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Abstract

Let £ : 0 -8 — E — Q — 0 be a short exact sequence of
hermitian vector bundles with metrics on S and @ induced from that

on E. We compute the Bott-Chern form ¢(&) corresponding to any
characteristic class ¢, assuming E is projectively flat. The result is
used to obtain a new presentation of the Arakelov Chow ring of the
arithmetic Grassmannian.

1 Introduction

Arakelov theory is an intersection theory for varieties over rings Or of alge-
braic integers, analogous to the usual one over fields. The fundamental idea
is that in order to have a good theory of intersection numbers, one has to
include information at the infinite primes.

The work of Arakelov in dimension two has been generalized by Gillet
and Soulé to higher dimensional arithmetic varieties X, by which we mean
regular, projective and flat schemes over SpecZ. They define an arithmetic
Chow ring CH (X)g whose elements are represented by cycles on X together
with Green currents on X (C). The theory is a blend of arithmetic, algebraic
geometry and complex hermitian geometry. For example, the Faltings height
of an arithmetic variety X is realized as an ‘arithmetic degree’ with respect
to a hermitian line bundle over X.

A hermitian vector bundle E = (E,h) over X is an algebraic vector
bundle E on X together with a hermitian metric h on the corresponding
holomorphic vector bundle E(C) on the complex manifold X (C). To such an
object one associates arithmetic Chern classes ¢(E) with values in CH (X).



These satisfy most of the usual properties of Chern classes, with one excep-
tion: given a short exact sequence of hermitian vector bundles

E:0-S—E—-Q—0 (1)

the class ¢(S)¢(Q) — ¢(E) vanishes when F is the orthogonal direct sum of
S and Q. In general however this difference is non-zero and is the image in
CH(X) of a differential form on X (C), the Bott-Chern form associated to
the exact sequence &.

These secondary characteristic classes were originally defined by Bott
and Chern [BC] with applications to value distribution theory. They later
occured in the work of Donaldson [Do| on Hermitian-Einstein metrics. Bis-
mut, Gillet and Soulé [BiGS] gave a new axiomatic definition for Bott-
Chern forms, suitable for use in arithmetic intersection theory. Given an
exact sequence of hermitian holomorphic vector bundles as in (1), we have
c(S)e(Q) — ¢(E) = ddn for some form n; the Bott-Chern form of & is a
natural choice of such an 7.

Calculating these forms is important because they give relations in the
arithmetic Chow ring of an arithmetic variety. No systematic work has
appeared on this; rather one finds scattered calculations throughout the
literature (see for example [BC]|, [C1], [D], [GS2], [GSZ], [Ma], [Mo]). We
confine ourselves to the case where the metrics on S and @ are induced
from the one on E. Our goal is to give explicit formulas for the Bott-
Chern forms corresponding to any characteristic class, when they can be
expressed in terms of the characteristic classes of the bundles involved. This
is not always possible as these forms are not closed in general; however the
situation is completely understood when E is a projectively flat bundle.
The results build on the work of Bott, Chern, Cowen, Deligne, Gillet, Soulé
and Maillot. Some of our calculations overlap with previous work, but with
simpler proofs.

The main application we give to arithmetic intersection theory is a new
presentation of the Arakelov Chow ring of the Grassmannian over SpecZ.
Maillot [Ma] gave a presentation of this ring and formulated an ‘arithmetic
Schubert calculus’. We hope our work contributes towards a better under-
standing of these intersections.

This paper is organized as follows. Section 2 is a review of some basic
material on invariant and symmetric functions. In §3 we recall the hermitian
geometry we will need, including the definition of Bott-Chern forms. The
basic tool for calculating these forms is reviewed in §4, with some applica-
tions that have appeared before in the literature. §7 is mainly an exposition



of the arithmetic intersection theory that we require. The rest of the paper is
new. In sections 5 and 6 we derive formulas for computing Bott-Chern forms
of short exact sequences (with the induced metrics) for any characteristic
class when F is flat or more generally projectively flat. We emphasize the
central role played by the power sum forms in the results; to our knowledge
this phenomenon has not been observed before. The combinatorial identities
involving harmonic numbers that we encounter are also interesting. Sections
2-6 contain results in hermitian complex geometry and may be read without
prior knowledge of Arakelov theory. §8 applies our calculations to obtain a
presentation of the Arakelov Chow ring of the arithmetic Grassmannian.

This should be regarded as a companion paper to [T]; both papers will
be part of the author’s 1997 University of Chicago thesis. I wish to thank
my advisor William Fulton for many useful conversations and exchanges of
ideas.

