — P be
the zero section. On P there is a tautological short exact sequence

(5.1) 0— O(-1) — mp(NeC) — @Q — 0.

The above exact sequence and the inclusion C — 7} (N @ C) induce a section
o: Op — (@ that vanishes along the zero section s(Y). By duality we obtain a
morphism QY — Op that induces a long exact sequence

n 1
0—>/\QV—>...—>/\QV—>OP—>5*OY—>O.

If F' is another vector bundle over Y, we obtain an exact sequence,

n 1
(5.2) O—>/\Qv®7r}‘;F—>...—>/\QV®7T}§F—>7T}SF—>S*F—>O.

Definition 5.3. The Koszul resolution of s.(F') is the resolution ([5.2)). The
complex

n 1
O—>/\QV®7T}F—>...—>/\QV®7T}SF—>7T}ZF—>O

will be denoted by K(F, N). When N is a hermitian vector bundle, the exact
sequence (5.1)) induces a hermitian metric on Q. If, moreover, F' is also a her-
mitian vector bundle, all the vector bundles that appear in the Koszul resolution



SINGULAR BOTT-CHERN CLASSES 39

have an induced hermitian metric. We will denote by K (F, N) the corresponding
complex of hermitian vector bundles.

In particular, we shall write K(Oy, N) if F = Oy is endowed with the trivial
metric ||1]] = 1, unless expressly stated otherwise.

We finish this section by recalling the results about deformation of resolutions
that will be used in the sequel. For more details see [I] II.1, [6] Section 4 (c) and
[20] Section 1.

Theorem 5.4. Let i: Y — X be a closed immersion of complex manifolds,
where Y may be empty. Let U = X \Y. Let F be a vector bundle over Y and
E, — i,FF — 0 be a resolution of i,F'. Then there exists a complex manifold
W = W(E,), called the Grassmannian graph construction, with a birational map
m: W — X x P! and a complex of vector bundles, tri(F,)., over W such that
(i) The map 7 is an isomorphism away from Y x {oo}. The restriction of
tri(F.). to X x (P'\ {oo}) is isomorphic to pi E. restricted to
X x (P'\ {o0}). Moreover, If X is the Zariski closure of U x {oo}
inside W, the restriction of tri(FE,). to X is split acyclic. In particular,
if Y is empty or F is the zero vector bundle, hence E, is acyclic in the
whole X, then W = X x P! and tri(FE,). is the first transgression ezact
sequence introduced in [2.9
(ii) When'Y is non-empty and F is a non-zero vector bundle over Y, then
W(E,) agrees with Wy, x, the deformation to the normal cone of Y.
Moreover, there is an exact sequence of resolutions on P

0—— A* —_ trl(E*)* ’P —_ K(F, Ny/X X NC?O}]PI) — ()
00— (Joo)s " = (Joo )« F
where A, is split acyclic and K (F, Ny, x ®NO_O}P1) 15 the Koszul resolution.

?

(iii) Let f: X' — X be a morphism of complex manifolds and assume that
we are 1n one of the following cases:
(a) The map f is smooth.
(b) The map f is arbitrary and E, is acyclic.
(c) f is transverse to Y .
Then E. := f*(E.) is exact over f~1(U),

W =W(E)=W x X',
X

with fy: W' — W the induced map, and we have fj,(tr1(Ey).) =
tr1(f*(Ex))x

(iv) If the vector bundles E; are provided with hermitian metrics, then one
can choose a hermitian metric on tri(Ey). such that its restriction to
X x {0} is isometric to E,. and the restriction to U x {oc} is orthogo-

nally split. We will denote by tri(FE.). the complezx tri(E,). with such
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a choice of hermitian metrics. Moreover, this choice of metrics can be

made functorial. That is, if f is a map as in z'tem then

fiv(try(E).) = tra(f*(E.))

Proof. The case when F, is acyclic has already been treated. For the case when
Y is non-empty and F' is non zero, we first recall the construction of the Grass-
mannian graph of an arbitrary complex from [20], which is more general than
what we need here. If £ is a vector bundle over X we will denote by E(i) the
vector bundle over X x P! given by E(i) = p*E @ ¢*O().

Let C, be the complex of locally free sheaves given by C; = E;(i) @ E;_y (i — 1)
with differential given by d(a,b) = (b,0). On X x (P'\ {occ}) we consider, for each
1, the inclusion of vector bundles v;: F; — 5, given by s — (s @y, ds®@y"1).
Let G be the product of the Grassmann bundles Gr(n;,C;) that parametrize
rank n; = rk E; subbundles of C; over X x P'. The inclusion v,: @ E; — @ C;
induces a section s of G over X x Al.

Then W (E,) is defined to be the closure of s(X x A') in G. Since the projection
from G to X xP! is proper, the same is true for the induced map 7: W — X xP'.
For each i, the induced map W — Gr(n;, C;) defines a subbundle tr;(E,); of
7*C;. This subbundle agrees with E; over X x A!. The differential of C, induces
a differential on try(E,)..

Assume now that the bundles F; are provided with hermitian metrics. Using
the Fubini-Study metric of O(1) we obtain induced metrics on C;. Over 7~ (X X
(P \ {o0})) we induce a metric on tr;(F,); by means of the identification with
E;. Over 771(X x (P'\ {0})) we consider on tr;(F,); the metric induced by C;.
We glue together both metrics with the partition of unity {0g, 0} of notation
22

In the case we are interested there is a more explicit description of try(E,),
given in [0] Section 4 (c). Namely, try(FE,); is the kernel of the morphism

(55) ¢ piCi = piy Ei(i) © piy Ei1(i — 1) — ply Bia (i) ® piy Eia(i — 1)

given by ¢(s,t) = (ds —t®y,dt).

The only statements that are not explicitly proved in [6] Section 4 (c) or [20]
Section 1 are the functoriality when f is not smooth and the properties of the
explicit choice of metrics.

If the complex F, is acyclic, then the same is true for £/ = f*E,. In this
case W = X x P! and W' = X’ x P!, Then the functoriality follows from the
definition of try(FE)..

Assume now that we are in case . We can form the Cartesian square

Y/#X/

I

y —=X
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where 7’ is also a closed immersion of complex manifolds. Then we have that E!

is a resolution of 7,¢g*F. Hence W’ = W(E.) is the deformation to the normal

cone of Y’ and therefore W' = W x X’. Again the functoriality of tri(E,). can
X

be checked using the explicit construction of [20] Section 1 that we have recalled
above. O

Remark 5.6. (i) The definition of try(E,) can be extended to any bounded
chain complex over a integral scheme (see [20]).

(ii) There is a sign difference in the definition of the inclusion 7 used in [20]

and the one used in [6]. We have followed the signs of the first reference.

6. SINGULAR BOTT-CHERN CLASSES
Throughout this section we will use notation [I.3] In particular we will write
Dp(X,p) = Dp(X,p)/dp Dy (X, ),
D}y (X, 5,p) = Dp(X, S.p)/ dp D (X, 5, p).

A particularly important current is Wy € DL (P, 1) given by
-1
(6.1) Wi = 55 log ]
With the above convention, this means that

1 -1
6.2 Wi(n) = — [ —log||t||* en.
(62 ) = 5= [ G logllP ey
By the Poincaré-Lelong equation
(6.3) dp Wi = 6a0 — &.

Note that the current W; was used in the construction of Bott-Chern classes
(definition and will also have a role in the definition of singular Bott-Chern
classes.

Before defining singular Bott-Chern classes we need to define the objects that
give rise to them.

Definition 6.4. Let i: Y — X be a closed immersion of complex manifolds.
Let N be the normal bundle of Y and let hy be a hermitian metric on N. We
denote N = (N, hy). Let ry be the rank of N, that agrees with the codimension
of Yin X. Let F = (F,hr) be a hermitian vector bundle on Y of rank rp. Let
E, — i,F be a metric on the coherent sheaf i,F. The four-tuple

(6.5) ¢=(i,N,F,E,).

is called a hermitian embedded vector bundle. The number rr will be called the
rank of € and the number 7y will be called the codimension of &.

By convention, any exact complex of hermitian vector bundles on X will be
considered a hermitian embedded vector bundle of any rank and codimension.
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Obviously, to any hermitian embedded vector bundle we can associate the
metrized coherent sheaf (i, F, E. — i, [F).

Definition 6.6. A singular Bott-Chern class for a hermitian embedded vector
bundle € is a class 77 € D, D?~ (X, p) such that

n

(6.7) dpn =) (~1)[ch(E})] — i.([Td(N) ch(F)))

1=0

for any current n € 7.

The existence of this class is guaranteed by the Grothendieck-Riemann-Roch
theorem, which implies that the two currents in the right hand side of equation
are cohomologous.

Even if we have defined singular Bott-Chern classes as classes of currents with
arbitrary singularities, it is an important observation that in each singular Bott-
Chern class we can find representatives with controlled singularities. Let Ny, be
the conormal bundle of Y with the zero section deleted. It is a closed conical
subset of 75 (X). Since the current

n

Z(—l)i[ch@i)] —i.([Td™ (N) ch(F)])
= Z(-W[Ch@)] — Td™'(N) ch(F)dy
belongs to Dj, (X, Ny, p), by corollary , we obtain

Proposition 6.8. Let ¢ = (i, N,F,E,) be a hermitian embedded vector bundle
as before. Then any singular Bott-Chern class for € belongs to the subset

P DE (X, Nyo.p) € PDE (X, p). O
V4 V4

This result will allow us to define inverse images of singular Bott-Chern classes
for certain maps.

Let f: X’ — X be a morphism of complex manifolds that is transverse to Y.
We form the Cartesian square

v _ X'

I,

Y —>X
Observe that, by the transversality hypothesis, the normal bundle to Y’ on X’
is the inverse image of the normal bundle to Y on X and f*FE, is a resolution of

i' g* F. Thus we write f*¢ = (', f*N, ¢*F, f*E,), which is a hermitian embedded
vector bundle.
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By proposition [6.8] given any singular Bott-Chern class 77 for £, we can find a
representative n € EBp D%p_l(X , Ny-o,p). By theorem , there is a well defined
current f*n and it is a singular Bott-Chern current for f*¢. Therefore we can

define f*() = f*(n). Again by theorem , this class does not depend on the
choice of the representative 7.

Our next objective is to study the possible definitions of functorial singular
Bott-Chern classes.

Definition 6.9. Let rr and ry be two integers. A theory of singular Bott-Chern
classes of rank rr and codimension ry is an assignment which, to each hermitian
embedded vector bundle £ = (i:Y — X,N,F,E,) of rank r and codimension
rn, assigns a class of currents

7€) e P DE (X, p)

satisfying the following properties

(i) (Differential equation) The following equality holds
(6.10) dp T(€) = ) _(~1)[ch(E;)] — i.([Td" (V) ch(F))).

(ii) (Functoriality) For every morphism f: X’ — X of complex manifolds
that is transverse to Y, then

frTE) =T(f€).
(iii) (Normalization) Let A = (A4,,g.) be a non-negatively graded orthogo-
nally split complex of vector bundles. Write G A = (i: Y — X, N, F,

E,®A,). Then T(€) = T(£® A). Moreover, if X = Spec C is one point,
Y =0 and E, = 0, then T(£) = 0.

A theory of singular Bott-Chern classes is an assignment as before, for all
positive integers rr and r;. When the inclusion ¢ and the bundles F' and N are
clear from the context, we will denote T'(§) by T(E,). Sometimes we will have
to restrict ourselves to complex algebraic manifolds and algebraic vector bundles.
In this case we will talk of theory of singular Bott-Chern classes for algebraic

vector bundles.

Remark 6.11. (i) Recall that the case when Y = () and E, is any bounded
exact sequence of hermitian vector bundles is considered a hermitian
embedded vector bundle of arbitrary rank. In this case, the properties
above imply that

T (&) = [ch(E.)],
where ch is the Bott-Chern class associated to the Chern character. That
is, for acyclic complexes, any theory of singular Bott-Chern classes agrees
with the Bott-Chern classes associated to the Chern character.
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(ii) If the map f is transverse to Y, then either f~!(Y") is empty or it has the
same codimension as Y. Moreover, it is clear that f*F has the same rank
as F'. Therefore, the properties of singular Bott-Chern classes do not mix
rank or codimension. This is why we have defined singular Bott-Chern
classes for a particular rank and codimension.

(iii) By contrast with the case of Bott-Chern classes, the properties above are
not enough to characterize singular Bott-Chern classes.

For the rest of this section we will assume the existence of a theory of singular
Bott-Chern classes and we will obtain some consequences of the definition.

We start with the compatibility of singular Bott-Chern classes with exact
sequences and Bott-Chern classes.

Let
(6.12) X:0—F,—...— F — Fy —0
be a bounded exact sequence of hermitian vector bundles on Y. For j =0,... n,

let Fj,* — 4./} be a resolution, and assume that they fit in a commutative
diagram

OHEH,*H...Hﬁl,* EO,* 07

with exact rows. We write {; = (i: Y — X, N, F;, E;.). For each k, we denote
by 7, the exact sequence

0—>Enk—>—>E1k —>E07k—>0.

Proposition 6.13. With the above notations, the following equation holds:

T(EP &) -T(EPE) =D (1) eh(m,)] — in([Td™ (N)ch (X))
J even 7 odd k
Here the direct sum of hermitian embedded vector bundles, involving the same
embedding and the same hermitian normal bundle, is defined in the obvious
manner.

Proof. We consider the construction of theorem [5.4]for each of the exact sequences
7, and the exact sequence Y. For each k, we have Wy := W(7,) = X x P!
and we denote Wy := W(Y) = Y x PL. On Wy we consider the transgression
exact sequence try(Y). and on Wy we consider the transgression exact sequences
tr1(Mx)«. We denote by j: Wy — Wy the induced morphism. Then there is an
exact sequence (of exact sequences)

= () — (7). — Je tr1(X)e — 0.

