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ABSTRACT. We give a new construction of higher arithmetic Chow groups for quasi-
projective arithmetic varieties over a field. Our definition agrees with the higher arith-
metic Chow groups defined by Goncharov for projective arithmetic varieties over a field.
These groups are the analogue, in the Arakelov context, of the higher algebraic Chow
groups defined by Bloch. The degree zero group agrees, for projective varieties, with the
arithmetic Chow groups defined by Gillet and Soulé and in general, with the arithmetic
Chow groups of Burgos. Our new construction is shown to be a contravariant functor
and is endowed with a product structure, which is commutative and associative.
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INTRODUCTION

Let X be an arithmetic variety, i.e. a regular scheme which is flat and quasi-projective
over an arithmetic ring. In [14], Gillet and Soulé defined the arithmetic Chow groups of
X, denoted as CH p(X ), whose elements are classes of pairs (Z, gz), with Z a codimension
p subvariety of X and gz a Green current for Z. Later, in [5], the first author gave an
alternative definition for the arithmetic Chow groups, involving the Deligne complex of
differential forms with logarithmic singularities along infinity, Df‘og(X ,p), that computes
real Deligne-Beilinson cohomology, H}(X,R(p)). When X is proper, the two definitions
are related by a natural isomorphism that takes into account the different normalization
of both definitions. In this paper, we follow the latter definition.

It is shown in [5] that the following properties are satisfied by CH p(X )
e The groups CH p(X ) fit into an exact sequence:

(1) CHP'(X) & DN (X, p)/imdp % CH' (X) S CHP(X) — 0,

where CHP~12(X) is the term E?~""P(X) of the Quillen spectral sequence (see
[23], §7) and p is the Beilinson regulator.
e There is a pairing
o o . ==pt
CH'(X)o CH'(X) - CH""(X)q
turning P, CH p(X )o into a commutative graded unitary Q-algebra.
o If f: X — Y is a morphism, there exists a pull-back morphism

. CH (V) - CH'(X).

Assume that X is proper and defined over an arithmetic field. Then the arithmetic
Chow groups have been extended to higher degrees by Goncharov, in [16]. These groups
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are denoted by CH p(X ,n) and are constructed in order to extend the exact sequence
to a long exact sequence of the form

= CH (X,n) S CHP(X,n) & HP (X, R(p)) & CH (X,n—1) — -

-~ CH"(X,1) % DE (X, p)/ imdp % CH'(X) & CHP(X) — 0.

Explicitly, Goncharov defined a regulator morphism
Z7(X.%) = DE(X,p),

where

e ZP(X,x) is the chain complex given by Bloch in [3], whose homology groups are,
by definition, C HP(X, ).
e D7,(X,*) is the Deligne complex of currents.
Then the higher arithmetic Chow groups of a regular complex variety X are defined as
CH p(X ,n) := H,(s(P")), the homology groups of the simple of the induced morphism

P ZP(X, %) T DE(X,p)/D¥(X,p).

For n = 0, these groups agree with the ones given by Gillet and Soulé. However, this
construction leaves the following questions open:

(1) Does the composition of the isomorphism K, (X)q = @,50 CHP(X,n)q with the
morphism induced by P agree with the Beilinson regulator?
5P
(2) Can one define a product structure on p,,,, CH (X, n)?
(3) Are there well-defined pull-back morphisms?

The use of the complex of currents in the definition of P is the main obstacle encountered
when trying to answer these questions, since this complex does not behave well under
pull-back or products. Moreover, the usual techniques for the comparison of regulators
apply to morphisms defined for the class of quasi-projective varieties, which is not the
case of P.

In this paper we develop a higher arithmetic intersection theory by giving a new defi-
nition of the higher arithmetic Chow groups, based on a representative of the Beilinson
regulator at the chain complex level. Our strategy has been to use the Deligne complex
of differential forms instead of the Deligne complex of currents in the construction of
the representative of the Beilinson regulator. The obtained regulator turns out to be a
minor modification of the regulator described by Bloch in [4].

The present definition of higher arithmetic Chow groups is valid for quasi-projective
arithmetic varieties over a field, pull-back morphisms are well-defined and can be given a
commutative and associative product structure. Therefore, this construction overcomes
the open questions left by Goncharov’s construction.

The authors, jointly with Takeda, prove in [6] that this definition agrees with Gon-
charov’s definition when the arithmetic variety is projective. Moreover, by a direct com-
parison of our regulator with P, it is also proved that the regulator defined by Goncharov
induces the Beilinson regulator. In this way, the open questions (1)-(3) are answered pos-
itively. Moreover, the question of the covariance of the higher arithmetic Chow groups
with respect to proper morphisms will also be treated elsewhere.

Note that since the theory of higher algebraic Chow groups given by Bloch, CHP (X, n),
is only fully established for schemes over a field, we have to restrict ourselves to arithmetic
varieties over a field. Therefore, the following question remains open:
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(1) Can we extend the definition to arithmetic varieties over an arithmetic ring?