2 Invariant and symmetric functions

The symmetric group S,, acts on the polynomial ring Z[z,xs, ..., x,] by
permuting the variables, and the ring of invariants A(n) = Z[z,, xa, . . ., 2,]%"
is the ring of symmetric polynomials. For B = Q or C, let A(n,B) =

Let e(x1,...,x,) be the k-th elementary symmetric polynomial in the
variables 1, ...,z, and py(x1,...,2,) = fo the k-th power sum. The
fundamental theorem on symmetric functions states that A(n) = Z[ey, . .., e,]
and that eq,...,e, are algebraically independent. For A\ a partition, i.e. a
decreasing sequence A; > Ay > --- > A, of nonnegative integers, define

Dy = H Dx,- It is well known that the p,’s form an additive Q-basis for the
=1

ring of symmetric polynomials (cf. [M], §2). The two bases are related by

Newton’s identity:

Pr — €1Pr—1 + €apr—2 — -+ (—1)"ke;, = 0. (2)

Another important set of symmetric functions related to the cohomology
ring of Grassmannians are the Schur polynomials. For a partition A as above,
the Schur polynomial s, is defined by

1 i
Sx(1y. .y Tp) = A det(:c;\ﬁn Niciicns



where A = H (x; —x;) is the Vandermonde determinant. The s, for all
1<i<j<n

A of length m < n form a Z-basis of A(n) (cf. [M], §1.3).

Let C[T};] (1 < 4,5 < n) be the coordinate ring of the space M,,(C) of
n x n matrices. GL, (C) acts on matrices by conjugation, and we let I(n) =
CI[T;;]t(© denote the corresponding graded ring of invariants. There is an
isomorphism 7 : I(n) — A(n, C) given by evaluating an invariant polynomial
¢ on the diagonal matrix diag(xi,...,x,). We will often identify ¢ with
the the symmetric polynomial 7(¢). We will need to consider invariant
polynomials with rational coefficients; let I(n,Q) ~ Q[z1,xa, ..., 7, be
the corresponding ring.

Given ¢€1(n), let ¢’ be a k-multilinear form on M,,(C) such that

¢ (gAig™ . gAY = ¢/ (Al ..., Ay)

for g€ GL(n,C) and ¢(A) = ¢'(A, A,..., A). Such forms are most easily
constructed for the power sums p, by setting

p;‘:(Al,AQ, ey Ak) = ﬁ(AlAg e Ak)

For py we can take p) = [[p},. Since the p)’s are a basis of A(n,Q), it
follows that one can use the above constructions to find multilinear forms
¢’ for any p€l(n).

An explicit formula for ¢’ is given by polarizing ¢:

qﬁ’(Al,...,Ak):(_l)kZ S (1Y e(AL +.. + Ay).

|
k‘ j=1 i1<...<ij

Although above formula for ¢’ is symmetric in A4,..., A, this property is
not needed for the applications that follow.

3 Hermitian differential geometry

Let X be a complex manifold, F a rank n holomorphic vector bundle over X.
Denote by A*(X, E) the C* sections of A*T*X ® E, where T*X denotes
the cotangent bundle of X. In particular A*(X) is the space of smooth
complex k-forms on X. Let AP9(X) the space of smooth complex forms of
type (p,q) on X and A(X) := @, A»?(X). The decomposition A'(X,E) =
AY(X E)@ A% (X, E) induces a decomposition D = D0 + D% of each
connection D on E. Let d = 9+ 0 and d° = (0 — 9)/(4mi).



Assume now that F is equipped with a hermitian metric A. The pair
(E, h) is called a hermitian vector bundle. The metric h induces a canonical
connection D = D(h) such that D%! = 9y and D is unitary, i.e.

dh(s,t) = h(Ds,t) + h(s, Dt), for all s,te A°(X, E).

The connection D is called the hermitian holomorphic connection of (E, h).
D can be extended to E-valued forms by using the Leibnitz rule:

Dw®s)=dw®s+ (—1)"“w® Ds.

The composite

K=D?: A°X,E) - A*(X,E)
is A°(X)-linear; hence K € A?(X,End(F)). In fact K = D' € AY(X,End(F)),
because D%? = 52 = 0, so D*? also vanishes by unitarity. K is called the
curvature of D.

Given a hermitian vector bundle E = (E, h) and an invariant polynomial
¢ € I(n) there is an associated differential form ¢(FE) := ¢(5=K), defined
locally by identifying End(E) with M,,(C); ¢(F) makes sense globally on X
since ¢ is invariant by conjugation. These differential forms are d and d°
closed and have the following properties (cf. [BC]):

(i) The de Rham cohomology class of ¢(F) is independent of the metric h
and coincides with the usual characteristic class from topology.
(ii) For every holomorphic map f : X — Y of complex manifolds,

[T (@B, h) = ([ E, [h).

One thus obtains the Chern forms cp(F) with ¢, = ex(xy,...,x,), the
power sum forms py(E), the Chern character form ch(E) with ch(xy, ..., z,) =
Zexp(mi) = Z &, etc.

i i

We fix some more notation: A direct sum E; @ E, of hermitian vector
bundles will always mean the orthogonal direct sum (E; @ E2, hy @ hs). Let
A(X) be the quotient of A(X) by Imd + Imd. If we A(X) is a closed form,
the cup product Aw : A(X) — A(X) and the operator dd° : A(X) — A(X)
are well defined.