We denote

m()+ = P @, mE-=P mE;

J even 7 odd
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try (774 )+ = @ tre(75);,  tra(7)- @ tr1(7;);

7 even 7 odd

and

try(€)y = (j: Wy — Wx, py N, tr1(X) +, tra (7,) 1),
trl(%)— = (j Wy — WXap;N7 trl(%)—7trl(ﬁ*>—)7
where here py : Wy — Y denotes the projection. B B
We consider the current on X x P! given by Wj e (T'(tri()4) — T'(tr1(£)-)).
This current is well defined because the wave front set of W is the coriormal
bundle of (X x {0}) U (X x {oo}), whereas the wave front set of T'(try(€)+) is
the conormal bundle of Y x P!
By the functoriality of the transgression exact sequences, we obtain that

1 (€)+ Ixxiy= P & ()= Ixx= P&
j even 7 odd

Moreover, using the fact that, for any bounded acyclic complex of hermitian
vector bundles E., the exact sequence tri(E.) |xx{co} is orthogonally split, we
have an isometry

61(€)+ [xxfood™ tr1(6)- |xxqoo} -
We now denote by px: Wx — X the projection. Using the properties that

define a theory of singular Bott-Chern classes, in the group @p ﬁ%p_l(X s Ny, ),
the following holds

0= dD(pX) (W1 L] T(trl(g) ) Wl ® T tl"l )
= (T(tr1(§)4) — T(tr1(6)2)) xxqooy — (T(tr1(€)+) — T(tr1(€)-)) [xxqo}
— (Px)« Z(—l) Wi e (ch(try(7y)+) — ch(tri(7;,)-))

+ (px). (Wi o 4. [Td7 () ch(tm@ )~ Td™ (W) eh(tr, (¥)-)])
T(D &)+ T(D &) + 3 (-1 [eh(m)] - iu[Td (V) # ch(x)],

which implies the proposition. ([
The following result is a consequence of proposition and theorem [2.24]

Corollary 6.14. Let Y — X be a closed immersion of complex manifolds. Let
X be an exact sequence of hermitian vector bundles on'Y as (6.12). For each j,
let & = (it Y — X,N,F;, E;.) be a hermitian embedded vector bundle. We

denote by € the induced exact sequence of metrized coherent sheaves. Then
T(P &) — T E) = [ch(®)] - in([Td (N)ch(X)])- O
j even J odd

We now study the effect of changing the metric of the normal bundle N.
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Proposition 6.15. Let & = (i, No, F, E.) be a hermitian embedded vector bun-
dle, where Ng = (N,_hg). Let hy be another metric in the vector bundle N and
write Ny = (N, hy), & = (i, N1, F, E,). Then

—_—~—

T(&) — T(&) = —ic[Td" (N, ho, hn) ch(F)].
Proof. The proof is completely analogous to the proof of proposition [6.13] O

We now study the case when Y is the zero section of a completed vector bundle.
Let F and N be hermitian vector bundles over Y. We denote P = P(N @ C), the
projective bundle of lines in N & Oy . Let s: Y — P denote the zero section and
let 7p: P — Y denote the projection. Let K (F, N) be the Koszul resolution of
definition 5.3l We will use the notations before this definition.

The following result is due to Bismut, Gillet and Soulé for the particular choice
of singular Bott-Chern classes defined in [6].

Theorem 6.16. Let T be a theory of singular Bott-Chern classes of rank rr and
codimension rn. LetY be a complex manifold and let F and N be hermitian vec-
tor bundles of rank ry and ry respectively. Then the current (7p).(T(K(F,N)))
15 closed. Moreover the cohomology class that it represents does not depend on
the metric of N and F and determines a characteristic class for pairs of vector
bundles of rank rr and ry. We denote this class by Cp(F, N).

Proof. We have that
dp(mp)«(T(K(F, N)))
= (mp):(dp T(K(F, N)))

= (p). (D—l)k[ch(/\ Q") ch(F)] — s.[Td ™ (W) ch@])

k=0
= ((mp):ler (Q) TA™H(@Q)] — [Td™'(N)]) ch(F)).
Therefore, the fact that the current (7p).(T(K(F,N))) is closed follows from

corollary . The fact that this class is functorial on (Y, N, F) is clear from the
construction Thus, the fact that it does not depend on the hermitian metrics of

N and F follows from proposition [L.7] O

Remark 6.17. By theorem we know that, if we restrict ourselves to the
algebraic category, Cr(F, N) is given by a power series on the Chern classes with
coefficients in . By degree reasons

Cr(F,N) € @ Hi (Y. R(p)).

p

Let 1; € H}(*,R(1)) be the element determined by the constant function with
value 1 in D!(x,1). Then Cr(F, N)/1; is a power series in the Chern classes of
N and F with real coefficients.
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7. CLASSIFICATION OF THEORIES OF SINGULAR BOTT-CHERN CLASSES

The aim of this section is to give a complete classification of the possible
theories of singular Bott-Chern classes. This classification is given in terms of
the characteristic class Cr introduced in the previous section.

Theorem 7.1. Let rp and ry be two positive integers. Let C' be a characteristic
class for pairs of vector bundles of rank rr and ry. Then there exists a unique
theory T of singular Bott-Chern classes of rank rg and codimension ry such

that Cr,, = C.

Proof. We first prove the uniqueness. Assume that 7" is a theory of singular Bott-
Chern classes such that Cp = C. Let £ = (i: Y — X, N, F, E,) be a hermitian
embedded vector bundle as in section [6l Let W be the deformation to the normal
cone of Y. We will use all the notations of section Bl In particular, we will denote
by pg: X — X and pp: P — X the morphisms induced by restricting py .
Recall that pp can be factored as

Py L X
The normal vector bundle to the inclusion j: Y x P! — W is isomorphic to
Py N ® ¢ O(—1). We provide it with the hermitian metric induced by the metric
of N and the Fubini-Study metric of O(—1) and we denote it by N .
By theorem we have a complex of hermitian vector bundles, tr;(E,). such

that the restriction try(E,).|x o} is isometric to E,, the restriction tri(E,).|5 is
orthogonally split and there is an exact sequence on P

0 — A, — tri(Ey)|p — K(F,N) — 0,

where A, is split acyclic and K (F, N) is the Koszul resolution. Recall that we
have trivialized No;}w by means of the section y of Op1(1). We choose a hermitian
metric in every bundle of A, such that it becomes orthogonally split. For each k
we will denote by 7, the exact sequence of hermitian vector bundles

(7.2) 0 — Ay — tri(E)ilp — K(F,N) — 0.

Observe that the current W is defined as the current associated to a locally inte-
grable differential form. The pull-back of this form to W is also locally integrable.
Therefore it defines a current on W that we also denote by W;. Moreover, since

the wave front sets of W, and of T'(tr;(E,).) are disjoint, there is a well defined

current Wy e T'(try(F.).). Then, using the properties of singular Bott-Chern
classes in definition [6.9] the equality

0 = dp(pw )« (W1 ° T(trl(E*)*))
= (pg)«(T(tr1(E.).)|5) + (pp)(T(tr1(EL).) | p) — T(E)
— (pw )« (Wl . <Z(—1)k ch(tr(E.).) — (j«(ch(py F) Td_l(ﬁ)))>

k
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holds in the group @, D*~(X, k). By properties|6.9(ii)|and |6.9(iii), 7(tr,(E.).)| 5
=T (tr1(E,)«|5) = 0.
By proposition [6.13| we have

T(tri(E.).|p) = T(K(F,N)) = Y _(~1)[ch(m,)].

k

Moreover, we have
(pp)(T(K(F,N))) = is(7p).(T(K(F,N))) = i.Cr(F, N).

By the definition of N’ and the choice of its metric, there are two differential
forms a,b on Y, such that

ch(py F) TdH(N') = pi(a) + py (b) A g5 (1 (O(1))).
We denote w = —¢;(O(—1)). By the properties of the Fubini-Study metric, w is
invariant under the involution of P! that sends ¢ to 1/¢t. Then

(pw)- (Wi o (7u(eh(p F) TA™ (V) ) = i (py). (W1 @ (0 + pi b)) = 0

because the current W; changes sign under the involution ¢ — 1/t.
Summing up, we have obtained the equation

(7.3) T() = ~(pw)- (Z(—l)le . Ch(trl(E*)k)>

k

- Z ).[ch(7,)] + i.Cr(F, N).

Hence the singular Bott-Chern class is characterlzed by the properties of defini-
tion and the characteristic class Crp.

In order to prove the existence of a theory of singular Bott-Chern classes, we
use equation to define a class T¢(€) as follows.

Definition 7.4. Let C' be a characteristic class for pairs of vector bundles of rank
rr and 7y as in theorem . Let £ = (i: Y — X, N, F, E,) be as in definition

. Let A,, tri(E.,), and 7, be as in (7.2). Then we define

(7.5) To(€) = —(pw)« (Z(_l)kwl . Ch(th(E*)k))

— Z )e[ch(7,)] + i C(F, N).

We have to prove that this definition does not depend on the choice of the
metric of tr; (E*)* or the metric of A,, that Ty satisfies the properties of definition
and that the characteristic class C'r,, agrees with C'.

First we prove the independence from the metrics. We denote by h; the her-
mitian metric on tr;(E,) and by g;, the hermitian metric on Ay. Let k), and g}, be
another choice of metrics satisfying also that (A.,¢.) is orthogonally split, that
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(tr1 (B )k, M) xx{oy 18 isometric to Ey, and that (tri(E. )k, h},)|5 is orthogonally
split. We denote by 7, the exact sequence 7, provided with the metrics ¢’ and
W'. Then, in the group P, D*~1(X,p), we have

(7.6) > (=1 (pp)-[ch(m)] = Y (=1 (pp).[ch(m,)] =

k k

> (=1 (pr)- [h(Ars gi 90| = D2 (=1 (pr)- [chltr (Bl b by)|

Observe that the first term of the right hand side vanishes due to the hypothesis
of A, being orthogonally split for both metrics.
Moreover, we also have,

(77) (pW)* (Z(_1>kwl b Ch(tr1<E*>k7 hk)) -

k

(pw ) <Z<—1>‘“W1 o ch(try (E.)x, h;)) =

k

(pW)* (Z(_l)kwl 14 dD Cfil(tl"l(E*)k, hkn h;)) :

k

But, in the group P, D¥-1(X, p),

(7.8)  (pw)s (Z(—Nwl o dp &(trl(E*)k,hk,h;)> =
Z(—l)’“( 2)eleh(tri (B)e, hus )]
+ Z e (try (B, hu, k)] |p)

_ Z ch (tr1 (E)k, P, B,)] | x < g0y

The last term of the right hand side vanishes because the metrics hy and hj, agree
when restricted to X x {0} and the first term vanishes by the hypothesis that
tr1(E,).| 5 is orthogonally split with both metrics. Combining equations (7.6)),
(7.7) and we obtain that the right hand side of equation does not
depend on the choice of metrics.

We next prove the property . (i)| of definition . We compute

dDTC(E)__Z(_l)k ((pg)« ch(tri(EL)kl ) + (pp)« ch(tri (ELxlp))
+Z " ch(tr (EL)k]x < {oy)
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_ Z « (ch(Ay) + ch(K(F, N)i) — ch(try (E.)ilp)) -

Using that A, and that try(E,).|5 are orthogonally split and corollary we
obtain

dp To(€) = Z(—l)kCh(Ek) — > (=1)*(pp). ch(K(F,N);)

k

—Z eh(Bo)] - (pr) [ (@) TA @)
_Z kch(E})] — i.[ch(F) Td"Y(N)).

We now prove the normahzatlon property. We consider first the case when
Y = () and F, is a non-negatively graded orthogonally split complex. We denote
by

Fi = Ker(di: Ez — Ei*l)
with the induced metric. By hypothesis there are isometries
Ei=K ®K,.
Under these isometries, the differential is d(s,?) = (¢,0). Following the explicit
construction of try(E,) given in [20], recalled in definition 2.5 we see that

Moreover, we can induce a metric on try(E, ). satisfying the hypothesis of defini-
tion by means of the metric of the bundles K; and the Fubini-Study metric
on the bundles O(7). It is clear that the second and third terms of the right hand
side of equation are zero. For the first term we have

> (=1 (pw). W1 @ (ch(tri (E.)))

k

= (pw )« (Z(—l)kWI d Ch(Rk(/f) éFkA(k’ - 1)))

k
= (pw) Wi e(a+bAw)),

where w is the Fubini-Study (1,1)-form on P! and a,b are inverse images of
differential forms on X. Therefore we obtain that ' To(EL) =0.

Now let £ = (i: Y — X, N, F,E,) and let B, be a non-negatively graded
orthogonally split complex of vector bundles. By [20] section 1.1, we have that
W(E, @ B,) = W(FE,) and that

tri(E, @ B,) = tri(E,) & 7" try(B,).

In order to compute T¢(€), we have to consider the exact sequences of hermitian

vector bundles over P
ﬁk: 0— Zk — trl(E*)k‘p — K(F,N)k — O,

whereas, in order to compute T (E ® B,), we consider the sequences
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)

0— Zk D W*(trl(E)k)‘P — trl(E*)k D ’/T*<tr1(§)k)’p — K(F,N)k — 0.

By the additivity of Bott-Chern classes, we have that ch(7,,) = &1(%) Therefore

To(€ @ B.) ~ Te(€) = —(pw). <Z(—1>’“W1 o ch(n, (. @E*m)

k

+ (pw )« (Z(—l)kWI . ch(trl(E*)k)>

k

= —(pw)« <Z(—1)kW1 . Ch(tr1(§*>k)>
=0.

The proof of the functoriality is left to the reader.

Finally we prove that Cr,, = C. Let Y be a complex manifold and let F' and
N be two hermitian vector bundles. We write X = P(N®C). Leti: Y — X be
the inclusion given by the zero section and let mx: X — Y be the projection.
On X we have the tautological exact sequence

0—O(-1) —1x(NeC) —Q —0
and the Koszul resolution, denoted K (F, N). We denote
E=(i:Y — X,N,F,K(F,N)).
Using the definition of T, that is, equation nd the fact that T satisfies
the properties of definition , hence equation ([7.3)) is satisfied, we obtain that
i.C(F,N) = i,Cr,(F,N)

Applying (7x). we obtain that C'(F, N) = Cr.(F, N) which finishes the proof of
theorem [7.1] 0

8. TRANSITIVITY AND PROJECTION FORMULA

We now investigate how different properties of the characteristic class C'r are
reflected in the corresponding theory of singular Bott-Chern classes.

Proposition 8.1. Let i: Y — X be a closed immersion of complex manifolds.
Let F be a hermitian vector bundle on'Y and G a hermitian vector bundle on
X. Let N denote the normal bundle to Y provided with a hermitian metric.
Let E, be a finite resolution of i, F by hermitian vector bundles. We denote

=Y — X,N,F,E,) and€G = (i: Y — X,N,F®i*G,E,®G). Then
T(E@@) - T(Z) e ch(G) = i.(Cp(F @ i*G, N)) — i.(Cr(F, N)) e ch(G).
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Proof. Since the construction of tri(FE,), is local on X and Y and compatible
with finite sums, we have that
W(E,) =W(E, ®G), tri (B, ® G), = tr1(E,). ® p},G.
We first compute

(8.2) (pw )s (Z(—nle o ch(tr,(E, ® 6)*))

k

= (pw)« (Z(—l)kwl o ch(tri(E.).)ply Ch(@))

k

= (pw )« (Z(—l)kwl . ch(trl(E*)*)> ch(G).

k
The Koszul resolution of i,(F' ® i*G) is given by

K(F®i"G,N)=K(F,N)® ppG.
For each k > 0, we will denote by 7, ® pjG the exact sequence
0 — A @ppG — tri (B, @ G)ilp — K(F,N); ®@ ppG — 0.
Then, we have
(83)  (pp)ulch(m @ ppG)] = (pp).[ch(m;) @ pp ch(G)] = (pp).[ch(7,)] @ ch(G)
Thus the proposition follows from equation , equation and formula
73). O

Definition 8.4. We will say that a theory of singular Bott-Chern classes is
compatible with the projection formula if, whenever we are in the situation of
proposition .1} the following equality holds:

T(E®G)=T(€) ech(G).
We will say that a characteristic class C' (of pairs of vector bundles) is compatible
with the projection formula if it satisfies
C(F,N)=C(Oy,N)ech(F).
Corollary 8.5. A theory of singular Bott-Chern classes T is compatible with the

projection formula if and only if it is the case for the associated characteristic
class Cr.