Let us now briefly describe the constructions presented in this paper. First, for the
construction of the higher Chow groups, instead of using the simplicial complex defined
by Bloch in [3], we use its cubical analog, defined by Levine in [19], due to its suitability
for describing the product structure on CH*(X,x). Thus ZP(X,n)o will denote the
normalized chain complex associated to a cubical abelian group. Let X be a complex
algebraic manifold. For every p > 0, we define two cochain complexes, D& =p(X,p)o and
D} (X, p)o, constructed out of differential forms on X x 0" with logarithmic singularities
along infinity (00 = P!\ {1}). For every p > 0, the following isomorphisms are satisfied:

H*~"(D} z4(X,p)o)
H"(DL(X,p)o)

CHp(Xa n)Ra n= 0’
Hp(X,R(p)), r < 2p,

1R

where the first isomorphism is obtained by a explicit quasi-isomorphism

D2 (X,p)o — ZP(X, %) ® R

(see §2.4 and §2.5).

We show that there is a natural chain morphism (see §3.1)
2p—x* 2p—x
D20 (X,p)o & D (X, p)o
which induces, after composition with the isomorphism
Kn(X)o = P CHY (X, n)g
p=>0
described by Bloch in [3], the Beilinson regulator (Theorem (3.5)):
Kn(X)g = €D CHP (X, n)g & D HY " (X, R(p)).
p=>0 p>0

In the second part of this paper we use the morphism p to define the higher arith-

metic Chow group CH p(X ,n), for any arithmetic variety X over a field. The formalism
underlying our definition is the theory of diagrams of complexes and their associated
simple complexes, developed by Beilinson in [I]. Let Xy denote the complex manifold
associated with X and let ¢ be the involution that acts as complex conjugation on the
space and on the coefficients. As usual ¢ as superindex will mean the fixed part under
0. Then one considers the diagram of chain complexes

P(Xyx,*) DY (Xx,p)
EP(X, *)o = / \ / \
D2 (Xs,p) ZD% (X5,p)”

where ZDlOg(Xg,p)" is the group of closed elements of Dlog()(g,p)‘7 considered as a
complex concentrated in degree 0. Then, the higher arithmetic Chow groups of X are
given by the homology groups of the simple of the diagram ZP(X, %)y (Definition :

CH"(X,n) := Hy(s(2P(X,%)o))-

The following properties are shown:
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e Theorem Let C/'?IP(X ) denote the arithmetic Chow group defined in [5].
Then, there is a natural isomorphism

CH'(X) S CH'(X,0).

It follows that if X is proper, CH p(X ,0) agrees with the arithmetic Chow group
defined by Gillet and Soulé in [14].
e Proposition There is a long exact sequence

-~ CH'(X,n) & CHP(X,n) > HP "(Xs,R(p)” % CH (X,n—1) — -

.= CHY(X,1) & DY (Xx,p)7/ imdp % CH' (X) & CHP(X) — 0,

with p the Beilinson regulator.
e Proposition (Pull-back): Let f : X — Y be a morphism between two
arithmetic varieties over a field. Then, there is a pull-back morphism

cH'(v,n) L CH' (X,n),
for every p and n, compatible with the pull-back maps on the groups C HP(X, n)
and HZ~"(X,R(p)).

e Corollary (Homotopy invariance): Let m: X x A™ — X be the projection
on X. Then, the pull-back map

T E?IP(X,n) — C/'?IP(X x A n), n>1

is an isomorphism.
e Theorem (Product): There exists a product on

CH (X,+):= @ CH'(X.n),
p=0,n>0

which is associative, graded commutative with respect to the degree n.

The paper is organized as follows. The first section is a preliminary section. It is
devoted to fix the notation and state the main facts used in the rest of the paper. It
includes general results on homological algebra, diagrams of complexes, cubical abelian
groups and Deligne-Beilinson cohomology. In the second section we recall the definition
of the higher Chow groups of Bloch and introduce the complexes of differential forms
being the source and target of the regulator map. We proceed in the next section to the
definition of the regulator p and we prove that it agrees with Beilinson’s regulator. In
sections 4 and 5, we develop the theory of higher arithmetic Chow groups. Section 4
is devoted to the definition and basic properties of the higher arithmetic Chow groups
and to the comparison with the arithmetic Chow group for n = 0. Finally, in section
5 we define the product structure on CH *(X ,*) and prove that it is commutative and
associative.
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1. PRELIMINARIES

1.1. Notation on (co)chain complexes. We use the standard conventions on (co)chain
complexes. By a (co)chain complex we mean a (co)chain complex over the category of
abelian groups.

The cochain complex associated to a chain complex A, is simply denoted by A* and
the chain complex associated to a cochain complex A* is denoted by A.. The translation
of a cochain complex (A*,d4) by an integer m is denoted by A[m|*. Recall that Am|" =
A™F" and the differential of A[m]* is (—1)™d4. If (As,da) is a chain complez, then the
translation of A, by an integer m is denoted by A[m].. In this case the differential is
also (—=1)"d4 but Alm|, = Ap—m.

The simple complexr associated to an iterated chain complex A, is denoted by s(A),
and the analogous notation is used for the simple complex associated to an iterated
cochain complex (see [9] §2 for definitions).

The simple of a cochain map A* 1, B* is the cochain complex (s(f)*,ds) with s(f)" =
A" @ B" 1 and differential dy(a,b) = (daa, f(a) — dgb). Note that this complex is the
cone of —f shifted by 1. There is an associated long exact sequence
(1.1) o HY(s(f)) = HY(AY) L BB — B (s(f)") = -

If f is surjective, there is a quasi-isomorphism

(1.2) ker f 5 s(—f)" @ (,0),
and if f is injective, there is a quasi-isomorphism

(1.3) s(f)]* 5 B* /A (a,b) — [b].

Analogously, equivalent results and quasi-isomorphisms can be stated for chain com-
plexes.