Let £: 0 —- S — E — @ — 0 be an exact sequence of holomorphic
vector bundles on X. Choose arbitrary hermitian metrics hg, hg, hg on

S, E, Q respectively. Let

&= (& hs,hg,hg): 085 —-E—Q — 0.



Note that we do not in general assume that the metrics hg or hg are induced
from hp. We say that & is split when (E,hg) = (S@P Q, hs © hg) and & is
the obvious exact sequence. Following [GS2], we have the following

Theorem 1 Let ¢ € I(n) be any invariant polynomial. There is a unique
way to attach to every exact sequence & a form ¢(&) in A(X) in such a way
that:

(i) dd°¢(&) = 9(SD Q) — ¢(E), o .
(ii) For every map f: X —'Y of compler manifolds, ¢(f*(&)) = f*¢(&),
(iii) If & is split, then (&) = 0.

In [BC], Bott and Chern solved the equation dd°¢(&) = ¢(S @ Q)— ¢ (E)
when the metrics on S and @ are induced from the metric on E. In [BiGS]
a new axiomatic definition of these forms was given, more generally for an
acyclic complex of holomorphic vector bundles on X.

The following useful calculation is an immediate consequence of the def-
inition ([GS2], Prop. 1.3.1):

Proposition 1 Let ¢ and ¥ be two invariant polynomials. Then

¢+ (&) = $(&) + U(&).

GV(E) = HENW(E) + ¢S @ Q)ih(8) = 4(&)d(S @ Q) + G(E)i ().

Proof. One checks that right hand side of these identities satisfies the three
properties of Theorem 1 that characterize the left hand side. O
We will also need to know the behaviour of ¢ when & is twisted by a line

bundle. The following is a consequence of [GS2], Prop. 1.3.3:

Proposition 2 For any hermitian line bundle L,

4 Calculating Bott-Chern Forms

In this section we will consider an exact sequence

&:0—-8—FE—Q—0.



where the metrics on S and Q are induced from the metric on E. Let r, n
be the ranks of the bundles S and E. Let ¢ € I(n) be homogeneous of degree
k. We will formulate a theorem for calculating the Bott-Chern form ¢(&).
This result follows from the work of Bott-Chern, M. Cowen, J. Bismut and
Gillet-Soulé.

Let ¢’ be defined as in §2. For any two matrices A, B€ M,,(C) set

¢'(A;B) =Y ¢ (A, A,...,A B, A,... A),

where the index ¢ means that B is in the i-th position.

Choose a local orthonormal frame s = (sy, Sa, ..., s,) of F such that the
first 7 elements generate S, and let K(S), K(F) and K(Q Q) be the curvature
matrices of S, Q and E with respect to s. Let Kg = ;=K(S), Kp = 3-K(E)
and Kq = 5=K(Q). The matrix Kp has the form

K, | K
KE — 11 12
K21 K22
where K7 is an r X r submatrix. Also consider the matrices

([ Ks| O [ Id. |0
K_<K K@) and JT_< d O).
Let u be a formal variable and K (u) := uKg + (1 — u)Ky. Finally, let
¢'(u) = ¢'(K(u); J,.). We then have the following

Theorem 2 - '
0 U

Proof. We prove that ¢(&) as defined above satisfies axioms (i)-(iii) of
Theorem 1. The main step is the first axiom; this was essentially done in
[BC] §4, when ¢ = c is the total Chern class. In the form (3) (again for
the total Chern class), the equation was given by M. Cowen in [C1] and
[C2], while simplifying Bott and Chern’s proof. We follow both sources in
sketching a proof of this more general result.

Let h and hg denote the metrics on E and @ respectively. Define the
orthogonal projections P, : E — S and P, : E — @ and put

hy(v,v") = uh(Pyv, Piv") + h(Pyv, Pyv')



for v, € B, and 0 < v < 1. Then h, is a hermitian norm, h; = h and
hy — hg as u — 0. Let K(E, h,) be the curvature matrix of (E, h,,) relative
to the holomorphic frame s defined above. Proposition 3.1 of [C2] proves
that ;=K (E, h,) = K(u). It follows from Proposition 3.28 of [BC] that for

0<t<1, 1
(B, hy) — ¢(E, h) = dd“/ qﬁ(K(uu),J,) du

If we could set ¢ = 0 we would be done; however, the integral will
not be convergent in general. Note that K(u) = Ky + uK;, where K; €
AV (X,End(F)) is independent of u. Therefore it will suffice to show that
@' (Ko; J,) is a closed form, so that it can be deleted from the integral.
For this we may assume that ¢ = p, is a product of power sums, \ =
(A1, A2, ..., ) a partition. Then

m

p;\(KO;JT) = ZT (KS 1H Tr Ks +TI' KQ AN o= Zp,\ _1 § HZ))\
i=1 J#i J#

is certainly a closed form.
This proves axioms (i) and (iii); axiom (ii) is easily checked as well. [

Remark. A similar deformation to the one in [C2] was used by Deligne in
[D], 5.11 for a calculation involving the Chern character form. Special cases
of Theorem 2 have been used in the literature before, see for example [GS2]
Prop. 5.3, [GSZ] 2.2.3 and [Ma] Theorem 3.3.1.