Proof. Assume that Cp is compatible with the projection formula and that we
are in the situation of proposition [8.1] Then

i,.Cr(F ®1"G,N)) = i,(Cr(Oy, N) e ch(F ® i*G))
i(C7(Oy, N) @ ch(F)i* ch(G))
.(Cr(Oy, N) e ch(F))ch(G)
i.(Cr(F,N)) e ch(G).

I
~
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Thus, by proposition [8.1] 7" is compatible with the projection formula.

Assume that T is compatible with the projection formula. Let F and N be
hermitian vector bundles over a complex manifold Y. Let s: Y — P :=P(N&C)
be the zero section and let 7: P — Y be the projection. Then

Cr(F,N) = m.(T(K(F,N)))

m.(T(K(Oy,N) @ m*F))

7.(T(K(Oy,N)) e m* ch(F))

= m.(T(K(Oy,N))) @ ch(F)
:CT(Oy,N)OCh(F). O

We will next investigate the relationship between singular Bott-Chern classes
and compositions of closed immersions. Thus, let

ly)x ix/M
Yy € X ¢

~_ = -

ly /M

M

be a composition of closed immersions. Assume that the normal bundles Ny, x,
Nx/y and Ny, are provided with hermitian metrics. We will denote by  the
exact sequence

Let Px v = P(Nx/nm @ C) be the projective completion of the normal cone to X
in M. Then there is an isomorphism

(87) NY/PX/M g NY/X @ Z;(//XNX/M

We denote by Ny/ P/t the vector bundle on the left hand side with the hermitian
metric induced by the isomorphism (8.7). B
Let F' be a hermitian vector bundle over Y, let £, — (iy/ x )« F be a resolution

by hermitian vector bundles. Let F;* be a complex of complexes of vector bundles
over M, such that, for each k£ > 0, E;H — (ix/m)«Ey is a resolution, and there
is a commutative diagram of resolutions

/ / /
Ek—‘rl,* Ek,* Ek—l,*

| l l

It follows that we have a resolution Tot(E;*) — (iy/m )+ F of (iy/ar)«F by her-
mitian vector bundles.

Notation 8.8. We will denote
ZY°—>X = (iY/Xﬂ NY/X? Fa E*);
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Evear = (ivyr, Ny, F, Tot(E,)),
EXc-»M,k = (iX/M>NX/M7Ek:E;g,*)'

We will also denote by &y-. Px/ar the hermitian embedded vector bundle

<Y — PX/MaNY/PX/MaF7 TOt(?T}kgx/ME* ® K(Ox,ﬁx/]\/[))> .

Let T be a theory of singular Bott-Chern classes, and let C'r be its associ-
ated characteristic class. Our aim now is to relate T(éy. ), T(y..,) and
T(&X%M,k)'

Let Wx be the deformation to the normal cone of X in M. As before we denote
by jx: X x P! — Wy the inclusion.

We denote by W the deformation to the normal cone of jx (Y x P!) in W.

P! x P!

(0,0) (00,0)

FiGURE 1. Double deformation

This double deformation is represented in figure [l There is a proper map
qw: W — P! x P1. The fibers of qy over the corners of P! x P! are as follows:

ql;/l(oa O) = M,
g (00,0) = My x {0} U Px/ar,
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qa/l(()? OO) = MY U PY/M7
qI;/1<OO>OO) = MX X {OO} U ﬁX/M U PY/PX/M’

where M. x and ny are the blow-up of M along X and Y respectively, Py =
P(Ny/m @ C) is the projective completion of the normal cone to Y in M, Py/pX/M

of the normal cone to Y in Px/y; and }ij/M is the blow-up of Px/ along Y. The
preimages by 7 of the different faces of P! x P! are as follows:

g (P! x {0}) = Wk,
QI;VI({O} X Pl) = Wy,
qv‘vl(IP’l x {oo}) = Wx U Pyyp1,
Gy ({00} X P') = My x P U Wyp,
where Wy is the deformation to the normal cone of Y in M, the component
W is the blow-up of Wx along jx (Y x P'), while Py, pr = P(Nyxp1wy @ C)
is the projective completion of the normal cone to jx (Y x P!) in Wy and Wy, p is
the deformation to the normal cone of Y inside Px/y. All the above subvarieties

will be called boundary components of W.
We will use the following notations for the different maps.

pxiXX]P’l—>X py:YX]P)l—>Y
Dyspi: Y X PLx P! — YV x P! Piees: Mx x P — M
Pwy,p - WY/P — M pwy i Wy — M

pwy: Wx — M

Py - WX — M

Py Pxpy — M
ey Py — M

Gy Y x P! — Wy

Jyxpr: Y x P x P — W
TPy /ar - Px — X

TPy p Py/pX/M —Y

WMX:MX—>M

PP, Pyypr — M

pPY/PX/M : PY/PX/M — M

PByus ?X/M — M
pw: W — M

gy Y x P! — Wy

iy/pX/M: Y — PX/M
TPy Py — Y

ZPYX]pl —>YXIED1

Wﬂthy—>M

7TPY><IP’1

Note that the map Di, xpt factors through the blow-up M x — M and the map

Py, factors through the blow-up My — M, whereas the maps pw, ., Pry,y,
and p Paar factor through the inclusion X < M and the maps pp, _,, pp,,,, and

PPy/py o factor through the inclusion Y — M.
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The normal bundle to X x P! in Wy is isomorphic to p% Nx/m ® ¢x O(—1) and
we consider on it the metric induced by the metric on NX/ v and the Fubini-Study
metric on O(—1). We denote it by N xyp1/w,. The normal bundle to Y x P! in
Wx satisfies

Ny st jwy [y xqoy = Nyju
Ny st ywy ly x oo} = Nyyx @ iy x Nx/umr-
On Nyypi/w, we choose a hermitian metric such that the above isomorphisms

are isometries. Finally, on the normal bundle to Y x P! x P! in W, we define a
metric using the same procedure as the definition of the metric of N xp1 /.

On Wyx we obtain a sequence of re_solutions trl(El)n,* — (jx)+P% En. They

form a complex of complexes trl(E,)*7* and the associated total complex
Tot(trl(E/)*,*) provides us with a resolution

(8.9) Tot(tr1(E)s)e — (Jy).p3 .

The restriction of Tot(trl(E/)*,*) to M is Tot(E;’*). The restriction of each
complex trl(F/)n,* to Mx x {0} is orthogonally split. Therefore the restriction

of Tot(try(E')) to My x {0} is the total complex of a complex of orthogonally
split complexes. So it is acyclic although not necessarily orthogonally split. The

restriction of each complex trl(E/)m* to Px/y fits in an exact sequence
_ — R .
0— Anv* - trl(E )n7*|PX/A/[ - 7TPX/MEwn ® K(OX7 ]\/'X/M)ﬂ< — 0.
These exact sequences glue together giving a commutative diagram

Tot (A, ) Tot(tr (E/)*a*|PX/M) — Tot(W}ZX/ME* ® K(Ox, NX/M)*)

l |

— <iY/Px/M>*F <iY/PX/w1)*F

o

where the rows are short exact sequences. Even if the complexes (A,,). are orthog-
onally split, this is not necessarily the case for Tot(Z*,*). To ease the notation
we will denote A, = Tot(A,..).

Applying theorem |5.4| to the resolution , we obtain a complex of hermitian
vector bundles E! = try(Tot(tr; (E/)**)) which is a resolution of the coherent sheaf
(jYx]P’l)*p;X]plp;F-

We now study the restriction of E; to each of the boundary components of W.

e The restriction of £ to Wy is just Tot(trl(E/)) which has already been
described. For each k > 0, we will denote by 7, the short exact sequence
of hermitian vector bundles on Px/y

ch—> TOt(tI'l (E/)*7* |PX/M )k — TOt(TF}kg

o B @ K(Ox, Nx/n))i
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whereas, for each n, k > 0 we will denote by 7,, ;, the short exact sequence

At 01 (B gl py g = T En @ K(Ox, N )i

*
WPX/JVI

o Its restriction to Wy is try(Tot(E)). It is a resolution of (jy ).p} F. Its

restriction to My is orthogonally split, whereas its restriction to Py,
fits in an exact sequence

0 — B, — tri(Tot(E )) |Pyjs — F © K(Oy,Nyu) — 0.

*
TP Y/ M

For each k > 0 we will denote by n? the degree k piece of the above exact
sequence.

e Its restriction to M x % P! is an acyclic complex, such that its further
restriction to My x {0} is acyclic and its restriction to My x {oo} is
orthogonally split.

e Its restriction to Wy, p fits in a short exact sequence

0— try(4,) — E — try(Tot(m}

71-PX/M

|WY/P E@K(@)(,Nx/]\/[») —>0

For each k > 0, we will denote by pj. the exact sequence of hermitian
vector bundles over Wy, p given by the piece of degree k of this exact
sequence. The three terms of the above exact sequence become orthog-
onally split when restricted to Px/y. By contrast, when restricted to
Py/py,,, they fit in a commutative diagram

C.f C, c’

A 5 =2
try (A)*|PY/PX/1\I E>/k|PY/PX/M D,
0¢ D, D

where the complexes 61 are orthogonally split, and
—1 « — — —
D= m,, F & KOy, Fyjny)

_2 % J— J— J—

D, = trl(Tot(ﬂPX/ME@)K(OX,NX/M)))

* |PY/PX/M'

For each k > 0, we will denote by 1} the exact sequence corresponding
to the piece of degree k of the second row of the above diagram, by n}
that of the second column and by 7} that of the third column. Notice
that the map in the third row is an isometry. We assume that the metric
on C} is chosen in such a way that the first column is an isometry. Since
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the complexes 61 are orthogonally split, by lemma we obtain
(8.10) > (=1)* (ch(n}) — () + chip) ) = 0.
k

Note that the restriction of i, to Px/n agrees with n;, whereas its
restriction to Py/p, ,, agrees with nj.

e [ts restriction to Wy is orthogonally split.
e Finally its restriction to Py .pt fits in an exact sequence

E* E;‘PYXH}J W;YXplp;Xplp ® K(OYX]PI7 NYX]Pl/Wx) ,

where D, is orthogonally split. For each k > 0 we will denote by u? the
piece of degree k of this exact sequence. Note that the restriction of
to Py agrees with n2 and the restriction of uj to Pyp, v agrees with

4
Urs
On P! x P! we denote the two projections by p; and ps. Since the currents
piWi and piW; have disjoint wave front sets we can define the current Wy =
piW, e psW, € D%(P! x P, 2) which satisfies
(8.11) dp Wa = (0scxpt — Of0yxpt) @ paW1 — piWi @ (01 (oo} — OBt xf0})-

The key point in order to study the compatibility of singular Bott-Chern classes
and composition of closed immersions is that, in the group @p D~ (M, p), we
have

dp(pw )+ <Z(—1)kw2 . Ch(E//c)) = 0.

k

We compute this class using the equation (8.11). It can be decomposed as
follows.

d'D(pW)* (Z(—l)kWQ L] Ch(Eé)) =

k

(a) (P37 st )+ (Z(—l)kwl . Ch(EI::|MX><[P>1)>

k

(b> + (pWY/P>* <Z<_1)kWI i Ch(EI/€|WY/P)>

k

() — (pwy ) (Z(—l)le . Ch(Eélwy)>

k

() — (y7, - (Z(—l)’“Wl . Ch(Eélwx))

k
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(e) — (PP )+ (Z(—l)le . Ch<EI/c|PYXP1>>

k

(f) + (Pw )« (Z(—l)kwl . Ch(E;i;\wX)>

k
=. Ia—l-fb—]c—[d—[e—l—ff
We compute each of the above terms.
@ Since the restriction £’ ’Mxx (00} is orthogonally split, we have

I, = —(WMX)*Ch(E,U"IXx{o})'

But, using lemma [2.17| and the fact, for each k, the complexes tr; (E/)k*| i, are
orthogonally split, we obtain that I, = 0.
We compute

Iy Z(pWY/P)* (Z(—l)kwl ° Ch(Ellc’Wy/p>>

k

=(Pwy,p ) (W1 > (—1)f(— dpch(u) + ch(tri (A.)5)

k

+ ch(trl(Tot(W}X/MF ® K(Oy, NX/M)))k))>

= 2(—1)’“(—@%%>*&l<n§’;> = (P )« Dtk ) + (P )<chi(n))

—ch(A)
o (Z.X/M)*(WPX/M)*T(EYHPX/M) + (iY/M)*CT(F, NY/PX/M)
= D P, R

where {y<.p, ,, is as in notation

By corollary and the fact that the exact sequences Ay, are orthogonally

split, the term ch(A) vanishes.
Also by corollary we can see that

Y (=D wpy,, )chliilp, )
k

vanishes.
Therefore we conclude

L= (D" (~(prp, ,)<ch(0]) + (Prgs)chlm) = (Ppy, )]

— (iX/M)*(WPX/M)*T(EYMPX/M) + (Gy/m)+«Cr(F, Ny py 0y )-
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By the definition of singular Bott-Chern forms we have

I = =T (Eyp) + (iyan)wCr(F, Nyjar) = > (=1 (pry 0, )<ch(nf),

(d)) Since the restriction of E’i to WX is orthogonally split, we have I; = 0.
(e) We compute

Lo =(Ppy 50 ) (Z(—l)kwl . Ch(EéIPYXP1)>

k

=(PPy 1 ) (Wl o > (—D*(—dpech(u}) + ch(Dy)

+ Ch(ﬂ;yx]?lp;F ® K(nypl’NYXPI/WX)k))> :

The term > (—1)* ch(D}) vanishes because the complex D, is orthogonally split.
We have

(8.12)

Z(_]‘)k(pPYX]pl )«(Wy e Ch(ﬂ}ywlp;F ® K(6Y><P1>NY><]I”1/WX)I<:))
k

= (iy/m)« ch(F) @ (py). <Wl © Thy o (1) Ch(K(@YxW?NYxIP’I/Wx)k))

= (iY/M)* Ch(F) ® (py)« (W1 hd Td_l(NYx]P’l/Wx))
= (iy/ar)« ch(F) @« Td™" (gn),

where 2y is the exact sequence .
Therefore we obtain

Lo = =3 (=1 Wry,py,, )<eh) + D (=) (pry ) )

k k
+ (Zy/M)* Ch(ﬁ) L] Td_l(EN),
@ Finally we have

Iy =— Z(_l)kT<EX;>M,k) + Z(—l)k(iX/M)*CT(Ek, Nx/nmr)

k k
- Z(_1)k+l(ppx/1\/1)*&l(nli,l)‘
k,l

By corollary we have that
> (=1 (ppg )sch(h, ) =Y (=1 (ppy 0, )wch(n).

m,l k
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Thus
Iy =— Z( )kT<€X;>Mk )+ Z ZX/M)*CT<Ek, NX/M)

- Z pPX/M Ch(nk)

Summing up all the terms we have computed, and taking into account equation

(8.10) and the fact that
Cr(F, NY/M) = Cr(F, NY/PX/M)
we have obtained the following partial result.