Following Deligne [10], given a cochain complex A* and an integer n, we denote by
T<nA* the canonical truncation of A* at degree n.

1.2. The simple of a diagram of complexes. We describe here Beilinson’s ideas on
the simple complexes associated to a diagram of complexes (see [1]). A diagram of chain
complexes is a diagram of the form

Bi Bf Br
ey o= N S N
Al A2 Ar

An+1

*

Consider the induced chain morphisms
il . o1(a;) = yila;) if a; € A,
(15) AL === P B, pa(ai) = vi1(a;) if a; € AL,
= = plai) = (1 = p2)(ai) = (v = vioo)(ai)  if a; € AL

(where we set y,41 = 7, = 0). The simple complex associated to the diagram D, is
defined to be the simple of the morphism ¢:

(1.6) (D) := s(¢)«.
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1.3. Morphisms of diagrams. A morphism between two diagrams D, and D’ consists
of a collection of morphisms

A
hi

B
i ' i M pli
A* A* ) B* B* )

commuting with the morphisms v; and 4/, for all i. Any morphism of diagrams D, LR D.

s(h)

induces a morphism on the associated simple complexes $(D), — s(D’),. Observe that
if, for every i, h{* and h? are quasi-isomorphisms, then s(h) is also a quasi-isomorphism.

1.4. Product structure on the simple of a diagram. Let D, and D’ be two diagrams
as (1.4). Consider the diagram obtained by the tensor product of complexes:
(1.7)

A Y1 ®&1 v1®E7 e ®En A
(PeD).= / \ %@@ / \

In [I], Beilinson defined, for every § € Z, a morphism
s(D)y @ s(D)y -2 s(D@ D),
as follows. For a € A,a’ € A’,b € B and V/ € B’, set:

a*ga’ = a®d,

brgd = b ((1—PB)pi(d) + Bp2(d)),
axgh = (1) (Bpi(a) + (1 - H)p2(a) @V,
b*ﬁb/ = O7

where the tensor product between elements in different spaces is defined to be zero.
If By, C, are chain complexes, let

0:5(Bs®Cy) — s(Cy @ By)
be the map sending b® ¢ € B, ® Cy, to (=1)"c®@b € Cp, @ By,.

Lemma 1.8 (Beilinson). (i) The map xg is a morphism of complexes.
(ii) For every B3,0' € 7, xg is homotopic to xa.
(iii) There is a commutative diagram

s(D), @ s(D'), 2> s(D& D),

s(D'), @ 8(D)s 2 (D' @ D)..
(iv) The products xy and x1 are associative.

1.5. A specific type of diagrams. In this work we will use diagrams of the following
form:

Bl B?
(19) p.-| N S
Al A2
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with 7] a quasi-isomorphism. For this type of diagrams, since 4} is a quasi-isomorphism,
we obtain a long exact sequence equivalent to the long exact sequence related to the

simple of a morphism. Since a diagram like this induces a map AL — B2 in the derived
category, we obtain

Lemma 1.10. Let D, be a diagram like (1.9). Then there is a well-defined morphism
Hy(A) & Ho(BY),  [a1] = 22(31) ' mlaa).

Moreover, there is a long exact sequence

(L11) o= Hy(s(D).) = H(AL) 2 Ho(B2) — Hy 1 (s(D),) — -+

Consider now a diagram of the form

B! B2
(1.12) p.-| 7 N S \ ,
Al A2 43

with v] a quasi-isomorphism and 7} a monomorphism.
Lemma 1.13. Let D be a diagram as (1.12)) and let D’ be the diagram

B2 /A3

Bl
/ 71 ’Yi 2
(1.14) . = / \ / ,
Al A2

Then, there is a quasi-isomorphism between the simple complexes associated to D and
to D':

5(D)x = s(D')x.

Proof. 1t follows directly from the definition that the simple complex associated to D; is
quasi-isomorphic to the simple associated to the diagram

s(43 22 B2)[1)

Bl
v e N T
Al A2

Then, the quasi-isomorphism given in induces a quasi-isomorphism

s(D") = s(D").
as desired. O
Corollary 1.16. For any diagram of the form , there is a long exact sequence
(1.17) s = Ho(s(D)s) = Ho(AL) & Hyo1(s(73)) — Hp-1(s(D)s) — -

Proof. Tt follows from the previous lemma together with Proposition [I.10 g
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1.6. Cubical abelian groups and chain complexes. Let C. = {C},},,>0 be a cubical
abelian group with face maps 65 :Cp — Cphq, fori =1,...,n and 5 = 0,1, and
degeneracy maps g; : Cp, — Cp4q, for i =1,...,n+ 1. Let D,, C C), be the subgroup of
degenerate elements of C,,, and let 6’n = Cy/Dy,.

Let C. denote the associated chain complex, that is, the chain complex whose n-
th graded piece is Cy, and whose differential is given by § = > ", ijo’l(—l)”j(ﬁ .

Thus D, is a subcomplex and C, is a quotient complex. We fix the normalized chain
complezx associated to C., NC,, to be the chain complex whose n-th graded group is
NC,, := (N, ker 6}, and whose differential is § = Y"1  (—1)%Y. It is well-known that
there is a decomposition of chain complexes Cx = NC, @ D, giving an isomorphism
NC, = C,.

For certain cubical abelian groups, the normalized chain complex can be further sim-
plified, up to homotopy equivalence, by considering the elements which belong to the
kernel of all faces but 7.