We deduce some simple but useful calculations:

Corollary 1 (a) c’f( ) =0 for allk > 1 and E;m(g) =0 for all m >rkE.
(b) pa(&) = 2(Tr K1y — ¢1(9)) and &(&) = ¢1(S)—TrK,;.

Proof. (a) ¢} (u) is independent of u; hence ¢; (&) = 0. The result for higher
powers of ¢; follows from Proposition 1. In addition, ¢,,(&) = 0 for m > tkE
is an immediate consequence of the definition.

(b) Using the bilinear form p,, described previously, we find

p;(u) = 2(uTrKy; + (1 —u)ei(5)),

thus

Qo

Q)



To calculate (&), use the identity 2c, = ¢ — p,. O

Corollary 1(b) agrees with an important calculation of Deligne’s in [D],
10.1, which we now describe: Using the C'> splitting of &', we can write the
0 operator for E in matrix form:

Op = ( %S 504 ) , for some a€ A”!(X,Hom(Q, S)).
Q

Let a* € A (X, Hom(S,Q)) be the transpose of «, defined using complex
conjugation of forms and the metrics hg and hg. If V is the induced con-
nection on Hom(@Q, S), we have

Thus Corollary 1(b) implies that

o 1 . 1 ;

(&) = —%Tr(ozoz ) = %Tr(oz a),
and we have recovered Deligne’s result. In this form the calculation was used
by A. Moriwaki and C. Soulé to obtain a Bogomolov-Gieseker type inequality
and a Kodaira vanishing theorem on arithmetic surfaces, respectively (see
[Mo] and [S]).

The calculation of ¢; shows that in general Bott-Chern forms are not
closed. In fact, calculating ¢ for k£ > 3 leads to much more complicated
formulas, involving traces of products of curvature matrices, for which a
clear geometric interpretation is lacking (unlike the matrix o above, whose
negative transpose —a* is the second fundamental form of &). In the next
two sections we shall see that when E is a projectively flat bundle, the Bott-
Chern forms are closed and can be calculated explicitly for any ¢ € I(n).

5 0—-85—F—Q— 0with F flat

Throughout this section we will assume that the hermitian vector bundle

is flat, i.e. that Kr = 0. As before, the metrics hg and hg will be induced
k

1
from the metric on E. Define the harmonic numbers H;, = Z -, Hog=0.
' j

i=1
Let A\ be a partition of k (we denote this by A F k). Recall that the
polynomials {p, : A - k} form a Q-basis for the vector space of symmetric



homogeneous polynomials in zi,...,xz, of degree k. The following result
computes the Bott-Chern form corresponding to any such invariant polyno-
mial:

Theorem 3 The Bott-Chern class (&) in A(X) is the class of
(1) kHr—1pe-1(Q), if A=k = (k,0,0,...,0)
(i) 0, otherwise.

Proof. Let us first compute p (&) for pi(A) = Tr(A*). Since K = 0, the

deformed matrix K (u) = (1 —u)Ksgq, where Ksgg = ( fgs lg ) Since
Q

11 _ 2 \k=1 _ 1 4k—1
/M—lduz—/ LAt PN VI
0 0

U t—1

we obtain
ﬁ;(?) = _Hk—lp;q(KSGBQ; Jr) = —ka—1T1"(K§_1) = _ka—lpk—l(g)-

Now since p,(S @ Q) — pr(E) is exact, p(E) = 0 and pp(SD Q) = pi(S) +
pr(Q), we conclude that p,(S) = —pp(Q) in A(X), for each k > 1. This
proves (i).

Let A = (A1, A2, ..., A,) be a partition (m > 2). Proposition 1 implies
that

ZX(E) = Px (5’ Px, - §@@
But py, (&) is a closed form (by (i)), and Pr - Pa,. (SB Q) is an exact form.
Thus p, (&) is exact, and so vanishes in A(X). O

_ It follows from Theorem 3 that for any ¢ € I(n), the Bott-Chern form
¢(&) is a linear combination of homogeneous components of the Chern char-
acter form ch(Q). In [Ma], Theorem 3.4.1 we find the calculation

= Hi— 12201 Yew—1-4(Q) (4)

for the Chern forms ¢;. Our result gives the following

Proposition 3 ¢,(&) = (—1)* "H_1pr-1(Q).

10



Proof. By Newton’s identity (2) we have

Ph — C1Pr1 + oDz — - + (=1)*ké = 0. (5)

Reasoning as in Theorem 3, we see that if ¢ and ¢ are two homogeneous

invariant polynomials of positive degree, then ¢¢( ) =0 in A( ). Thus
1)k—1

(5) gives (&) = = k: (&) = (=) "Hy1pr_1(Q). 0

Remark. The result of Proposition 3 agrees with (4), i.e.