Lemma 8.13. Let iy = ix/m © iy/x be a composition of closed immersions of
complex manifolds. Let T' be a theory of singular Bott-Chern classes with Cr its
associated characteristic class. Let Ey. .y, 5Xc—>Mk and SY%PX/ be as in notation

m and let  be as in (8.6). Then, in the group D, D~ Y(M,p), the equation

(8.14) T(Eyen) = > (DT (Exenrs) = Y (=1 (ixpan)-Cr(Ex, Nx/ar)

—~—

+ (iX/M)*(WPX/M)*T(EYQPX/M) + (iy/M)* Ch(ﬁ) ° Td_1<§N)
holds.

In order to compute the third term of the right hand side of equation (8.14|)
we consider the following situation

Y xXx Px/u LA Pxum

i s uar
AR Y
X

To ease the notation, we denote Px/y by P, Y x Px/y by X" and we denote by P’
X

the projective completion of the normal cone to X’ in P and by np: P' — X',
mxy: X' — Y and mpyy: P’ — Y the projections. Observe that X and
X' intersect transversely along Y. Moreover, Ny,x+ = i;/XNX/M, Nxi/p =
W},/YNy/X and Ny/p = Ny;x @ Ny;x.. We use these identifications to define
metrics on Ny,x/, Nx//p and Ny,p. Therefore the exact sequence
0— Ny/X/ — Ny/p — Z';//X/NX’/P — 0
is orthogonally split.
We apply the previous lemma to the composition of closed inclusions

Y — X' — P,

the vector bundle F over Y and the resolutions

W*F ®]*K(6X7NX/M)* i S*F
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B, ® K(Ox, Nxm)i — j(7"F @ j*K(Ox, Nx/ar)k)-

We denote by &y, p and €y, py; the hermitian embedded vector bundles cor-
responding to the above resolutions. If 4y p/: Y < P’ is the induced inclusion,

we denote by &y p the hermitian embedded vector bundle
(iv/pr, Nypr, F, Tot(75j* K (Ox, Nxn) @ K(Oxr, Nxiyp) ® (7pry ) F)) .

Note that the hermitian embedded vector bundle &y p agrees with the hermitian
embedded vector bundle denoted &y, p, i in lemmal8.13] Moreover, we have that

EX’(—>P,k =y x ® K(Ox, N x/m).
Applying lemma [8.13] we obtain

(815)  T(Eyepy,,) = Z(— VT (Exrpy )
- Z )" 5.Cr(n* F @ j*K(Ox, Nx/ar )k Nxvyp)

+ ]*<7TP’)* Eyep)
By proposition [8.1]
(816) D> (D' (Exicpy, i) = D (D T(m* €y ® K(Ox, Nx/ur)r)

k k

=T(m" €y x) Z(_l)k ch(K(Ox, NX/M)’C)

%
-+ Z V¥ 5.Cp(m T F ® 7" K(Ox, Nx/m)k, Nx7/p)

- Z j*CT ™ F NX’/P) OCh( (OXaNX/M)k:)

We now want to compute the term (ix/n)«(Tpy 5, )+Js ()T (Eypr).
Observe that we can identify

where s* Ny /p is canonically isomorphic to Ny, x.
Moreover

(ix/a0) (TP )i (T )T (Exri pr) = (iyyna)w(prpy )+ T (Exrpor).-
Definition 8.17. We denote
C%d(F7 NY/X7 Z;'/X]\[)(/J\/f) = (WP//Y)*T(EY%P’)
and we define

(8.18)  p(F, Ny/x,iy;xNxjar) = Cr(F, Nyjnr) — CF(F, Nyyx, iy x Nxur).
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Lemma 8.19. The current C24(F, Ny/x, i’{//XNX/M) is closed and defines a char-
acteristic class of triples of vector bundles. Therefore p is also a characteristic
class. Moreover the class p does not depend on the theory of singular Bott-Chern
classes T.

Proof. The fact that C24(F, Ny/x, i;‘//XNX/M) is closed and determines a charac-
teristic class is proved as in [6.16| The independence of p from to 7' is seen as
follows. We denote by ?L the complex

Tot(mpj* K (Ox, Nx/m) @ K(Oxi, Nxiyp)) ® (mprjy)°F.
This complex is a resolution of (iy,p:). F

Let W be the blow-up of P’ x P! along Y x oo, and let 1;1r1(7/)>k be the defor-
mation of complexes on W given by theorem [5.4] Just by looking at the rank
of the different vector bundles we see that the restriction of try (7/)* to Py/pr,
the exceptional divisor of this blow-up, is isomorphic (although not necessarily

isometric) to the Koszul complex K (F', N y/u).. Then, by equation (7.3)
T(EY%P’) - (iY/P’)*OT(Fa NY/M) =

— (pw)s (Wl ° Z(—l)k Ch(trl(F/)k)>

k
_ Z )ech(try (K )il py, o 5K (F, N xjnn)i)-

Since the right hand side of this equation does not depend on the theory T', the
result is proved. 0]

Using equations , - lemma and the projection formula, we
obtain

(WPX/]\/I)*T(EY‘—)PX/M) - (T(EY%X) - (iY/X)*OT(F’ NY/X))
o (Tpy ) D _(=1)F (K (Ox, Nx/nr)e)

k
+(WPX/M)*].*(TFP’)*T(EYC—»P’)
= (T(€y—x) = (iv/x)<Cr(F, Ny;x))  Td™ (N x/n)
+ (iy)x )O3 (F, Ny x, iy x Nx/nr)
= (T(Ey—x) — (iy/x)+Cr(F, Ny;x)) e Td ' (Nx/u)
(8.20) + (iy/x)*CT(F, Ny/M) — p(F, Ny/x, Z‘;//XNX/M)'

Joining this equation and lemma [8.13| we obtain the main relationship between
singular Bott-Chern classes and composition of closed immersions.

Proposition 8.21. Let iy;n; = ix/m 0ty x be a composition of closed immersions
of complex manifolds. Let T be a theory of singular Bott-Chern classes with Cr
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its associated characteristic class. Let &y, EX<—>M,k and EY;’PX/]M be as in
notation and let € be as in (8.6). Then, in the group @, D> (M, p), we

have the equation

TEyen) =3 (~D'T(Excnis) + (ixp)o(T(Eyox) « Td (Nxur))

+<iy/M)*Ch( )on Y(&n)

+ (iv/a0)«CF (F, Ny, iy x Nxjar)

— (ix/a)((ivx)«Cr(F, Ny;x)  Td™" (Nx/ar))
— (ix/n)« Z )*Cr(Ex, Nx/ur)

We can simplify the formula of proposition if we assume that our theory
of singular Bott-Chern classes is compatible with the projection formula.

Corollary 8.22. With the hypothesis of proposition |8.21], assume furthermore
that T is compatible with the projection formula. Then

TEyen) =3 (DT Excnis) + (ixpn)o(T(Eyox) « Td (Nxur))

+ (iy/pr)s ch(F) o de\/‘l(EN)

+ (iy/nr)« [C%d(F, Nyx, 8y x Nx/mr)
— Cr(F, Ny/x) @ Td™*(i5/x Nxur))
—Cr(F, iy x Nxur) @ Td™ (Ny)x)]

Proof. Since T is compatible with the projection formula, then Cr is also. There-
fore, using the Grothendieck-Riemann-Roch theorem for closed immersions at the
level of analytic Deligne cohomology classes, we have

> (—1)*Cr(Ep Nxjn) = Cr(Ox, Nxpr) > (—1)F ch(E)

k k
= Cr(Ox, Nxu) @ (iy/x)«(ch(F) e Td™' (Ny,x))
= (iv/x)+(i/xCr(Ox, Nx/ar) @ ch(F) @ Td™! (Nyx))
= (iy/x)+(Cr(F, iy, x Nx/n) @ Td™(Ny,x)),

which implies the result. U

Definition 8.23. Let 1" be a theory of singular Bott-Chern classes. We will say
that T is transitive if the equation

(8:24) T(Ey_y) = Z(_l)kT(gX%M,k) + (ixya)(T(Eyx)  Td™ (N x/ur))

—_—~—

+ (iy/ar)« ch(F) « Td ™' (Zy)
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holds. When equation (8.24)) is satisfied for a particular choice of complex im-
mersions and resolutions, we say that the theory T is transitive with respect to
this particular choice.

We now introduce an abstract version of definition [R.17.

Definition 8.25. Given any characteristic class C' of pairs of vector bundles, we
will denote

Cp(F, Nl, Ng) = C(F, N1 ) NQ) — p(F, Nl, NQ),

where p is the characteristic class of definition [8.17]

Note that, when T is a theory of singular Bott-Chern classes we have
CL(F, Ny, No) = C34(F, Ny, Ny).

Definition 8.26. We will say that a characteristic class C' (of pairs of vector
bundles) is p-Todd additive (in the second variable) if it satisfies

C(F,N, ® Ny) = C(F, N;) « Td""(N3) + C(F, Ny) ¢ Td™'(Ny) + p(F, Ny, No)
or, equivalently,
CP(F, Ny, Ny) = C(F,N,) @« Td"'(Ny) + C(F, Ny) « Td"'(NNy).
A direct consequence of corollary is

Corollary 8.27. Let T be a theory of singular Bott-Chern classes that is compat-
wble with the projection formula. Then it is transitive if and only if the associated
characteristic class Cr is p-Todd additive.

Since we are mainly interested in singular Bott-Chern classes that are tran-
sitive and compatible with the projection formula, we will study characteristic
classes that are compatible with the projection formula and p-Todd-additive in
the second variable. Since we want to express any characteristic class in terms of
a power series we will restrict ourselves to the algebraic category.

Proposition 8.28. Let C' be a class that is compatible with the projection formula
and p-Todd additive in the second variable. Then C determines a power series

oo (x) given by
(8.29) C(Oy, L) = ¢c(ei(L)),

for every complex algebraic manifold Y and algebraic line bundle Y. Conversely,
given any power series in one variable ¢(x), there exists a unique characteristic
class for algebraic vector bundles that is compatible with the projection formula
and p-Todd additive in the second variable such that equation holds.

Proof. This result follows directly from the splitting principle and theorem [I.8|
[
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Remark 8.30. The utility of corollary and proposition [8.28] is limited by
the fact that we do not know an explicit formula for the class p(Oy, Ny, Ns).
This class is related with the arithmetic difference between Py (IV; & No @ C) and
Py (N; & C) X Py (Ny @ C), the second space being simpler than the first. The

main ingredients needed to compute this class are the Bott-Chern classes of the
tautological exact sequence. Therefore the work of Mourougane [29] might be
useful for computing this class.

Recall that an additive genus is a characteristic class for algebraic vector bun-

dles S such that
S(Ny @& Ny) = S(Ny) + S(N).

Let ¢p(z) = > ooy a;z" be a power series in one variable. There is a one to one
correspondence between additive genus and power series characterized by the
condition that S(L) = ¢(¢1(L)), for each line bundle L.

Since the class p does not depend on the theory 7' it cancels out when consid-
ering the difference between two different theories of singular Bott-Chern classes.

Proposition 8.31. Let Cy and Cy be two characteristic classes for pairs of alge-
braic vector bundles that are compatible with the projection formula and p-Todd-
additive in the second variable. Then there is a unique additive genus Sio such
that

(832) Ol(F, N) - CQ(F, N) = Ch(F) [ ] Td(N)_l [ ] Slg(N)
We can summarize the results of this section in the following theorem.

Theorem 8.33. There is a one to one correspondence between theories of sin-
gular Bott-Chern classes for complex algebraic manifolds that are transitive and
compatible with the projection formula, and formal power series ¢(x) € R[[z]]. To
each theory of singular Bott-Chern classes corresponds the power series ¢ such
that

(8.34) Cr(Oy, L) = 1, 0 ¢(ci (L)),

for every complex algebraic manifold Y and every algebraic line bundle L. To each
power series ¢ it corresponds a unique class C', compatible with the projection

formula and p-Todd-additive in the second variable, characterized by equation
(8.34) and a theory of singular Bott-Chern given by definition .

Even if we do not know the exact value of the class p another consequence of
corollary is that, in order to prove the transitivity of a theory of singular
Bott-Chern classes it is enough to check it for a particular class of compositions.

Corollary 8.35. Let T be a theory of singular Bott-Chern classes compatible
with the projection formula. Then T is transitive if and only if for any compact
complex manifold Y and vector bundles Ny, Ns, the theory T is transitive with
respect to the composition of inclusions

Y — ]P)y(Nl D (C) — ]Py(Nl D (C) Xy ]P)y(NQ D C)

and the Koszul resolutions. O
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We can make the previous corollary a little more explicit. Let m; and 7y be
the projections from P := Py (N; & C) Xy Py(Ny @ C) to Py := Py (N; & C) and
P, := Py (N, @ C) respectively. Let K, = K(Oy,N;) and Ky = K(Oy, N) be
the Koszul resolutions in P; and P, respectively. Then,

K =71K, ® m3 K
is a resolution of Oy in P. Then the theory 7' is transitive in this case if
T(K) = mT(K>) o 75 (¢, (@) @ TAH(Qy)) + (1) (T(K1) @ p Td™' (N2)),

where 7 is the rank of Ny, @, is the tautological quotient bundle in P, with the
induced metric, i1: P, — P is the inclusion and p;: P, — Y is the projection.

The singular Bott-Chern classes that we have defined depend on the choice of
a hermitian metric on the normal bundle and behave well with respect inverse
images. Nevertheless, when one is interested in covariant functorial properties
and, in particular, in a composition of closed immersions, it might be interesting
to consider a variant of singular Bott-Chern classes that depend on the choice of
metrics on the tangent bundles to Y and X.

Notation 8.36. Let £ = (i: Y — X, N, F, E, — i, F) be a hermitian embedded
vector bundle. Let Ty and Ty be the tangent bundles to X and Y provided with
hermitian metrics. As usual we write Td(Y) = Td(Ty) and Td(X) = Td(Tx).
We put
§,=(i:Y — X, Tx,Ty,F,E, — i.F).