Definition 1.18. Let C. be a cubical abelian group. Let NyC\ be the complex defined
by

(1.19) NoC,, = m ker 0! N ﬂ ker?, and differential § = —4.
i=1 =2

The proof of the next proposition is analogous to the proof of Theorem 4.4.2 in [2].
The result is proved there only for the cubical abelian group defining the higher Chow
complex (see below). We give here the abstract version of the statement, valid for
a certain type of cubical abelian groups.

Proposition 1.20. Let C. be a cubical abelian group. Assume that it comes equipped
with a collection of maps

hj:Cn—>Cn+1, jzl,...,n,
such that, for any | = 0,1, the following identities are satisfied:

(5]1-hj = (5]1-+1hj28j5]1-,
(1.21) 8hj = 03, h; =id,

hi_16 i< j
l,.: j—10; s
Oih; {hﬁL1i>j+L

Then, the inclusion of complexes
i N()C* — NC*
1s a homotopy equivalence.

Proof. Let gj : NC,, — NCp41 be defined as g; = (—1)”_jhn,j if0<j<n-—1and
g; = 0 otherwise. Then there is a well-defined morphism of chain complexes

Hj = (Id—i—égj +gj(5) :NC, — NC,.

This morphism is homotopically equivalent to the identity.
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Let x € NC,, and 0 < j <n — 1. Then,

n+1 .
Shni(@) = 3 (~1)0%h_i(x)
=1
n—j—1 n+1
= (1)’ adl(@) + > (=1 6] (2),
i=1 i=n—j+2
hn—j—16(z) = Y (=1)"hn_j-18; ().
=1
Hence,
8gj(x) + g;0(x) = (=" > (=1 hn 00 (x) + ()" YT (=1 h 160 ().

1=n—j+1 1=n—j

We consider the decreasing filtration G* of NC, given by
(1.22) G'NC,, = {x € NC, | 6)(x) =0,i > max(n — j,1)}.
Then G'NC, = NCi and for j > n—1, G'NC, = NoC,. If x € GI*'NC,, then
dgj(x) + gj6(x) = 0 and thus, H;(z) = x. Moreover, if x € G'NC,, then H;(z) €
G/TINC,. Thus, Hj is the projector from GINC, to GITINC,.

Thus, the morphism ¢ : NC, — NgC\ given, on NCy,, by ¢ := H, 90 ---0 Hy forms
a chain morphism homotopically equivalent to the identity. Moreover ¢ is the projector

from NCx to NoC,. Hence, ¢ o1 is the identity of NoC\ while i o ¢ is homotopically
equivalent to the identity of NC.. U

Remark 1.23. To every cubical abelian group C. there are associated four chain com-
plexes: Cy, NCy, NoC, and C,. In some situations it will be necessary to consider the
cochain complexes associated to these chain complexes. In this case we will write, re-
spectively, C*, NC*, NgC* and C*.

1.7. Cubical cochain complexes. Let X* be a cubical cochain complex. Then, for
every m, the cochain complexes NX} , NoX;;, and X, are defined.

Proposition 1.24. Let X*,Y* be two cubical cochain complexes and let f : X* — Y*
be a morphism. Assume that for every m, the cochain morphism

Xz Iy
s a quasi-isomorphism. Then, the induced morphisms
NXE I NYE and Xr I v

are quasi-isomorphisms.

Proof. The proposition follows from the decompositions
H'(X;,) = H'(NX,)e H'(DXg,),
H'(Y,) = H'(NYy)e H' (DY),

and the fact that f,, induces cochain maps

Nx* I Ny: pxr Im pyr
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Proposition 1.25. Let X* be a cubical cochain complex. Then the natural morphism
H(NXY) L NET (X7

s an isomorphism for all n > 0.

Proof. The cohomology groups H"(X*) have a cubical abelian group structure. Hence
there is a decomposition

H'(X*)=NH"(X’)® DH"(X).
In addition, there is a decomposition X} = NX! & DX. Therefore
H'(X*)=H"(NX')® H (DXY).

The lemma follows from the fact that the identity morphism in H"(X*) maps NH"(X)
to H"(NX*) and DH"(X*) to H"(DX*). O

1.8. Deligne-Beilinson cohomology. In this paper we use the definitions and conven-
tions on Deligne-Beilinson cohomology given in [5] and [9], chapter 5.

One denotes R(p) = (2mi)?-R C C. Let X be a complex algebraic manifold and denote
by Ej, g(X)(p) the complex of real differential forms with logarithmic singularities along
infinity, twisted by p. Let (Dl*og(X ,p),dp) be the Deligne complex of differential forms
with logarithmic singularities, as described in [5]. It computes real Deligne-Beilinson
cohomology of X, that is,

H"(Diog(X,p)) = Hp(X, R(p))-

This complex is functorial on X.
The product structure in Deligne-Beilinson cohomology can be described by a cochain
morphism on the Deligne complex (see [9]):

DI (X,p) © DL (X,q) > DEE™(X,p+q)
TRY — xey.

This product satisfies the expected relations:

(1) Graded commutativity: zey = (—1)""y e x.
(2) Leibniz rule: dp(zey) =dprey+ (—1)"z edpy.

Proposition 1.26. The Deligne product e is associative up to a natural homotopy, i.e.
there exists

h: Ding (X, p) © Dig(X,q) @ Diog(X, 1) = DIt (X, p+ g +1)
such that
dph(w1 ® wa @ w3) + hdp(w @ ws @ ws) = (w1 @ ws) W3 — wy @ (wWo @ wW3).