E Zcz Ck z

in A(X). To see this, let h(t) = et g(t) = X ¢ (Q)F, and f(t) =
SVie;(S)t'. Then h(t)g(t) = 1 in A(X)[t], and f(t) = th'(t). Choose formal
variables {Z,}1<ac, and set ¢;(S) = e;j(x1,...,2,), so that h(t) = H(l +

z4t). Then f(t) Zta: H (14 z4t). Thus
« B#«

f(@)
) = Tt = 3 = —ZH% -
er(fl)ixiati:er( 1)'p:(S)t" —T+Z p:(Q)t"

Comparing coefficients of t* on both sides gives the result.

We can use Theorem 3 to calculate ¢(&) for ¢ € I(n);: it is enough
to find the coefficient of the power sum p;, when ¢ is expressed as a linear
combination of {py}a-x in A(n, Q). For example, we have

Corollary 2 ch ZHkChk ), where chy, denotes the k-th homoge-

neous component of the Chem character form.

Corollary 3 Let A be a partition of k and sy the corresponding Schur poly-
nomial in A(n,@)._ Then sx(&) = 0 unless X\ is a hook \; = (i,1,1,...,1),
in which case sx,(&) = (=1)* " "Hy_1pp_1(Q).

Proof. The proof is based on the Frobenius formula

Sy = k'ZX/\ )P (o)

o€Sk

11



where (o) denotes the partition of k determined by the cycle structure of o

(cf. [M], §1.7). By the above remark, s5(&) = xx((12...k))Hr—1pr-1(Q).
Using the combinatorial rule for computing x found in [M], p. 117, Example
5, we obtain

k)) = (=1)F=% if A = ); is a hook
N 0, otherwise.

O

The most natural instance of a sequence & with E flat is the classifying

sequence over the Grassmannian G(r,n). As we shall see in §8, the cal-

culation of Bott-Chern forms for this sequence leads to a presentation of
arithmetic intersection ring of the arithmetic Grassmannian over SpecZ.

6 Calculations when E is projectively flat

We will now generalize the results of the last section to the case where E
is projectively flat, i.e. the curvature matrix Ky of E is a multiple of the
identity matrix: Kz = wld,. This is true if £ = 77" for some hermitian
line bundle L, with w = ¢, (L) the first Chern form of L.

The Bott-Chern forms (for the induced metrics) are always closed in this
case as well, and will be expressed in terms of characteristic classes of the
bundles involved. However this seems to be the most general case where
this phenomenon occurs.

The key observation is that for projectively flat bundles, the curvature
matrix Kr = wld, in any local trivialization. Thus we have

[ (I —u)Ks +uwld, 0
K(u) = ( 0 | (1 —u)Kq + uwld,

where s = n — r denotes the rank of (). Now Theorem 2 gives

1
— 1
(&) = k / T((wd, + (1 - w)Ks)* ! — K] du =
0

0

N Y . N 4
—kHyapea(S) + kY (k j Tr(w Kg ') / w1 —w)* I .
j=1

12



We can rewrite this as an equation involving power sums of the quotient
bundle: since pi(S) + pr(Q) — pk(f%) = 0 in A(X), we have p(S) =
nw* — pp(Q). Thus (6) becomes

) = Mm@ = X S, @ (7)

j=1

Theorem 4 Let X be a complex manifold, E a projectively flat hermitian
vector bundle over X. Let 0 — S — E — @Q — 0 a short exact sequence of
vector bundles over X with metrics on S, Q induced from E. Then for any
invariant polynomial p€1(n), ¢(S@ Q) = ¢(E) as differential forms on X.

Proof. Since the p, form an additive basis for I(n), it suffices to prove the
result when ¢ = p,. The above calculation shows that py is a closed form.
This combined with Proposition 1 shows that py is closed for any partition
A. Thus

O
Remark. If F is a trivial vector bundle, this result follows by pulling back
the exact sequence & from the classifying sequence on the Grassmannian.

The forms are equal there because they are invariant with respect to the
U(n) action, so harmonic.

The Bott-Chern forms p), for a general partition A = (\q,..., \,,) can be
computed by using Proposition 1. If |A\| = > A\; = k then we have

m

&) = 55 @) [[on, (B) = 0™ S g (8). ®)

i=1 J#i i=1

In principle equations (7) and (8) can be used to compute ¢(&) for any
characteristic class ¢.
We now find a more explicit formula for the Bott-Chern forms of Chern

classes. The computation is not as straightforward, as the argument of

13



Proposition 3 does not apply. Since by Theorem 2 the calculation depends
only on the curvature matrices Kg, Kg and K¢, we may assume

E: 0-S—LeC"—-Q—0
is our chosen sequence, and define a new sequence
&=L :0-8SxaL —>C”—>@®f*—>0.
The metrics on the bundles in & are induced from the trivial metric on
C". Using Propositions 2 and 3 now gives