By abuse of notation we will also say that &, is a hermitian embedded vector
bundle. In this situation we denote by ENY/X the exact sequence of hermitian
vector bundles

If there is no danger of confusion we will denote N = Ny/ x and therefore & =

gNy/x’

Definition 8.37. Let T be a theory of singular Bott-Chern classes. Then the
covariant singular Bott-Chern class associated to T is given by

—_~—

(8.38) T.(€.) = T(€) +i.(ch(F) @ Td™' (€y,,,) TA(Y))

Proposition 8.39. The covariant singular Bott-Chern classes satisfy the follow-
mg properties

(i) The class Tc(§,) does not depend on the choice of the metric on Ny/x.
(ii) The differential equation

(8.40) dpT.(,) =Y (=1)¥ ch(Ey) — i.(ch(F) e TA(Y)) @ Td ™" (X)
holds.
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(iii) If the theory T is compatible with the projection formula, then

To(6 ® G) = To(&,) @ ch(G).

(iv) If, moreover, the theory T is transitive, then, using notation adapted
to the current setting, we have

(8-41) TC(EY(—»M,() = Z(_l)kTC(EXMM,k,()

k
+ (ix/m)(Te(Eyx) @ TA(X)) @ Td ™ (M).
(v) With the hypothesis of corollary[6.14, we have

(842) TP &) — T &) = [h(E)] — i.([ch(x) » TA(Y)]) @ Td " (X).

j even j odd

Proof. All the statements follow from straightforward computations. O

9. HOMOGENEOUS SINGULAR BOTT-CHERN CLASSES

In this section we will show that, by adding a natural fourth axiom to defini-
tion [6.9] we obtain a unique theory of singular Bott-Chern classes that we call
homogeneous singular Bott-Chern classes, and we will compare it with the classes
previously defined by Bismut, Gillet and Soulé and by Zha.

In the paper [6], Bismut, Gillet and Soulé introduced a theory of singular Bott-
Chern classes that is the main ingredient in their construction of direct images
for closed immersions.

Strictly speaking, the construction of [6] only produces a theory of singular
Bott-Chern classes in the sense of this paper when the metrics involved satisfy
a technical condition, called Condition (A) of Bismut. Nevertheless, there is
a unique way to extend the definition of [6] from metrics satisfying Bismut’s
condition (A) to general metrics in such a way that one obtains a theory of
singular Bott-Chern classes in the sense of this paper.

In his thesis [32], Zha gave another definition of singular Bott-Chern classes,
and he also used them to define direct images for closed immersions in Arakelov
theory.

We will recall the construction of both theories of singular Bott-Chern classes
and we will show that they agree with the theory of homogeneous singular Bott-
Chern classes.

We warn the reader that the normalizations we use differ from the normaliza-
tions in [6] and [32]. The main difference is that we insist on using the algebro-
geometric twist in cohomology, whereas in the other two papers the authors use
cohomology with real coefficients.

Let rr and ry be two positive integers. Let Y be a complex manifold and let
F and N be two hermitian vector bundles of rank 7z and ry respectively. Let
P = P(N @ C) and let s be the zero section. We will follow the notations of
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definition Then T(K(F, N)) satisfies the differential equation
dp T(K(F,N)) = ¢,,(Q) Td1(Q) ch(npF) — 5,(ch(F) Td'(N)).
Therefore, the class
er(F,N):=T(K(F,N)) e Td(Q) e ch ' (7} F)
satisfies the simpler equation
(9.1) dp er(F,N) = [ (Q)] — dy-
Observe that the right hand side of this equation belongs to D%TN (P,ry). Thus

it seems natural to introduce the following definition.

Definition 9.2. Let T" be a theory of singular Bott-Chern classes of rank rz > 0
and codimension ry. Then the class
er(F,N)=T(K(F,N)) e Td(Q) e ch™*(7:F)

is called the Euler-Green class associated to T. The class T(K (F, N)) is said to
be homogeneous if N

gT(F, N) € DgN_l(P, T‘N>.
A theory of singular Bott-Chern classes of rank 0 is said to be homogeneous if it
agrees with the theory of Bott-Chern classes associated to the Chern character.
Finally, a theory of singular Bott-Chern classes is said to be homogeneous if its
restrictions to all ranks and codimensions are homogeneous.

The main interest of the above definition is the following result.

Theorem 9.3. Given two positive integers rr and ry there exists a unique theory
of homogeneous singular Bott-Chern classes of rank rg and codimension 7y .

Proof. The proof of this result is based on the theory of Euler-Green classes.
Let P = P(N @ C) be as before, and let s denote the zero section of P. Let
Dy, be the subvariety of P that parametrizes the lines contained in N. Then
Dy =P(N).
Lemma 9.4. There exists a unique class ¢(P,Q, s) € D%"N_l(P, rn) such that
(i) It satisfies
(9.5) dp &(P,Q, s) = [y (Q)] — dy-
(ii) The restriction (P,Q, s)|p.. = 0.
Proof. We first show the uniqueness. Assume that € and €’ are two classes that

satisfy the hypothesis of the theorem. Then € — € is closed. Hence it determines
a cohomology class in H%Z]X (P, ry). Since, by theorem , the restriction

(9.6) HEX"(P,ry) — Hpd (Do, 1)

is an isomorphism, condition implies that ¢ = e. Now we prove the existence.
Since Y is the zero locus of the section s, that is transversal to the zero section
of @, we know that the currents [c,, ] and dy are cohomologous. Therefore there
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exists an element a € ZSQD’"N_l(P, rn) such that dpa = [c,, (Q)] — dy. Since Q
restricted to D, splits as an orthogonal direct sum
(9.7) Qlp.. =5@C

where the metric on the factor C is trivial, and the section s restricts to the

constant section 1, we obtain that ([¢,, (Q)]—0dy)|p,, = 0. Therefore @ determines
a class in HaN"'(P,ry). Using again that is an isomorphism, we find an
clement b € HZY"Y(P,ry), such that &€ = @ — b satisfies the conditions of the
lemma. U

We continue with the proof of theorem [9.3] We first prove the uniqueness.
Let T" be a theory of homogeneous singular Bott-Chern classes. The splitting
implies easily that the restriction of the Koszul resolution K(F,N) to
D, is orthogonally split. By the functoriality of singular Bott-Chern classes,
T(K(F,N))|p,, = 0. Thus the class

er(F,N) :=T(K(F,N)) e Td(Q) e ch (x5 F) € DAYV (P,ry)
satisfies the two conditions of lemma Therefore é7(F, N) = ¢(P,Q, s) and
(9.5) T(K(F, W) = &(P,Q,5) « TA" (@) o ch(r} ),

where the right hand side does not depend on the theory 7'. In consequence we
have that

(9.9) Cr(F,N) = (mp) T(K (F, W)

does not depend on the theory 7. Thus by the uniqueness in theorem we
obtain the uniqueness here.
For the existence we observe

Lemma 9.10. The current
C(F,N) = (7p).(&(P, @ 5) » Td"(@)) » ch(F)
1s a characteristic class for pairs of vector bundles of rank rr and ry.
Proof. We first compute, using equation and corollary ,
dp C(F,N) = (mp). (dp €(P,Q,s) e Td~'(Q)) ® ch(F)
= (1), (([ern (@) — bv) « TA1(Q)) » ch(F)
= (7). (cr (@) 0 TA'(@)) » ch(F) — Td™*(W) o ch(F)
=0.

Thus C'(F, N) determines a cohomology class. This class is functorial by construc-
tion. By proposition this class does not depend on the metric and defines a
characteristic class. [

By the existence in theorem we obtain a theory of singular Bott-Chern
classes T that is easily seen to be homogeneous. 0
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A reformulation of theorem [0.3] is

Theorem 9.11. There exists a unique way to associate to each hermitian em-
bedded vector bundle £ = (i: Y — X, N, F, E.) a class of currents

T'(€) e P DE (X Ny, p)
p

that we call homogeneous singular Bott-Chern class, satisfying the following prop-
erties

(i) (Differential equation) The equality

(9.12) dp T"(€) = D _(=1)'[ch(E})] — in([Td ™ (W) ch(F)))
holds.
(ii) (Functoriality) For every morphism f: X' — X of complex manifolds
that is transverse to Y,

Frr(€) = TH(f9).

(iii) (Normalization) Let A = (A, g.) be a non-negatively graded orthogonally
split complex of vector bundles. Write E A= (i:Y — X,N,F,E, ®
A,). Then T"(€) = ThE @ A). Moreover, if X = SpecC is one point,
Y =0 and E, =0, then T"(£) = 0.

(iv) (Homogeneity) If rp = tk(F') > 0 and ry = rk(N) > 0, then, with the
notations of definition

TMK(F,N)) e Td(Q) e ch ™ (75F) € DXV (P,ry). O

The class é(P, Q, s) of lemma is a particular case of the Euler-Green classes
introduced by Bismut, Gillet and Soulé in [6]. The basic properties of the Euler-
Green classes are summarized in the following results.

Proposition 9.13. Let X be a complex manifold, let E be a hermitian holo-
morphic vector bundle of rank r and let s be a holomorphic section of E that is
transverse to the zero section. Denote by Y the zero locus of s. There is a unique
way to assign to each (X, E,s) as before a class of currents

¢(X,E,s) e DY VX, Nyo,7)

satisfying the following properties
(i) (Differential equation)

(914) dD g(X, E, 8) == CT(E) — 5y.
(ii) (Functoriality) If f: X' — X is a morphism transverse to'Y then
(9.15) (X', f*E, f*s) = f*e(X,E, s).



72 JOSE I. BURGOS GIL AND RAZVAN LITCANU

(iii) (Multiplicativity) Let E, and Ey be hermitian holomorphic vector bun-
dles, and let s; and ss be holomorphic sections of E1 and E4 respectively
that are transverse to the zero section and with zero locus Y1 and Yy, We
write E = E1® Ey and s = s1 ® 9. Assume that s is transverse to the
zero section; hence Yy and Yy meet transversely. With this hypothesis we
have

g(X, E, 8) = E(X,Fl, 51) VAN Cry (Fg) + 5y1 VAN g(X, EQ, SQ)
= g(X,El, 81) VAN 5}/2 + Crl(El) VAN g(X,EQ, 82).

(iv) (Line bundles) If L is a hermitian line bundle and s is a section of L,
then

(9.16) e(X,L,s)=—log|s].

Proof. Bismut, Gillet and Soulé prove the existence by constructing explicitly
an Fuler-Green current in the total space of E and pulling it back to X by the
section s. For the uniqueness, first we see that properties |(i)| and imply that,
if hy and h; are two hermitian metrics in E, then

(9.17) (X, (E ho),s) —e(X,(F, h),s) =¢(E, ho, hy).
We now consider 7: P =P(E & C) — X, with the tautological exact sequence
0—O0(-1) —7mTEdpC—Q —0

On @ we consider the metric induced by the metric of E and the trivial metric on
the factor C, and let s the section of () induced by the section 1 of C. Let Dy
be as in lemma (9.4, Then properties to imply that €(P,Q, sg)|p.. = 0.
Hence by lemma € is uniquely determined. Finally, let f: X — P be
the map given by z — (s(z) : —1). Then f*@Q = FE, although they are not
necessarily isometric, and f*sg = s. Therefore, the functoriality and equation
(0.17) determine (X, E, s).

To prove the existence, we use lemma functoriality and equation ((9.17)) to
define the Euler-Green classes. It is easy to show that they are well defined and

satisfy properties |(1)| to |(iv)] O

Equation relating homogeneous singular Bott-Chern classes and Euler-
Green classes in a particular case can be generalized to arbitrary vector bundles.

Proposition 9.18. Let X be a complex manifold, E a hermitian vector bundle
over X, s a section of E transversal to the zero section and i:' Y — X the zero
locus of s. Let K(E) be the Koszul resolution of i,Oy determined by E and s.
We can identify Ny, x with i*E. We denote by Ny/X the vector bundle with the
metric induced by the above identification. Then

Th(@@YaNY/Xu K(E)) = g(X7E7 S) i Td_l(E)
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Proof. Let P =P(E®C). We follow the notation of proposition . We denote
by hg the original metric of E and by hy the metric induced by the isomorphism
E = f*Q). Observe that hy and h; agree when restricted to Y, because the
preimage of Q by the zero section agrees with E. Hence there is an isometry

Ny x =i f*Q. We denote T"(K(E)) = T"(i, Oy, Ny/x, K(E)). Then we have

T"(K(E)) = f*T"(K(Ox,E Z ch(/\ EY, ho, hy)

= f*(e(P,Q,s0) e Td~ (Q)) +¢.(E, ho, hy) « Td™ (E, hy)
+ CT(E, ho) Td (E ]'Lo, hl)
=¢(X,E,s) e Td" (E,hy) — ¢.(E, ho, hy) @ Td™'(E, hy)

+¢.(E, ho, hy) ¢ TA™N(E, hy) + c.(E, hy) « Td™'(E, ho, h1)

—~—

= ¢(X,E, )on’l(E ho) — (X, E,s) e dp TdY(E, ho, hy)
+c.(E hg) e 1(E,h 1)

N

=¢(X,E,5)eTd  (E, hy) —dpe(X,E,s) e Td"'(E, ho, hy)
+ ¢ (E, ho) @ Td™ 1(E ho, hi1)

/—\_/

=¢(X,E,s) e Td Y (E, hy) +i.Td N (E, ho, h1)|y
—¢(X,E,s)eTd Y(E),
which concludes the proof. 0

Theorem 9.19. The theory of homogeneous singular Bott-Chern classes is com-
patible with the projection formula and transitive.

Proof. We have
Cru(F,N) = (7p), T"(K(F,N))
= (7p)((P,Q,s) e TA'(Q) e ch(m}
= (1p)+(e(P,Q,s) « Td"1(Q)) e ch(F
= Crn(Oy, N) e ch(F).

F))
)

Thus Cpn is compatible with the projection formula.

We now prove the transitivity. Let Y, Ny and N, be as in corollary [8.35 We
follow the notation after this corollary. Then applying proposition [9.18 we obtain

(9.20) Th(F> =e(P, ﬂ@l D 77;@2, s1+52) @ Td_l(ﬁ@l D 77;@2)7

where s; denote the tautological section of @; or its preimage by ;.
Then, by proposition [0.13)[(iii)| taking into account that Y; = P,
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(9.21) T"(K) = m(cr, (Q1) T (Q,)) @ w3 (€( P2, Qp. 52) TA(Qy))
+ (02)(E(P1, Qy, 51) TA™H(Q,) @ p Td ™' (N2)).
Applying again proposition [9.18 we obtain
(9.22)_ - - - - -
TME) = m{(c,, (Q;) T (Qy)) @ w3 (T"(K2)) + (i2)(T" (K1) @ py Td™' (Na)).
Thus, by corollary the theory of homogeneous singular Bott-Chern classes
is transitive. 0

We next recall the construction of singular Bott-Chern classes of Bismut, Gillet
and Soulé. Let i: Y — X be a closed immersion of complex manifolds and
let £ = (i,N,F, E,) be a hermitian embedded vector bundle. We consider the
associated complex of sheaves

0—E,>...5Ey—0,

where we denote by v the differential of this complex.
This complex is exact for all z € X \ Y. The cohomology sheaves of this
complex are holomorphic vector bundles on Y which we denote by

H, =M, (EJly), H=DH,.