Moreover, if wy € Dlzfg(X,p), wy € Dlzoqg(X, q) and ws € Dﬁfg(X, 1) satisfy dpw; = 0 for
all i, then

(1.27) h(w) ® we @ wz) = 0.
Proof. This is [5], Theorem 3.3. O
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1.9. Cohomology with supports. Let Z be a closed subvariety of a complex algebraic

manifold X. Consider the complex Dfog(X \ Z,p), i.e. the Deligne complex of differential

forms in X \ Z with logarithmic singularities along Z and infinity.
Definition 1.28. The Deligne complex with supports in Z is defined to be
Dl*og,Z(va) = S(Dikog(Xap) - Dl*og(X \ Zap))

The Deligne-Beilinson cohomology with supports in Z is defined as the cohomology groups
of the Deligne complex with supports in Z:

Hp 7(X,R(p)) := H"(Diog, z(X, p))-

Lemma 1.29. Let Z,W be two closed subvarieties of a complex algebraic manifold X.
Then there is a short exact sequence of Deligne complexes,

0 — Dipg (X \ ZNW.p) - Difg(X \ Z,p) & Dipg (X \ Wip) & Dipy(X\ ZUW.,p) 0,
where i(a) = (a,a) and j(a, ) = —a + (.
Proof. 1t follows from [7], Theorem 3.6. O

In addition, Deligne-Beilinson cohomology with supports satisfies a semipurity prop-
erty. Namely, let Z be a codimension p subvariety of an equidimensional complex mani-

fold X, and let Z1,..., Z, be its codimension p irreducible components. Then
0 n < 2p
1.30 HE (X, R = r ’
( ) D,Z( (p)) { D_ R[Z] n=2p.

For the next proposition, let §; denote the current integration along an irreducible
variety Z. In the sequel we will use the conventions of [9] §5.4 with respect to the current
associated to a locally integrable form and to the current .

Proposition 1.31. Let X be an equidimensional complex algebraic manifold and Z a
codimension p irreducible subvariety of X. Let j : X — X be a smooth compactification
of X (with a normal crossing divisor as its complement) and Z the closure of Z in X.
The isomorphism

o

cl: R[Z] = HE 7 (X, R(p))
sends [Z] to [(7*w,j*g)], for any [(w,g)] € H;’?Z(Y,]R(p)) satisfying the relation of
currents in X
(1.32) —200[g] = [w] — 0.
Proof. See [9], Proposition 5.58. O

In particular, assume that Z = div(f) is a principal divisor, where f is a rational
function on X. Then [Z] is represented by the couple

(0, ~5 08(/ ) € HE (X, R(p)).

The definition of the cohomology with support in a subvariety can be extended to
the definition of the cohomology with support in a set of subvarieties of X. We explain
here the case used in the sequel. Let ZP be a subset of the set of codimension p closed
subvarieties of X, that is closed under finite unions. The inclusion of subsets turns ZP
into a directed ordered set. We define the complex
(1.33) Diog(X\ 27, p) := lim Dj, (X \ Z,p),

ZeZP
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which is provided with an injective map
Dig(X,p) = Diog (X \ 27, p).

As above, we define
Dikog,ZP (X7 p) = 8(2)*
and the Deligne-Beilinson cohomology with supports in Z? as

Hp z0(X,R(p)) := H"(Diog 20 (X, D).

1.10. Real varieties. A real variety X consists of a couple (X¢, Fix), with X¢ a complex
algebraic manifold and F,, an antilinear involution of X¢.

If X = (Xc, Feo) is a real variety, we will denote by o the involution of D, (Xc,p)
given by

a(n) = Fn.
Then the real Deligne-Beilinson cohomology of X is defined by

Hp(X,R(p)) := Hp(Xc, R(p))?,

where the superindex ¢ means the fixed part under o.
The real cohomology of X is expressed as the cohomology of the real Deligne complex

Dﬁ)g(va) = D{log(XC7p)U)
i.e. there is an isomorphism

Hp(X,R(p)) = H"(Diog (X, p), dp).

1.11. Truncated Deligne complex. In the rest of the work, we will consider the
Deligne complex (canonically) truncated at degree 2p. For simplicity we will denote
it by
TDikog(Xv p) = TSQZ?Dl*og(Xﬂ p)'

The truncated Deligne complex with supports in a variety Z is denoted by TDfog, 2(X,p) =
ngle*og (X, p) and the truncated Deligne complex with supports in Z? is denoted by
TDikog,ZP (X,p) = T§2pDikog,ZP (X, p).

Note that, since the truncation is not an exact functor, it is not true that TDl*Og (X, p)
is the simple complex of the map 7Dy, (X, p) — 7D}, (X \ 27, p).

2. DIFFERENTIAL FORMS AND HIGHER CHOW GROUPS

In this section we construct a complex of differential forms which is quasi-isomorphic
to the complex ZP(X,*)y ® R. This last complex computes the higher algebraic Chow
groups introduced by Bloch in [3] with real coefficients. The key point of this construction
is the set of isomorphisms given in .

This complex is very similar to the complex introduced by Bloch in [4] in order to
construct the cycle map for the higher Chow groups. In both constructions one considers
a 2-iterated complex of differential forms on a cubical or simplicial scheme. Since this
leads to a second quadrant spectral sequence, to avoid convergence problems, one has to
truncate the complexes involved. The main difference between both constructions is the
direction of the truncation. We truncate the 2-iterated complex at the degree given by
the differential forms, while in loc. cit. the complex is truncated at the degree given by
the simplicial scheme.
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2.1. The cubical Bloch complex. We recall here the definition and main properties
of the higher Chow groups defined by Bloch in [3]. Initially, they were defined using the
chain complex associated to a simplicial abelian group. However, since we are interested
in the product structure, it is more convenient to use the cubical presentation, as given
by Levine in [19].