(€)= (6@ L) = Z (Z : z)&(?)cl(f)ki _

T
=
:
BN
|
=
L
Q|
®
~
€
i
|

where

k . .
Z n—i\[1—1
J 51 k—1 7

To find a closed form for the sum d;, we can use the general identity

L (n—i\[s+1 n+s+1
Z ( )( )HS'H' = <p_|_q+1> (Hn+s+1 _Hp+q+1 +Hp)' (9)

i=q—s p q

This is identity (10) in [Sp]. In passing we note that writing equation (9)
without the harmonic number terms:

g n—i\(s+i\ [n+s+1
e\ P q p+q+1
gives a well known identity among binomial coefficients. Applying (9) to d;

and replacing k by k + 1 and j by k£ — ¢ we arrive at the formula

k

G (8) =S (1) (”) Hp (@),

=0

14



where ¢, = H,, — H,_; + Hp_;- As remarked previously, this calculation is
valid for any projectively flat bundle E with ¢;(F) = nw.

Of course one can use the above method to compute the Bott-Chern form
Px(&) as well; however this leads to a more complicated formula than (7).
Equating the two proves(!) the following interesting combinatorial identity
(compare [Sp], identity (30)):

=0 1,8 —1

i(q)iﬂ < " ) Hoops = é (n>s). (10)

n
Here | . ] is a trinomial coefficient.
Y,
The following summarizes the calculations of this section:

Theorem 5 Let X be a complex manifold, E a projectively flat hermitian
vector bundle over X, with ¢,(E) = nw. Let0 — S - E — Q — 0 be a
short exact sequence of vector bundles over X with metrics on S, @ induced
from E. Then

k

P (@) = (k + DM@ — ()Y pi (@)

i=1

=0

k
5@@:ZPW<3%WH@
where 7, = H, — Hp—i + Hp_i.

Note that the formulas in Theorem 5 reduce to the ones of the previous
section when w = 0!

7 Arithmetic intersection theory

We recall here the generalization of Arakelov theory to higher dimensions
due to H. Gillet and C. Soulé. Our main references are [GS1], [GS2] and the
exposition in [SABK]. For A an abelian group, Ag denotes A®;Q. Let X be
an arithmetic scheme over Z, by which we mean a regular scheme, projective
and flat over SpecZ. For p > 0, let X® be the set of integral subschemes
of X of codimension p and Z?(X) be the group of codimension p cycles on
X. The p-th Chow group of X: CH?(X) := Z?(X)/RP(X), where RP(X) is
the subgroup of Z?(X) generated by the cycles divf, f€k(z)*, z€ X®~1),

15



Let CH(X) = @, CH?(X). If X is smooth over SpecZ, then the methods
of [F] can be used to give CH(X) the structure of a commutative ring. In
general one has a product structure on CH(X)q after tensoring with Q.

Let DP?(X(C)) denote the space of complex currents of type (p,p) on
X(C), and F,, : X(C) — X(C) the involution induced by complex con-
jugation. Let DPP(Xg) (resp. APP(Xg)) be the subspace of DP?(X(C))
(resp. APP(X(C))) generated by real currents (resp. forms) T such that
FxT = (—1)PT; denote by DP?(Xg) and AP?(Xy) the respective images in
Dr?(X(C)) and AP?(X(C)).

An arithmetic cycle on X of codimension p is a pair (Z, gz) in the group

ZP(X) @ DP~'7=1(Xg), where g is a Green current for Z(C), i.e. a current
such that dd°gz + 0z(c) is represented by a smooth form. The group of
arithmetic cycles is denoted by Z?(X). If z € X~V and f € k(x)*, we let
ai;f denote the arithmetic cycle (divf, [—log|fc|? - du(c)])-
_ The p-th arithmetic Chow group of X: C/'I\{p(X) = Zp(XlL}AEP(X), where
RP(X) is the subgroup of Z?(X) generated by the cycles divf, f € k(x)*,
zeX® V. Let CH(X) =@, CH’ (X).

We have the following canonical morphisms of abelian groups:

¢:CH (X) — CH"(X), [(Z,92)]— [2],
w:CH' (X) — KerdNKerd® (C AP?(Xz)), [(Z,92)] — dd°gz + 62c),
a: ﬁ”_l’p_l(XR) — C/'T‘IP(X), n+— [(0,n)].

One can define a pairing C/’T{p(X) ®CH" (X) — C/’EPJrq(X)Q which turns
CH (X)g into a commutative graded unitary Q-algebra. The maps (, w are
Q-algebra homomorphisms. If X is smooth over Z one does not have to
tensor with Q. The definition of this pairing is difficult; the construction
uses the star product of Green currents, which in turn relies upon Hironaka’s
resolution of singularities to get to the case of divisors. The functor CH p(X )
is contravariant in X, and covariant for proper maps which are smooth on
the generic fiber.