For each x € Y and U € T, X we denote by Oyv(x) the derivative of the map v
calculated in any holomorphic trivialization of E near x. Then dyv(z) acts on
H,. Moreover, this action only depends on the class y of U in N,. We denote
it by d,v(z). Moreover (9,v(z))? = 0; therefore the pull-back of H to the total
space of N together with d,v is a complex that we denote by (H,0,v).

On the total space of N, the interior multiplication by y € N turns A NV into
a Koszul complex. By abuse of notation we denote also by ¢, the operator ¢, ® 1
acting on /\ NV ® F. There is a canonical isomorphism between the complexes
(H,0yv) and (A NY ® F,t,). An explicit description of this isomorphism can be
found in 3] §1.

Let v* be the adjoint of the operator v with respect to the metrics of E,. Then
we have an identification of vector bundles over Y

Hy={f € Ey|vf=0v"f=0}
This identification induces a hermitian metric on Hj, and hence on H. Note that

the metrics on N and F' also induce a hermitian metric on A NV ® F.

Definition 9.23. We say that £ = (i, N, F', E,) satisfies Bismut assumption (A)
if the canonical isomorphism between (H, d,v) and (A NY ® F,,) is an isometry.
Proposition 9.24. Let £ = (i,N,F,E,) be as before, with N = (N, hy) and
F = (F,hg). Then there exist metrics hy, over Ejy such that the hermitian
embedded vector bundle € = (i, N, F, (E,, h'z.)) satisfies Bismut assumption (A).
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Proof. This is [3] proposition 1.6. OJ

Let V¥ be the canonical hermitian holomorphic connection on £ and let V =
v+ v*. Then

A, =VF +/uv
is a superconnection on F.
Let VH be the canonical hermitian connection on H. Then

B=V"+ 09,0+ (0,0

is a superconnection on H.

Let Ny be the number operator on the complex (E, v), that is, Ny acts on Ey,
by multiplication by k, and let Tr, denote the supertrace. Recall that here we
are using the symbol [ | to denote the current associated to a locally integrable
differential form and the symbol dy to denote the current integration along a
subvariety, both with the normalizations of notation [1.3|

For 0 < Re(s) < 1/2let (g(s) be the current on X given by the formula

ﬁ / N u{ [Tv, (N oxp(~42)]

— iy UN Tr, (Nu exp(—Bz))”du.

This current is well defined and extends to a current that depends holomorphically
on s near 0.

(9.25) Cu(s) =

Definition 9.26. Assume that & = (i, N, F, E,) satisfies Bismut assumption (A).
Then we denote

TPE5(E) = ——CE( )-

By abuse of notation we will denote also by T5%%(€) its class in épﬁ%p_l()( . D).

Let now & = (i, N, F, (E,, hg.)) be general and let £ = (i, N, F, (E,, h'z.)) be
any hermitian embedded vector bundle satisfying assumption (A) provided by
proposition [9.24] Then we denote

TS (€) = TBOS (€ +Z Yich(E;, hi,, ),

where ch(E;, hg,, h’,) is as in definition [2.13

Remark 9.27. This definition only agrees (up to a normalization factor) with the

definition in [6] for hermitian embedded vector bundles that satisfy assumption
(A).

Theorem 9.28. The assignment that, to each hermitian embedded vector bundle
€, associates the current TP5(€), is a theory of singular Bott-Chern classes that
agrees with T".
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Proof. First we have to show that, when & does not satisfy assumption (A) then
TBCS(€) is well defined. Assume that ¢ = (i, N, F, (E., h;)) is another choice
of hermitian embedded vector bundle satisfying assumption (A). By lemma
we have that

ch(E;, hy, h) 4 ch(E;, B, hY') + ch(E;, h”, h;) = 0.

1 5 "%y T

By [6] theorem 2.5 we have that

TPEE) = TPHE) = Y (~1)'ch(E;, Wy, I,).
Summing up we obtain that T5%%(¢) is well defined.

If the hermitian embedded vector bundle ¢ satisfies Bismut assumption (A)
then, by [6] theorem 1.9, TBE9(€) satisfies equation (6.10). If € does not satisfy
assumption (A) then, combining [6] theorem 1.9 and equation ({2.4), we also
obtain that TB%%(¢) satisfies equation (6.10]).

The functoriality property is [6] theorem 1.10.

In order to prove the normalization property, let £ = (i: Y — X, N, F, E,)
be a hermitian embedded vector bundle that satisfies assumption (A) and let A
be a non-negatively graded orthogonally split complex of vector bundles on X.
Observe that A is also a (trivial) hermitian embedded vector bundle. Then A
and € @ A also satisfy assumption (A). By [6] theorem 2.9

TBGS (E D Z) — TBGS (E) + TBGS (Z)

But by [5] remark 2.3, TP%%(A) agrees with the Bott-Chern class associated to
the Chern character and the exact complex A. Since A is orthogonally split we
have TP%9(A) = 0. Now the case when ¢ does not satisfy assumption (A) follows

from the definition.
By [6] theorem 3.17, with the hypothesis of proposition [9.18 we have that

TP%5(i, Oy, Nyx, K(E)) = ¢(X, E,s) e Td"'(E)
- Th(’i,@y,wy/)(, K(E))
From this it follows that Crses = Cpn and by theorem [7.1], TS = T, O

We now recall Zha’s construction. Note that, in order to obtain a theory of
singular Bott-Chern classes, we have changed the normalization convention from
the one used by Zha. Note also that Zha does not define explicitly a singular
Bott-Chern class, but such a definition is implicit in his definition of direct images
for closed immersions. Let Y be a complex manifold and let N = (N,h) be a
hermitian vector bundle. We denote P = P(N & C). Let 7: P — Y denote the
projection and let ¢: Y — P denote the inclusion as the zero section. On P we
consider the tautological exact sequence

00— O(-1) — 7T N®Op — Q — 0.
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Let h; denote the hermitian metric on @V induced by the metric of N and the
trivial metric on Op and let hy denote the semi-definite hermitian form on QY
induced by the map Q¥ — Op obtained from the above exact sequence and the
trivial metric on Op. Let hy = (1 — t?)hg + t*hy. It is a hermitian metric on Q.
We will denote @;/ = (QY, h). Let V,; be the associated hermitian holomorphic
connection and let N; denote the endomorphism defined by

d

= (0,w), = (N, ).

For each n > 1, let Det denote the alternate n-linear form on the space of n

by n matrices such that

det(A) = Det(A, ..., A).
We denote det(B; A) = Det(B, A, ..., A).
Zha introduced the differential form
1
V

— ~1
(9.29) EZ(Q)ZTIim det(N;, Vi) dt

s—0

which is a smooth form on P\ ¢(Y), locally integrable on P. Hence it defines a

current, also denoted by 'eVZ(QV) on P. The important property of this current is
that it satisfies

(9.30) dpez(Q") = cu(Q1) — dy-

In [32], Zha denotes by C(Q") a form that differs from & by the normalization
factor and the sign. We denote it by €, because it agrees with the Euler-Green
current introduced in [6].

Proposition 9.31. The equality
gZ(Qv) = g(Pa @17 SQ)
holds.

Proof. With the notations of lemma both classes satisfy equation (9.30)) and
their restriction to D, is zero. By lemma [9.4] they agree. O

Definition 9.32. Let £ = (i: Y — X, N, F, E,) be as in definition . Let A,,

tri(E), and 77, be as in ((7.2]). Then we define

(9:33) T%(€) = —(pw)- (Z(—l)kwl . Ch(trl(E)k))

k

3" (=1 (pp).lch@)] + (pp).(ch(m:F) Td™"(@,)e2(@,)).

It follows directly from the definition that 7' is the theory of singular Bott-
Chern classes associated to the class

(9.34) Cz(F,N) = (pp).(ch(m:F) Td™(Q,)e2(Q)).
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Theorem 9.35. The theory of singular Bott-Chern classes T# agrees with the
theory of homogeneous singular Bott-Chern classes T".

Proof. The result follows directly from theorem , equation ({9.34]) and propo-
sition [9.18| O

Next we want to use to give another characterization of T". To this end
we only need to compute the characteristic class Crn(Oy, L) for a line bundle L
as a power series in ¢;(L).

Theorem 9.36. The theory of homogeneous singular Bott-Chern classes of alge-
braic vector bundles is the unique theory of singular Bott-Chern classes of alge-
braic vector bundles that is compatible with the projection formula and transitive
and that satisfies

CTh(Oy, L) = 11 ] ¢(01<L)),

where ¢ is the power series
1 00 n+1Hn+1 .
2 Z (n+2)!
and where H, = 1 + % + g + -4 ;, n > 1 are the harmonic numbers.

We already know that 7" is compatible with the projection formula and tran-
sitive. Thus it only remains to compute the power series ¢.

Let L = (L,hz) be a hermitian line bundle over a complex manifold Y. Let z
be a system of holomorphic coordinates of Y. Let e be a local section of L and
let h(z) = h(e,,e,). Let P = P(L & C), with 7: P — Y the projection and
t:Y — P the zero section. We choose homogeneous coordinates on P given by
(z,(z : y)), here (x : y) represents the line of L, @ C generated by ze(z) + y1,
where 1 is a generator of C of norm 1. On the open set y # 0 we will use the
absolute coordinate ¢t = x/y. Let

0—O(-1) — " (LpC)— Q —0
be the tautological exact sequence. The section s = {1} is a global section of @
that vanishes along the zero section. Moreover we have
xZTh(z) tth
vy + zzh(z) 1+ th
Then (recall that we are using the algebro-geometric normalization)

||S||%z,(;r:y)) =

(9.37) cl(@) = 001log H3H2
- tth
) = 1 -
(9.38) 00 log T ih

(14 tthtd(th)(1 + tth) — t*thd(th)
(9:39) B ( tth (1 + tth)? )

I
Q

(9.40)
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a1 k) AR
(9:41) =0 < i ) T i Th(1+ )
_wa(@) o(th) Ad(ih)
~ 1+tth  h(1+tth)?

We now consider the Koszul resolution

(9.42)

K:O—>Qvi>(9p—w*(’)x—>0.

We denote by T"(K) the singular Bott-Chern class associated to this Koszul
complex. Then, by proposition and proposition [9.18]

T () = —5 Td™ (@) log 1.

In order to compute 7,7"(K) we have to compute first 7,c;(Q)" log||s||?>. But

ral)" ( 7 c1 (L) )”‘1 O(th) A O(th)

a(Q)" = (L + tih) (1+ tth) h(L + tth)?

Therefore
_ — 1 O(th) A O(th) tth
n 2 _
mer(Q)" log [lslf* = —ney (1) o / WL+t %8 T 4

e /2“/ r2  —2irdfdr
N i omi 1 + 72 (14 r2)ntl
= ney (L)1 / log(1 —w)w" 'dw

0
= —Cl(f)n_lHn,

where H,, n > 1 are the harmonic numbers. Since

= 1 —exp(—c(Q = (=0
Td(Q) - c‘i@( >>:;ﬁcl(@,

we obtain

X (_1\n+1
Crn(Oy,L) = 1, T"(K) = %Z M
n=0

Then, a reformulation of proposition [8.31]is

Corollary 9.43. Let T be a theory of singular Bott-Chern classes for algebraic
vector bundles that is compatible with the projection formula and transitive. Then
there is a unique additive genus St such that

(9.44) Cr(F,N) — Cpu(F,N) = ch(F) ¢ TA(N)~" o Sp(N).

Conversely, any additive genus determines a theory of singular Bott-Chern classes

by the formula .
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10. THE ARITHMETIC RIEMANN-ROCH THEOREM FOR REGULAR CLOSED
IMMERSIONS

In this section we recall the definition of arithmetic Chow groups and arithmetic
K-groups. We see that each choice of an additive theory of singular Bott-Chern
classes allows us to define direct images for closed immersions in arithmetic K-
theory. Once the direct images for closed immersions are defined, we prove the
arithmetic Grothendieck-Riemann-Roch theorem for closed immersions. A ver-
sion of this theorem was proved earlier by Bismut, Gillet and Soulé [6] when there
is a commutative diagram

y*l>-)(a

N

where 7 is a closed immersion and f and g are smooth over C. The version of
this theorem given in this paper is due to Zha [32], but still unpublished. The
theorem of Bismut, Gillet and Soulé compares g, cAh(z*E) with f, &I(E), whereas
the theorem of Zha compares directly &1(2*@) with 7, &I(E) The main difference
between the theorem of Bismut, Gillet and Soulé and that of Zha is the kind of
arithmetic Chow groups they use. In the first case these groups are only covariant
for proper morphisms that are smooth over C; thus the Grothendieck-Riemann-
Roch can only be stated for a diagram as above, while in the second case a version
of these groups that are covariant for arbitrary proper morphisms is used.

Since each choice of a theory of singular Bott-Chern classes gives rise to a differ-
ent definition of direct images for closed immersions, the arithmetic Grothendieck-
Riemann-Roch theorem will have a correction term that depends on the theory of
singular Bott-Chern classes used. In the particular case of the homogeneous sin-
gular Bott-Chern classes, which are the theories used by Bismut, Gillet and Soulé
and by Zha, this correction term vanishes and we obtain the simplest formula. In
this case the arithmetic Grothendieck-Riemann-Roch theorem is formally identi-
cal to the classical one.

Let (A, X, Fx) be an arithmetic ring [18]. Since we will allow the arithmetic
varieties to be non regular and we will use Chow groups indexed by dimension,
following [20] we will assume that the ring A is equidimensional and Jacobson.
Let F be the field of fractions of A. An arithmetic variety X is a scheme flat and
quasi-projective over A such that Xr = X x Spec F' is smooth. Then X := Ay
is a complex algebraic manifold, which is endowed with an anti-holomorphic
automorphism Fi,. One also associates to X' the real variety Xg = (X, Fiy).

Following [13], to each regular arithmetic variety we can associate different
kinds of arithmetic Chow groups. Concerning arithmetic Chow groups, we shall
use the terminology and notation in op. cit. §4 and §6.

Let Dy be the Deligne complex of sheaves defined in [13] section 5.3; we refer
to op. cit. for the precise definition and properties. A Dy,q-arithmetic variety is
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a pair (X,C) consisting of an arithmetic variety X and a complex of sheaves C
on Xy which is a Dje-complex (see op. cit. section 3.1).
We are interested in the following Dj,.-complexes of sheaves:
(i) The Deligne complex D), x of differential forms on X with logarithmic
and arbitrary singularities. That is, for every Zariski open subset U of
X, we write

Ef:a,X<U) = lin F(U7 5U*<10g B))7
U

where the limit is taken over all diagrams

U——=T

\ lﬁ

X
such that 7 is an open immersion, 3 is a proper morphism, B = U \ U,
is a normal crossing divisor and &%(log B) denotes the sheaf of smooth
differential forms on U with logarithmic singularities along B introduced

in 8] .
For any Zariski open subset U C X, we put

Dl))ja,X(Ua p) = (Dia,X(Uu p)7dD) = (D*(El,ayx(U%p)ﬂdD)‘

If U is now a Zariski open subset of X, then we write

’Dl*,a,X<U7 p) = (Dl*,a,X(Uv p)? dD) = (Dia,X<U(C> p)ov dD)>

where o is the involution o(n) = Fxn as in [13] notation 5.65.