Fix a base field k and let P! be the projective line over k. Let 0 = P!\ {1}(=2 A!). The
cartesian product (P!)" has a cocubical scheme structure. For i = 1,...,n, we denote
by t; € (kU {oo}) \ {1} the absolute coordinate of the i-th factor. Then the coface and
codegeneracy maps are defined as

60(t1y e tn) = (t1,.. ti1, 00t th),
6i(t17~--,tn) = (tl,...,ti,l,oo,ti,...,tn),
O'l(tl,...,tn) = (tl,...,ti_l,ti+1,...7tn).

Then, [ inherits a cocubical scheme structure from that of (P!)". An r-dimensional face
of O" is any subscheme of the form 6;1 e (5;:(D"_T).

We have chosen to represent A' as P!\ {1} so that the face maps are represented by
the inclusion at zero and the inclusion at infinity. In this way the cubical structure of
[0 is compatible with the cubical structure of (P')" in [§]. In the literature the usual
representation Al = P!\ {oco} is often used. We will translate from one definition to the
other by using the involution

(2.1) £ — —2

z—1
This involution has the fixed points {0,2} and interchanges the points 1 and oo.

Let X be an equidimensional quasi-projective algebraic scheme of dimension d over
the field k. Let ZP(X,n) be the free abelian group generated by the codimension p
closed irreducible subvarieties of X x 0", which intersect properly all the faces of [1".
The pull-back by the coface and codegeneracy maps of ' endow ZP(X,-) with a cubical
abelian group structure. Let (ZP(X, ), ) be the associated chain complex (see §1.6|) and
consider the normalized chain complez associated to ZP(X, x),

n
ZP(X,n)o := NZP(X,n) = (| ker §;.
=1

Definition 2.2. Let X be a quasi-projective equidimensional algebraic scheme over a

field k. The higher Chow groups defined by Bloch are
CHP(X,n) := H,(ZP(X, *)o).
Let Ny be the refined normalized complex of Definition (1.18]). Let ZP(X, x)gp be the
complex with

n n
ZP(X,n)oo := NoZP(X,n) = () ker 6} N [ ker 4.
=1 1=2

Fix n > 0. For every j = 1,...,n, we define a map
(2.3) ot M e
(tla"'vtn+1) = (tla"'atj*hl_(tj_1)(tj+1_1)7tj+2>"'7tn+1)‘

The refined normalized complex of [2] §4.4 is given by considering the elements in the
kernel of all faces but 87, instead of §9 like here. Taking this into account, together with
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the involution (2.1]), the map h? agrees with the map denoted h"~7 in [2] §4.4. Therefore,
the maps h; are smooth, hence flat, so they induce pull-back maps

(2.4) hj:Z°(X,n) — ZP(X,n+1), j=1,...,n+1,
that satisfy the conditions of Proposition [T.20] Therefore the inclusion
Zp(X> n)OO = NOZp(Xa n) - Zp(X7 n)O

is a homotopy equivalence (see [2] §4.4).
2.2. Functoriality. It follows easily from the definition that the complex ZP(X, %) is
covariant with respect to proper maps (with a shift in the grading) and contravariant for
flat maps.

Let f : X — Y be an arbitrary map between two smooth schemes X,Y. Let
Z]’ﬁ (Y,n)o C ZP(Y,n)o be the subgroup generated by the codimension p irreducible sub-

varieties Z C Y x ", intersecting properly the faces of [J* and such that the pull-back
X x Z intersects properly the graph of f, I'y. Then, Z?(Y, %)o is a chain complex and

the inclusion of complexes Z? (Y,%)o C ZP(Y,*)p is a quasi-isomorphism. Moreover, the
pull-back by f is defined for algebraic cycles in Z?(Y, )0 and hence there is a well-defined
pull-back morphism

CHP(Y,n) L CHP (X, n).
A proof of this fact can be found in [20], §3.5. See also [18].

2.3. Product structure. Let X and Y be quasi-projective algebraic schemes over k.
Then, there is a chain morphism

$(ZP(X, %)o@ Z9(Y,%)0) = ZPHI(X x Y, %)
inducing exterior products
CHP(X,n) ® CHY(Y,m) = CHP"(X x Y,n +m).

More concretely, let Z be a codimension p irreducible subvariety of X x[1", intersecting
properly the faces of J" and let W be a codimension ¢ irreducible subvariety of Y x O™,
intersecting properly the faces of [I'*. Then, the codimension p + ¢ subvariety

ZxWCXxO"xY xO"2XxY xO'xO"x X xY xOvm,
intersects properly the faces of (1™, By linearity, we obtain a morphism
ZP(X,n) ® Z(Y,m) = ZPTIX x Y,n+m).
It induces a chain morphism on the normalized complexes
S(ZP(X,%)o ® Z9U(Y, %)) = ZPTI(X x Y, %),
and hence there is an external product
(2.5) U:CHP(X,n) @ CHYY,m) — CHPTY(X x Y,n +m),

for all p,q,n,m.
If X is smooth, then the pull-back by the diagonal map A : X — X x X is defined on

the higher Chow groups, CHP(X x X, %) 2 CHP (X, x). Therefore, for all p, ¢,n,m, we
obtain an internal product

(2.6) U:CHP(X,n)® CHY(X,m) — CHP(X x X,n+m) 2o CHPY(X,n+m).
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In the derived category of chain complexes, the internal product is given by the morphism

s(ZP(X, )0 ® Z9(X, )o) ——= ZPH1(X x X, #)o

TN

ZRHI(X x X, %)g —> ZPT9(X, %)o.