Choose a Kéhler form wy on X (C) such that FXwy = —wy (this is equiv-
alent to requiring that the corresponding Kahler metric is invariant under
F.). It is natural to utilize the theory of harmonic forms on X in the
study of Green currents on X (C). Following [GS1], we call the pair X =
(X, wp) an Arakelov variety. By the Hodge decomposition theorem, we have
APP(Xp) = HPP(Xg) ® Imd @ Imd*, where HP?(Xg) = KerA C AP?(X) de-
notes the space of harmonic (with respect to wy) (p, p) forms o on X (C) such
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that F* a = (—1)Pa. The subgroup CH?(X) := w™ ! (HP?(Xg)) of C/’T{p(X)
is called the p-th Arakelov Chow group of X. Let CH(X) = D,>0 CH?(X).

CHP?(X) is a direct summand of CH p(X ), and there is an exact sequence
CHPP (X)) -2 HP=1r=Y(Xy) - CHP(X) = CHP(X) — 0. (11)

In the above sequence the group C H??~1(X) is defined as the E%"' ™ term of
a certain spectral sequence used by Quillen to calculate the higher algebraic
K-theory of X, and the map p coincides with the Beilinson regulator map
(cf. [G] and [GS1], 3.5).

If H(Xr) = @, H"?(Xg) is a subring of , APP(Xg), for example if
X(C) is a curve, an abelian variety or a hermitian symmetric space (e.g. a
Grassmannian), then CH(X)q is a subring of CH (X )g. This is not the case
in general; for example it fails to be true for the complete flag varieties.

Arakelov [A] introduced the group CH'(X), where X = (X, go) is an
arithmetic surface with the metric go on the Riemann surface X (C) given
by % > w; ANw;. Here g is the genus of X(C) and {w;} for 1 < j < gis an
orthonormal basis of the space of holomorphic one forms on X (C).

A hermitian vector bundle E = (E,h) on an arithmetic scheme X is an
algebraic vector bundle £ on X such that the induced holomorphic vector
bundle E(C) on X(C) has a hermitian metric h, which is invariant under
complex conjugation, i.e. F* (h) = h.

To any hermitian vector bundle one can attach characteristic classes
QE(E) GC/'F(X)Q, for any ¢p€1(n,Q), where n = rkE. For example, we have

arithmetic Chern classes ¢ (E) € C/’T—Ik(X). Some basic properties of these
classes are:

(1) &(F) = 1 and ¢,(E) = 0 for k > rkE.

(2) The form w(¢,(E)) = c,(E) € A¥*(Xg) is the k-th Chern form of the
hermitian bundle E(C).

(3) ¢(@(E)) = cu(E) e CHY(X).
(4) f*¢,(E) = c(f*E), for every morphism f : X — Y of regular schemes,
projective and flat over Z.
(5) If L is a hermitian line bundle, ¢;(L) is the class of (div(s), —log ||s||?)
for any rational section s of L.

Analogous properties are satisfied by gg for any ¢ € I(n,Q) (see [GS2],
Th. 4.1). The most relevant property of these characteristic classes is their

behaviour in short exact sequences: if

E:0—-8S—FE—-Q—0
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is such a sequence of hermitian vector bundles over X, then

o~ o~

(S ®Q) — ¢(E) = a((&)). (12)

Relation (12) is the main tool for calculating intersection products of classes
in CH(X) that come from characteristic classes of vector bundles. Combin-
ing it with the results of §4 and §5 gives immediate consequences for such
intersections. For example, we have

Corollary 4 Let & : 0 — S — E — Q — 0 be a short exact sequence of
hermitian vector bundles over an arithmetic scheme X. Assume that the

metrics on S(C), Q(C) are induced from that on E(C).

(a) If E(C) is flat, then

(1) px(S® Q) =Dpx(E), if X has length > 1, and

() Pe(S) +Dr(Q) — Pr(E) = kHymra(pi-1(Q)), Yk =1,
in the arithmetic Chow group C/'I\{(X)Q.
(b) If E = " for some hermitian line bundle T and w = c1(L(C)), then

2(S)e(Q) — a(F) = 3 (1) (") (Mo = Haes + i )alw'p, (@),

2]

in the arithmetic Chow group C/'?I(X)

8 Arakelov Chow rings of Grassmannians

In this section G = G(r,n) will denote the Grassmannian over SpecZ. Over
any field k, G parametrizes the r-dimensional linear subspaces of a vector
space over k. Let

E:0—-S—E—-Q—0 (13)

denote the universal exact sequence of vector bundles over G. Here the
trivial bundle E(C) is given the trivial metric and the tautological subbundle
S(C) and quotient bundle Q(C) the induced metrics. The homogeneous
space G(C) ~ U(n)/(U(r) x U(n — r)) is a complex manifold. G(C) is
endowed with a natural U(n)-invariant metric coming from the Kéhler form
ne = c1(Q(C)).