Note that the sections of Dy, y over an open set U C X are differential
forms on U with logarithmic singularities along X \ U and arbitrary
singularities along X \ X, where X is an arbitrary compactification of
X. Therefore the complex of global sections satisfy

Dﬁa,X(X7 *) - D*(Xv *)7

where the right hand side complex has been introduced in section §1.
The complex Dy, y is a particular case of the construction of [12] section
3.6.

(ii) The Deligne complex Dey, x of currents on X. This is the complex in-
troduced in [13] definition 6.30.

When X is regular, applying the theory of [13] we can define the arithmetic
Chow groups CH (X, D), x) and CH (X, Dy, x). These groups satisfy the fol-
lowing properties

(i) There are natural morphisms

(Eﬁ*(‘)(7 DLa,X) - éT—I*(Xv DCur,X)
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(iv)

(vi)

JOSE I. BURGOS GIL AND RAZVAN LITCANU

and, when applicable, all properties below will be compatible with these
morphisms.

There is a product structure that turns (/JI\{*(X . Di1a.x)g into an associa-
tive and commutative algebra. Moreover, it turns CH (X, Dey x ) into

a 61\-1*(2\,’, Dy 5, x )g-module.
If f: Y — X is a map of regular arithmetic varieties, there are pull-back
morphisms

f*: GI\‘I*(X>DI,3,,X) — C/I\"I*(ygpl,a,Y).
If moreover, f is smooth over F', there are pull-back morphisms
f* . @I*(X, Dcur,X) — éT‘I* (y7 Dcur,Y).

The inverse image is compatible with the product structure.
If f: Y — X is a proper map of regular arithmetic varieties of relative
dimension d, there are push-forward morphisms

for CH (Y, Dewy) — CH (X, Dewr.x).

If moreover, f is smooth over F', there are push-forward morphisms

Tk —~ x—d
f* . CH ()}, Dl,a,Y) — CH (X, Dl,a,X>~
The push-forward morphism satisfies the projection formula and is com-
patible with base change.

The groups CH*(X , Dy, x) are naturally isomorphic to the groups defined
by Gillet and Soulé in [18] (see [12] theorem 3.33). When X is generically
projective, the groups CH (X, Dewr x ) are isomorphic to analogous groups
introduced by Kawaguchi and Moriwaki [27] and are very similar to the
weak arithmetic Chow groups introduced by Zha (see [11]).

There are well-defined maps

¢: CH (X,C) — CHP(X),
a. 52p—1(XR,p) — @p<xac)>
w: GFIP<X,C> I ZC2P<XR7p)7

where C is either D, x or De,, x. For the precise definition of these maps
see [13] notation 4.12.

When X is not necessarily regular, following [20] and combining with the def-
inition of [I3] we can define the arithmetic Chow groups indexed by dimension
él\{*(X,DL%X) and él\{*(X,DcunX) (see [12] section 5.3).

They have the following properties (see [20]).

(i)

If X is regular and equidimensional of dimension n then there are iso-
morphisms

—x

C/I\‘I* (X, Dl,a,X) = éT"In (X7 Dl,a,X)7

—%

@*(X, Dcur,X) = éi—ln (X7 DCUF,X)‘
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(ii) If f: Y — X is a proper map between arithmetic varieties then there
is a push-forward map

f* : C/FI* (y, Dcur,Y> B C/I\_I*(X7 DCHLX)‘
If f is smooth over F' then there is a push-forward map
for CH(Y, Dyay) — CHL(X, Dyax).

(iii) If f: Y — X is a flat map or, more generally, a local complete intersec-
tion (l.c.i) map of relative dimension d, there are pull-back morphisms

f*: CHL(X, Dy x) — CHara(Y, Dray).
If moreover, f is smooth over F, there are pull-back morphisms
f* : C/I\—I* (X; DcunX) —_— C/I\—I*-ﬁ-d(y? DCULY)'

(iv) If f: Y — X is a morphism of arithmetic varieties with X’ regular, then
there is a cap product

éﬁp(pﬂ Di.x)® @d(y, Diay) — C/ﬁdfp(y, Diay)o,

and a similar cap-product with the groups éﬁd()}, Dewry). This product
is denoted by y ® x +— y.sx,
For more properties of these groups see [20].

We will define now the arithmetic K-groups in this context. As a matter of
convention, in the sequel we will use slanted letters to denote a object defined over
A and the same letter in roman type for the corresponding object defined over C.
For instance we will denote a vector bundle over X by £ and the corresponding
vector bundle over X by F.

Definition 10.1. A hermitian vector bundle on an arithmetic variety X, £, is a
locally free sheaf £ with a hermitian metric hg on the vector bundle E induced
on X, that is invariant under F,. A sequence of hermitian vector bundles on X’

() ...—>€n+1—>3n—>3n_1—>...

is said to be exact if it is exact as a sequence of vector bundles.

A metrized coherent sheaf is a pair F = (F,E, — F), where F is a coherent
sheaf on X and F, — Fis a resolution of the coherent sheaf F' = F¢ by hermitian
vector bundles, that is defined over R, hence is invariant under F,,. We assume
that the hermitian metrics are also invariant under F..

Recall that to every hermitian vector bundle we can associate a collection of
Chern forms, denoted by c,. Moreover, the invariance of the hermitian metric
under F, implies that the Chern forms will be invariant under the involution o.
Thus

¢o(€) € DY x(Xr,p) = D¥(X,p)".

We will denote also by ¢,(€) its image in D?  (Xg,p). In particular we have

cur, X

defined the Chern character ch(€) in either of the groups D, Dﬁ b x(Xr,p) or
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D, Dfﬁn (X, p). Moreover, to each finite exact sequence (2) of hermitian vector

bundles on & we can attach a secondary Bott-Chern class &1(5). Again, the fact
that the sequence is defined over A and the invariance of the metrics with respect
to F, imply that

ch(z) € P DX (Xr,p) = P D¥ (X, p)’.

p p

We will denote also by ch(g) its image in D, 535; 2 (Xg,p). The Bott-Chern
classes associated to exact sequences of metrized coherent sheaves enjoy the same
properties.

Definition 10.2. Let X be an arithmetic variety and let C*(x) be one of the
two Digg-complexes Dy, x or Deyr,x. The arithmetic K-group associated to the

Dyyg-arithmetic variety (X,C) is the abelian group K (X,C) generated by pairs
(€,n), where & is a hermitian vector bundle on X and n € @, C* ' (Xg,p),
modulo relations

(10.3) (Er,m) + (E2,m2) = (€, ch(E) + m + 1)
for each short exact sequence
() 0—& —E—E —0.

The arithmetic K '-group associated to the D)y.-arithmetic variety (X, C) is the
abelian group K'(X,C) generated by pairs (F,n), where F is a metrized coherent
sheaf on X and n € - C?P~1(Xg, p), modulo relations
(10.4) (F1,m) + (Fa,m) = (F,ch(E) + m + )
for each short exact sequence of metrized coherent sheaves

() 0—F —F —Fy—0.

We now give some properties of the arithmetic K-groups. As their proofs are
similar, in the essential points, to those of analogous statements in, for example,
[18] in the regular case and [20] in the singular case, we omit them.

(i) We have natural morphisms
I?(Xa Dl,a,X) — I?(X, Dcur,X) and }?/(X, Dl,a,X) E— Kl(‘/t.) Dcur,X)-

When applicable, all properties below will be compatible with these mor-
phisms.

~

(ii) K(X, Dy, x) is a ring. The product structure is given by
(10.5)  (F1,m) - (Fa,m) = (F1 ® Fa, ch(F1) @y + 11 @ ch(Fs) +dp i e 12)
(iii) IA((X, Dewr.x) is a I?(X, D) »,x )-module.
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(iv) There are natural maps
K(¥.€) — K'(X.0)
that, when X is regular, are isomorphisms.

(v) The groups IA(’(X,DL%X) and K'(X, Dewr x ) are I?(X,Dlﬁa,x)—modules.
(vi) There are natural maps

w: K'(X,C) — @ZCQp(p)

that send the class of a pair (F,n) with F = (F, E, — Fc) to the form
(or current)

w(F,n) = Z(—ni ch(E;) + dp .

(vii) When & is regular, there exists a Chern character,

ch: K(X,C)g — @ CH'(X,C)q,
p
that is an isomorphism. Moreover, if C = D, x this isomorphism is
compatible with the product structure. If X is not regular, there is a
biadditive pairing
f?(.)(, Dl,a,X) & éﬁ*(-)(, Dl,a,X) - @*(Xa ’Dl,a,X)@v
and a similar pairing with the groups C/I\-I*(X , Deur,x ), which is denoted
in both cases by a ® z — cAh(oz) N z. For the properties of this product
see [20] pg. 496.
(viii) If Y and X are arithmetic varieties and f: ) — X is a morphism of
arithmetic varieties, f induces a morphism of rings:

f* K(X, Dyax) — KV, Diay).

When f is flat, the inverse image is also defined for the groups K’ (X, Dy, x).
Moreover, if fc is smooth, the inverse image can be defined for the
groups K (X, Dewr.x) and, when in addition f is flat, for the groups
K'(X, Der.x)-
In what follows we will be interested in direct images for closed immersions.
Since the direct images in arithmetic K-theory will depend on the choice of a
metric, we have the following

Definition 10.6. A metrized arithmetic variety is a pair (X, hx) consisting of
an arithmetic variety X and a hermitian metric on the complex tangent bundle
Ty that is invariant under F..

Let (X,hy) and (¥, hy) be metrized arithmetic varieties and let i: Y — X
be a closed immersion. Over the complex numbers, we are in the situation of
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notation [8.36, In particular we have a canonical exact sequence of hermitian
vector bundles

(10.7) En:0—Ty — i"Tx — Ny/X — 0

where the tangent bundles Ty, T'x are endowed with the hermitian metrics hy, hx
respectively and the normal bundle Ny, y is endowed with an arbitrary hermitian
metric hy. We will follow the conventions of notation [8.36

We next define push-forward maps, via a closed immersion, for the elements of
the arithmetic K-group of a metrized arithmetic variety. We will define two kinds
of push-forward maps. One will depend only on a metric on the complex normal
bundle Ny,x. By contrast, the second will depend on the choice of metrics
on the complex tangent bundles Tx and Ty. The second definition allows us
to see K'(_, Deur,y) as a functor from the category whose objects are metrized
arithmetic varieties and whose morphisms are closed immersions to the category
of abelian groups.

As we deal with hermitian vector bundles and metrized coherent sheaves, both
definitions will involve the choice of a theory of singular Bott-Chern classes. In
order for the push forward to be well defined in K-theory we need a minimal
additivity property for the singular Bott-Chern classes.

Definition 10.8. A theory of singular Bott-Chern classes T is called additive if
for any closed embedding of complex manifolds ¢: ¥ < X and any hermitian
embedded vector bundles &, = (i, N, F'1, E1 ), &, = (i, N, Fa, E5 ) the equation

T(a D 52) = T(EJ + T(E2)
is satisfied.

Let C be a characteristic class for pairs of vector bundles. We say that it is
additive (in the first variable) if

C(Fl EB FQ,N) == O(Fl,N) + C(FQ,N)
for any vector bundles Fy, F5, N on a complex manifold X.
The following statement follows directly from equation [7.5}

Proposition 10.9. A theory of singular Bott-Chern classes T is additive if and
only if the corresponding characteristic class Cr is additive in the first variable.

Note that a theory of singular Bott-Chern classes consists in joining theories
of singular Bott-Chern classes in arbitrary rank and codimension (definition .
The property of being additive gives a compatibility condition for these theories,
by respect to the hermitian vector bundles F' (with the notation used in definition
. Note also that if a theory of singular Bott-Chern classes is compatible with
the projection formula then it is additive.

Definition 10.10. Let T be an additive theory of singular Bott-Chern classes,
and let T. be the associated covariant class as in definition Let i:
(V,hy) — (X, hx) be a closed immersion of metrized arithmetic varieties and
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let N = NY/X = (NY/X, hx) be a choice of a hermitian metric on the complex
normal bundle. The push-forward maps

iTC iT : K(JA Dcur,Y) B }?/(‘X’ Dcur,X)

ERIAES

are defined by
0 (F,n) = [((1uF, Ex = (inF)e), 0)] = [(0, Tu(,))]

(10.11) + (0,4, (n TA(Y)i* TdH(X)))]

iy (F,n) = [((ixF, Ex — (iF)c),0)] = [(0,T(€))]
(10.12) +1(0,3.(n Td™" (Ny,x)))]-
Here

0—E,— ...~ E — Ey— (i,F)c — 0
is a finite resolution of the coherent sheaf (i+F)c by hermitian vector bundles,
§ = (i, Nx)y,Fc, E,) is the induced hermitian embedded vector bundle on X,
and £, = (1, Tx, Ty, Fc, E.) as in definition m
We can extend this definition to push-forward maps

iTC Z'T: [?/(y, IDCHLY) — [?I(Xy Dcur,X)

* ) Y%

by the rule
i (Fom) = [((iF, Tot(E..) = (i.F)e), 0)] = > _(=1)'(0,To(&;..))]

%

(10.13) + (0,4, (n Td(Y)i* Td™1(X)))],
it (F,n) = [((ixF, Tot(E,.) — (i.F)c),0)] — Z(_l)i[(QT(Ei))]

(10.14) +[(0,4.(n Td™ (Ny/x)))],

where 0 — E,, — --- — Eq — Fc — 0 is a resolution of F¢ by hermitian vector
bundles, E*’* is a complex of complexes of vector bundles over X, such that, for
each 7 > 0, Ei,* — 1, F; is also a resolution by hermitian vector bundles and
Ei = (z’,NX/y,FZ-,E@*) is the induced hermitian embedded vector bundle and
Ei,c is as in definition . We suppose that there is a commutative diagram of
resolutions

> Ek:Jrl,* Ek,* Ek:fl,* —_—
s B 15 g ly By —— -

hence a resolution Tot(E, .) — (i.F)c by hermitian vector bundles.

Note that, whenever the push-forward i appears, we will assume that we have
chosen a metric on Ny, x.
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The two push-forward maps are related by the equation

(1015)  iFo) = I Fon) = | (00 (@F )T EN TAY)) )]

where £ is the exact sequence (10.7)).

Proposition 10.16. The push-forward maps i, ile are well defined. That is,
they do not depend on the choice of a representative of a class in I/(\', nor on the
choice of metrics on the coherent sheaf (i.JF)c. The first one does not depend on
the choice of metrics on Tx nor on Ty, whereas the second one does not depend
on the choice of a metric on the normal bundle Ny,x. Moreover, if © is a reqular
closed immersion or X is a regqular arithmetic variety, then ilc and il can be

lifted to maps
iTc iT: k(y; Dcur,Y) - I?(X7 DCULY)'

* ) Uk

Proof. The fact that i7" only depends on the metric on N and not on the metrics
on Tx and Ty and that for il is the opposite, follows directly from the definition
in the first case and from proposition [8.39|in the second.