Proposition 2.7. Let X be a quasi-projective algebraic scheme over k. The pairing
(2.6) defines an associative product on CH*(X,x) = @, ,, CHP(X,n). This product is

graded commutative with respect to the degree given by n.
Proof. See [19], Theorem 5.2. O

2.4. Differential forms and affine lines. For every n,p > 0, let TDl*Og(X x O, p)
be the truncated Deligne complex of differential forms in X x 0", with logarithmic
singularities at infinity. The structural maps of the cocubical scheme [ induce a cubical
structure on TD{og(X x 0%, p) for every r and p.

Consider the 2-iterated cochain complex

Dy "(X,p) = TDog (X x 0", p),
with differential (dp,d = Y"1 (—1)(6? — 6})). Let
Di(X,p) = s(Dy"(X,p))
be the associated simple complex. Hence its differential dy in D} (X, p) is given, for every
a € Dy "(X,p), by ds(o) = dp(a) + (—=1)"8(x). Since we are using cubical structures,

this complex does not compute the right cohomology and we have to normalize it.
For every r,n, we write

Dy (X, p)o = TDlg(X x 0", p)o := NTDj,,(X x 0", p).

Hence D" (X, p)o is the normalized 2-iterated complex and we denote by D} (X, p)o the
associated simple complex.

Proposition 2.8. The natural morphism of complezes
0

D} (X, p) = Dy (X, p)o — Di(X,p)o
1S a quasi-isomorphism.
Proof. Consider the second quadrant spectral sequence with F; term given by

Er™" =H"(Dy "(X,p)o).

Since

Dy "(X,p)o =0, for r <0 or r > 2p,
this spectral sequence converges to the cohomology groups H*(Dj (X, p)o). This is the
main reason why we use the truncated complexes.

If we see that, for all n > 0, the cohomology of the complex Dy~ " (X, p)o is zero, the

spectral sequence degenerates and the proposition is proven. By the homotopy invariance
of Deligne-Beilinson cohomology, there is an isomorphism

Sjo---0d]: H*(1Djoe(X x 0" p)) — H*(7Djx (X, p))-

By definition, the image of H *(TDl*Og(X x O™ p)o) by this isomorphism is zero. Since

H* (1D}, (X x 0", p)o) is a direct summand of H*(7Dj,(X x 0", p)), it vanishes for all

n > 0. O
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We define the complex D} (X, p)oo to be the simple complex associated to the 2-iterated
complex with
'Dg’_n(X, p)oo = N()TDlrog(X X Dn, p).

Corollary 2.9. The natural morphism of complezes
7D}, (X, p) = D3 (X, p)oo — Di(X, oo
1S a quasi-isomorphism.
Proof. Tt follows from Proposition [2.8] Proposition (using as maps {h;} the ones
induced by the maps i’ defined in [2.3)) and Proposition i

2.5. A complex with differential forms for the higher Chow groups. Let Zg X
be the set of all codimension p closed subvarieties of X x 0" intersecting properly the
faces of [J". We consider it as a set ordered by the inclusion relation. When there is no
source of confusion, we simply write Z% or even ZP. Consider the cubical abelian group

(2.10) HP(X, %) == H%’jzf (X x 0%, R(p)),

with faces and degeneracies induced by those of (0. Let HP(X, %) be the associated
normalized complex.

Lemma 2.11. Let X be a complex algebraic manifold. For every p > 0, there is an
isomorphism of chain complezes

"t ZP(X, %) © R = HP(X, %)o,
sending z to cl(z).
Proof. 1t follows from the isomorphism (|1.30)). O

Remark 2.12. Observe that the complex HP(X, %)y has the same functorial properties
as ZP(X,*)p @ R.

Let DZ,}P (X,p)o be the 2-iterated cochain complex, whose component of bidegree
(r,—n) is

D}, zn(X x 0", p)o = N7D}, (X x O",p) = N7<g, iy, o(X x 0", p),

and whose differentials are (dp,d). As usual, we denote by D} z» (X, p)o the associated
simple complex and by ds its differential.

Let sz ~»(X,p)o be the chain complex whose n-graded piece is sz = (X, p)o.

Proposition 2.13. For every p > 0, the family of morphisms
_ ~!
DYr(X.po 5 HP(X,n)o
((Wnagn)a- ..,(WO,QQ)) = [(Wnagn)}

defines a quasi-isomorphism of chain complezes between Dip;:(X, p)o and H*(X,n)g.

Proof. The map is well defined because (wy, g,) € TD12 fg (X x O p)o. Therefore, by

definition of the truncated complex (wy, gyn) is closed. To see that it is a morphism of
complexes we compute

Y1ds((Wns gn); - - - (wo, 90)) = 71((_1)2])5(‘*’717 9n) + dp(Wn—1,9n-1),- - -)
= [5(wn>gn) + dD(wnfla gnfl)] = 5[(‘-“717 gn)]
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Now we consider the second quadrant spectral sequence with Ei-term
Ey™" = H'(TDjogzo (X x 0", p)o).