G is a smooth arithmetic scheme and G(C) with the metric coming
from ng is a hermitian symmetric space, so we have an Arakelov Chow ring
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CH(G). Note that since the hermitian vector bundles in (13) are invariant
under the action of U(n), their Chern forms are harmonic, and thus the

arithmetic characteristic classes obtained are all elements of CH(G). V.
Maillot [Ma] found a presentation of CH(G), using the above observation
and the short exact sequence (11). We wish to offer another description of
this ring, based on the calculations in this paper.

First recall the geometric picture: for the ordinary Chow ring we have

Z[c(S), c(Q)]
CH(G) = ——F—"—. 14
=@ =1 o
(see for instance [F], Example 14.6.6). If x;,...,z, are the Chern roots of

S, y1,...,ys are the Chern roots of @, H = S, x S,,_, is the product of two
symmetric groups, and ¢ is a formal variable, then (14) can be rewritten
Y/ e Ty Y1y Ys)E
CH(G) = - ZBn sy s o]7 (15)
(TL(1 + ) TT, (1 + y;t) = 1)

Maillot’s presentation of C H(G) is an analogue of (14); ours will be an
analogue of (15). We introduce 2n variables

Zilv"w{ﬁrayla‘"7§S7$17"'7xr)y17'")ys
and consider the rings
A=Z[Z1,.. T, U5+, Us)" and B=Rlxy, ..., T, Y1,. -, Ys]”
and the ring homomorphism w : A — B defined by w(Z;) = x; and w(y;) =
y;. A ring structure is defined on the abelian group A @ B by setting
(@,2') * (,y) = (27, w(@)y’ + 2'w (7))

We will adopt the convention that & denotes (@, 0), 3 denotes (0, 3), and any
product [] z;y; denotes (0, [] z;y;,); the multiplication * is thus characterized

by the properties @ * 8 = af and §; * B, = 0. We now define two sets of
relations in (A @ B)[t]:

R [JQ+2) [JQ +yt) =1,

i J

Ry JJ(1+2:8) « [T+ 55) + (1“2M) .

and let A denote the quotient of the graded ring A @& B by these relations.
Using this notation we can state
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Theorem 6 There is a unique ring isomorphism ® : A — CH(G) such

that
o[ +24) =Y a@®)r,  a[[1+5r) =Y 6@F,
([T +289) = Yale®)r', ([0 +y,)) = 3 ale, @)1

Proof. The isomorphism ® of A with CH(G) is obtained exactly as in
[Ma], Theorem 4.0.5. The key fact is that since G has a cellular decomposi-
tion (in the sense of [F], Ex. 1.9.1.), it follows that CH??~!(G) = 0 for all
p (using the excision exact sequence for the groups CH**(G); cf. [G], §8).
Summing the sequence (11) over all p gives

0 — H(Gz) - CH(G) - CH(G) — 0. (16)

We can now use our knowledge of the rings H(Gg) and CH (G) together with
the five lemma, as in loc. cit. The multiplication * is a consequence of the
general identity a(z)y = a(zw(y)) in CH(G). To complete the argument
we must show that the relation ¢(S)c(Q) = 1+ a(c(&)) translates to the
relation R4 above.

Let p;(y) be the i-th power sum in the variables y; . . ., y,, identified under

® with the class a(p;(Q)) in CH(G) (we will use such identifications freely

in the sequel). We also define p,(t) = Z(—l)”lHipi(y)ti“. Proposition 3
i=0
implies that

&(8)a(Q) =1+ a(@(&)) =1 —pa(t), (17)

where the subscript ¢ denotes the corresponding Chern polynomial. Multi-
plying both sides of (17) by 1 + p,(t) and using the properties of multipli-
cation in A gives the equivalent form

() *&(Q) * (1 + pa(t)) = 1. (18)

We now note that the harmonic number generating function

> ; t 1 ¢ 1 ¢ log(1 —t)
A= z z v = o\ W
;H' IS e g t—1
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It follows that

pol=t) = Y M) = ¢3S Mgty = ey L)

j=1i=0 j=1 1=yt
and thus ( )
*\log(1 + y,t
pa(t) =1y ———2
i=1 1 + yjt
Substituting this in equation (18) gives relation Ro. O

Theorem 6 shows that the relations in the Arakelov Chow ring of G
are the classical geometric ones perturbed by a new ‘arithmetic factor’ of
1 + pa(t). While this factor is closely related to the power sums p;(Q), the
most natural basis of symmetric functions for doing calculations in CH(G)
is the basis of Schur polynomials (corresponding to the Schubert classes; see
for example [F], §14.7). The arithmetic analogues of the special Schubert
classes involve the power sum perturbation above; multiplication formulas
are thus quite complicated (see [Ma]).

In geometry the Chern roots x; and y; all ‘live’ on the complete flag
variety above G. There are certainly natural line bundles on the flag variety
whose first Chern classes correspond to the roots in Theorem 6. However
on flag varieties the situation is more complicated and our knowledge is not
as complete. We refer the reader to [T] for more details.
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