We will only prove the other statements for ilc, as the other case is analo-

* )

gous. We first prove the independence from the metric chosen on the coherent
sheaf (i,F)c. If B, — (i,F)c, B, — (i.F)c are two such metrics, inducing the
hermitian embedded vector bundles & respectively E/, then, using corollary |6.14

/

_ _ - _ ~
Te(€e) — Te(8e) = T(§) — T(§) = ch(E),
where € is the exact complex of hermitian embedded vector bundles
g:0— E — E/ — 0,

where E’ sits in degree zero.
Therefore, by equation [10.4]

(0., B — (i F)e), 0)] = [(0, Tu(&))]
= [((LF. B, = (i.F)c). 0)] = [(0. T(€).
Since the last term of equation does not depend on the metric on (i,F)c,

we obtain that iZ¢ does not depend on this metric.
For proving that the push-forward map iZc is well defined it remains to show

the independence from the choice of a representative of a class in K (V, Dewry)-
We consider an exact sequence of hermitian vector bundles on Y

20— F —F —Fy—0

and two classes n1,1m2 € D, D2-1(Y, p). We also denote & the induced exact

cur
sequence of hermitian vector bundles on Y. We have to prove

(10.17) i ((Fym 4 12+ ch@)]) = i ((Frm)]) + i ((F, ma))-
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Since it is clear that i1c(0,n; + 1) = iLc(0,m1) +i1¢(0, 15), we are led to prove
(10.18) i ((F, ch(@)]) = i ([(F1, 0)]) + i ([(F5, 0))).

We choose metrics on the coherent sheaves (i,.F1)c, (i+F2)c and (i,.F)c respec-
tively:

El,* B ('L*-/Tl)(C y E2,* — (Z*fQ)(C 5 E* e (Z*F)(C
We denote &, &,, € the induced hermitian embedded vector bundles. We obtain
an exact sequence of metrized coherent sheaves on X':

v:0— i, — i, F — 1,y — 0.
Then, using the fact that the theory 7" is additive and equation (8.42)) we have
(10.19) T.(&) + Te(€s,.) — Tu(E,) = [ch(P)] — in([ch(z) » TA(Y)]) @ Td"*(X).
Moreover, by the relation ([10.4),
(10.20) (i1, 0)] + (275, 0)] = [(i.FF, ch(#))].
Hence, we compute,
il ([(F, ch(@)]) — il ([(F7, 0)]) — il*([(F5,0)])
= [(ixF, 0)] = [(ixF1, 0)] — [(i. 72, 0)]
— (0, To(€N] + [(0, Te(€1.e))] + [(0, Te(&0))]
+[(0,7.([ch(2)] # TA(Y) @ " Td(X)))]

= —[(0,4.([ch(2)] @ TA(Y) ® " Td™"(X))))]
+[(0,0.([ch(z)] @ TA(Y) @ " Td ™} (X))))]
= 0.

The proof that ilc for metrized coherent sheaves is well defined is similar. The
proof of its independence from choice of a metric on Ny, x or from the choice of
the resolutions and metrics in X is the same as before. Now let

0—F —F —F —0
be a short exact sequence of metrized coherent sheaves on ). This means that
we have resolutions E, — Ft, B, — Fc and E — F¢. Using theorem we
can suppose that there is a commutative diagram of resolutions
O—>E;—>E*—>E:—>O
(10.21) ! ! !
O—>f/—>.}t(c—>f”—>0

with exact rows. Moreover, we can assume that the complexes of complexes E
E.., E

*,% )

used in definition [10.10] are chosen compatible with diagram ((10.21)).

*, %
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Thus we obtain a commutative diagram

0 — TotE,, — TotE., — TotE,, — 0
(10.22) | | !
0 — WF: — uFc — uFE — 0.

We denote by 7 the exact sequence of metrized coherent sheaves on X defined by
diagram (|10.22)). We denote *; the exact sequence of hermitian vector bundles
onY

E-:O—>E2—>Ei—>E;/—>O,

and by g the exact sequence of metrized coherent sheaves on X

— B / ’ " /!
€:0— b, — b, — 1. E, — 0.

Moreover, let &, E; and E;/ denote the hermitian embedded vector bundles defined
by the above resolutions and E;, E: and E;/ respectively and let Eiyc, ac and Efc
be as in definition m Then, using proposition and equation (8.42)) we
obtain

ch(p) = Z(— 1)’ch(z)
(10.23) - Z D+ TE) — Tu(E)
+ Z )i.(ch(x,) @ Td(Y)) e Td™'(X)

Now the proof follows as before, but using equation instead of equation
(110.19)).

If X is a regular arlthmetlc variety, the hftlng property follows from the iso-
morphism between the K- groups and the K’ -groups.

Suppose now that i: Y — X is a regular closed immersion and let [F, 7] €
K (Y, Dewry). Then it follows from [2] III that the coherent sheaf i,F can be
resolved

0—é&, — ... — & — i, F—0

with &; locally free sheaves on X. Moreover we endow the vector bundles F;
induced on X with hermitian metrics and so we obtain a metric on the coherent
sheaf i, F and the corresponding hermitian embedded vector bundle €. Using the
independence from the resolEtions and on the metrics we see that the equation
defines an element in K (X, Deyr, x)- O

Proposition 10.24. For any element o € f('(y,Dcur,y) we have
(10.25) w(ile(a)) Td(X) = i,(w(a) Td(Y))
(10.26) w(if () = iu(w(a) Td™' (Ny/x))
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Proof. We will prove the statement only for ifc. We consider first a class of the
form [F,0]. Using equation (8.38) we obtaln, after choosing a metric
E; — (ixF)c, and considering the induced hermitian embedded vector bun-
dle &.:
w (i ([, 0])) Td(X) = (Z< 1) eh(Ey) — dp Tu(&)) Td(X)
iv(ch(F) e Td(Y) @ i* Td ™ (X)i*(Td(X)))
ix(ch(F) @ Td(Y))
= ix(w([F,0]) Td(Y))

Taking now a class of the form [0, 5] we obtain:

w(i%([0,7])) TA(X) = dp (i.(n TA(Y)i* Td~ (X)) Td(X)

F
F
F

= i, dp(nTd(Y))
= 1. (w([0,n]) TA(Y))
and hence the equality [10.25|is proved. 0

The next proposition explains the terminology “compatible with the projection
formula” and “transitive” that we used for theories of singular Bott-Chern classes.
The second statement is the main reason to introduce the push-forward il

Proposition 10.27. If the theory of singular Boti-Chern classes is compati-
ble with the projection formula, we have that, for « € K'(Y,Denry) and 3 €
K(X,D,, x) the following equalities hold

i (ai*B) = ir* (),
i (ai*B) = i (a)B.
If moreover the theory of singular Bott-Chern classes is transitive and j:

(Z,hz) — (Y, hy) is another closed immersion of metrized arithmetic vari-

eties, then

(o)l =il ol

Proof. We prove first the projection formula. For simplicity we will treat the
case when @ € K(Y, Dewry). Let a = (F,n), let & = (i,Tx, Ty, Fc, E.) be a
hermitian embedded vector bundle and let 3 = (£,x). Using equations (10.11)

and , we obtain
il (ai*f) — il (@) = =) (~1)'ch(E;) e x + dp(To(E,)) @ X

+ i, (ch((F)c) e Td(Y))) e Td™'(X) @ x
+T.(,) o ch(Ec) — To(€, ® Ec)
= To(€, ® Ec) — T.(€,) @ ch(Ec).
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Therefore, if T is compatible with the projection formula, then the projection
formula holds.

The fact that, if moreover T is transitive then (ioj)Te = iZco0jI follows directly
from the definition and equation (8.41)). OJ

Ifi: Y — X is a regular closed immersion between arithmetic varieties, then
the normal cone Ny x is a locally free sheaf. The choice of a hermitian metric on
Ny, x determines a hermitian vector bundle Ny, x. If now i: (¥, hy) — (X, hx)
is a closed immersion between regular metrized arithmetic varieties, then the
tangent bundles 7, and 7y are virtual vector bundles. Since over C they define
vector bundles, we can provide them with hermitian metrics and denote the
hermitian virtual vector bundles by Tx and Ty. There are well defined clases
Td(Y) = Td(Ty) and Td(X) = Td(T »).

The arithmetic Grothendieck-Riemann-Roch theorem for closed immersions
compares the direct images in the arithmetic K-groups with the direct images in
the arithmetic Chow groups.

Theorem 10.28 ([6], [32]). Let T be a theory of singular Bott-Chern classes and
let St be the additive genus of corollary[9.43

(i) Let i: Y — X be a regular closed immersion between arithmetic vari-
eties. Assume that we have chosen a hermitian metric on the complex

bundle Ny,x. Then, for any o = (F,n) € f((y, Dewry) the equation

(10.29)  ch(if () = iu(ch(@)Td " (Wyx)) - ai.(ch(Fe) Td™ (Nyx)Sr(NV))
holds.

(i) Leti: (Y, hy) — (X, hx) be a closed immersion between reqular metrized
arithmetic varieties. Then, for any a = (F,n) € K(Y, Deury) the equa-

tion
(10.30)  ch(iT(a))Td(X) = i.(ch(a) Td(Y)) — a(i(ch(Fc) TA(Y)S7(N)))
holds.

Proof. The proof follows the classical pattern of the deformation to the normal
cone as in [6] and [32].

Let W be the deformation to the normal cone to )V in X. We will follow the
notation of section [l Since i is a regular closed immersion, there is a finite
resolution by locally free sheaves

0—=& — =& =& —iuF —0.

We choose hermitian metrics on the complex bundles E; = (&;)c. The immersion
j: Y x P! — W is also a regular immersion. The construction of theorem
is valid over the arithmetic ring A. Therefore we have a resolution by hermitian
vector bundles

0—Gp— - — G — Gy — i.F — 0.
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such that its restriction to X x {0} is isometric to &,. Its restriction to X is
orthogonally split, and its restriction to P = P(Ny,x @ Oy) fits in a short exact
sequence

0— A, — &lp — K(F, Nyjx) — 0,

where A, is orthogonally split and K (F, Ny, x) is the Koszul resolution. We
denote by 7, the piece of degree k of this exact sequence. Let ¢ be the absolute
coordinate of P1. It defines a rational function in W and

— ~ 1 _
div(t) = (X + P + X, (0, log 1))

The key point of the proof of the theorem is that, in the group GT-I*(X s Deur.x ),
we have

(Ppw)« (ch(S )dlv( )) =0.
Using the definition of the product in the arithmetic Chow rings we obtain
(10.31)  (pw)+(ch(E)div(t) = ch(E,) — (pg)«ch(E.]5) — (pp)ech(Elp)
+a((pw).(ch((E)c) @ Wh)).

But we have

(10.32) ch(€.) = ch(i; (F)) +a(T(¢)),

(10.33)  (pg)«ch(&ilp) =0,

(10.34)  (pp)ach(E.lp) = iu(mp). (h(K (F, Ny/x)) - Xk:(—l)k a(ch(7,)))-

Moreover, by equation ,
(10.35)  a((pw).(ch((E)c) e W1)) = —a(T(€)) = > (~1)* a(ch(my)))
k

+ a(Z*CT(.'F(c, N(C))

Thus we are led to compute i*(ﬂp>*é}\l(K (F,Ny,x)). Thisis done in the following
two lemmas.

Lemma 10.36. Let Y be an arithmetic variety, N_a rank r hermitian vector
bundle over Y and denote P = PYN @& Oy), and Q the tautological quotient
bundle. Let Yy be the cycle defined by the zero section of P. Then

(1037) Eyﬂ(@) - (y07 (Qﬂ(@@)ag(P(C?@(Cv S)))7
where €(Pc, Oc, s) is the Buler-Green current of lemma .

Proof. We know that ¢,(Q) = (), (c,(Qc),€)) for certain Green current €. By
definition this Green current satisfies

dDg: Cr(éc) — 5yC.
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Moreover, since the restriction of Q¢ to D, has a global section of constant norm
we have that €]p. = 0. Therefore, by lemma [9.4]

€= g(P@,@@,S). Il
Lemma 10.38. The following equality hold:
(10.39) (mp)uch(K (F,N),) =

ch(F)Td YN + a(Cr(F, N) — ch(Fe) Td™H(Ny,x)Sr(N)).
Proof. We just compute, using lemma [10.36]

(mp)uch(K (F,N).) = (7p). ;<—1>k€h</\ Q" )ch(mpF)
— (7p).(@(Q)Td" ' (Q))ch(F)
— Td7 (N)eh(F) + al(rp). E T (Q)) ch(F))
— T (N)eh(F) + al(mp). (T" (K (F, N))) ch(F))
— Td Y N)A(F) + a(Cou (F, N))
— Td Y (N)W(F) + Cr(F, N) — a(Td" (V) ch(F)Sp(N)). O

The equation ((10.29) follows by combining equations ((10.31]), (10.32)), (10.33]),
(10.34)), (10.35)) and ({10.39)).

The equation (|10.30)) follows from equation (10.29)) by a straightforward com-
putation. ]

Since T' is homogeneous if and only if Sy = 0, in view of this result, the
theory of homogeneous singular Bott-Chern classes is characterized for being the
unique theory of singular Bott-Chern classes that provides an exact arithmetic
Grothendieck-Riemann-Roch theorem for closed immersions. By contrast, if one
uses a theory of singular Bott-Chern classes that is not homogeneous, there is an
analogy between the genus Sr and the R-genus that appears in the arithmetic
Grothendieck-Riemann-Roch theorem for submersions.

Since there is a unique theory of homogeneous singular Bott-Chern classes, the
following definition is natural.

Definition 10.40. Let i: (Y, hy) — (X, hx) be a closed immersion of metrized
arithmetic varieties, the push-forward map

i* : }?/(y7 Dcur,Y) — -[?/(Xv Dcur,Y)
is defined as i, = iipch )
Corollary 10.41. The push-forward map makes IA(’(_, Dewry) and I?(_, Dewry)
functors from the category of regular metrized arithmetic varieties and closed
immersions to the category of abelian groups.



SINGULAR BOTT-CHERN CLASSES 95

Corollary 10.42. Let i: (Y, hy) — (X, hx) be a closed immersion of reqular
metrized arithmetic varieties, then

(10.43) ch(iT (a))Td(X) = i.(ch(a)Td(V)).

Remark 10.44. Combining theorem with [16] we can obtain an arith-
metic Grothendieck-Riemann-Roch theorem for projective morphisms of regular
arithmetic varieties.

In a forthcoming paper we will show that the higher torsion forms used to
define the direct images for submersions can also be characterized axiomatically.
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