By construction, E; ™" = 0 for all » > 2p. Moreover, for all r < 2p and for all n, the
semipurity property of Deligne-Beilinson cohomology implies that
(2.14) H' (1D 20 (X x 0", p)) = 0.
Hence, by Proposition the same is true for the normalized chain complex
HT(TDfogvzp(X x 0" p)g) =0, r < 2p.
Therefore, the E1-term of the spectral sequence is
g — { - ity
Dl 20 (X x 0", p)o) if r=2p.
Finally, from Proposition [1.25] it follows that the natural map
H?P(7Di, 20(X x O, p)o) — HP(X,n)o

is an isomorphism. Using the explicit description of the spectral sequence associated to
a double complex, it is clear that the morphism induced in cohomology by 7} agrees with
the morphism induced by the spectral sequence. Hence the proposition is proved. ]

We denote
CHP(X,n)r = CHP(X,n) ® R.

Corollary 2.15. Let z € CHP(X,n)r be the class of an algebraic cycle z in X x O".
By the isomorphisms of Lemma[2.11] and Proposition [2.13, the algebraic cycle z is rep-
resented, in H**~"(Da z»(X,p)o), by any cycle

(s gn)y - - -+ (w0, 90)) € DFZ2(X, p)o
such that
cl(z) = [(wn, gn)]-
Remark 2.16. Our construction differs from the construction given by Bloch, in [4], in
two points:

e He considered the 2-iterated complex of differential forms on the simplicial scheme
A", instead of the differential forms on the cubical scheme 1",

e In order to ensure the convergence of the spectral sequence in the proof of last
proposition, he truncated the 2-iterated complex in the direction given by the
affine schemes.

2.6. Functoriality of D , (X, p)o. In many ways, the complex D} z» (X, p)o behaves
like the complex Z*(X, *)o.

Lemma 2.17. Let f : X — Y be a flat map between two equidimensional complex
algebraic manifolds. Then there is a pull-back map

f* : D;&,ZI’(Y’p)U - DK,ZF (Xa p)O
Proof. We will see that in fact there is a map of iterated complexes
[ Dy 2 (Yop) = Dy z(X, p).

Let Z be a codimension p subvariety of Y x " intersecting properly the faces of [1".
Since f is flat, there is a well-defined cycle f*(Z). It is a codimension p cycle of X x ("
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intersecting properly the faces of (0%, and whose support is f~!(Z). Then, by [14] 1.3.3,
the pull-back of differential forms gives a morphism

D5 (Y x 0"\ Z,p) L 7Dp (X x O™\ f71(2), ).
Hence, there is an induced morphism
DY x 0"\ 20,p) £ lim rDi, (X x 0"\ f71(2),p) = mDibg(X x 0"\ 2%, p),
ZeZy
and thus, there is a pull-back morphism
[ Dy (Y,p) = Dy (X, p)
compatible with the differential §. O

Remark 2.18. The pull-back defined here agrees with the pull-back defined by Bloch
under the isomorphisms of Lemma[2.11] and Proposition[2.13] Indeed, let f: X — Y be a
flat map. Then, if Z is an irreducible subvariety of Y and (w, g) a couple representing the
class of [Z] in the Deligne-Beilinson cohomology with support, then the couple (f*w, f*g)
represents the class of [f*(Z)] (see [14], Theorem 3.6.1).

Proposition 2.19. Let f : X — Y be a morphism of equidimensional complex algebraic
manifolds. Let ij be the subset consisting of the subvarieties Z of Y x 0" intersecting
properly the faces of (0" and such that X x Z x " intersects properly the graph of f,
['y. Then,

(i) The complex DX,Z;’ (Y,p)o is quasi-isomorphic to D} z» (Y,p)o.
(ii) There is a well-defined pull-back

o ng,z;a(Y,p)o - sz,zzﬂ (X, p)o-

Proof. Arguing as in the proof of the previous proposition, there is a pull-back map
F* 1 Dl (Y x O\ 27,p) 1 7Dy (X x 0"\ 27,p),
inducing a morphism
[ DX,Z?(Y,p) - DK,ZP(XaP)a

and hence a morphism

o D&zﬁj(Y’p)O - DK,ZF (X,p)o-
All that remains to be shown is that the inclusion

22 (Y2P)o = D 20 (Yp)o

is a quasi-isomorphism. By the quasi-isomorphism mentioned in paragraph and the
quasi-isomorphism of Proposition there is a commutative diagram

Z8(Y,¥)o @ R —— D;Z}y (Y,p)o
Nl i
ZP(Y,%)g ® R === D} z,(Y,p)o.

The proof that the upper horizontal arrow is a quasi-isomorphism is analogous to the
proof of Proposition [2.13] Thus, we deduce that ¢ is a quasi-isomorphism. O
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3. ALGEBRAIC CYCLES AND THE BEILINSON REGULATOR

In this section we define a chain morphism, in the derived category of chain complexes,
that induces in homology the Beilinson regulator.

The construction is analogous to the definition of the cycle class map given by Bloch
in [4], with the minor modifications mentioned in However, in [4] there is no proof
of the fact that the composition of the isomorphism K,,(X)g = ,>o CH? (X, n)q with
the cycle class map agrees with the Beilinson regulator.

3.1. Definition of the regulator. Consider the map of iterated cochain complexes
defined by the projection onto the first factor

D} 20(X,p) = m<aps(Dlog (X x 0%, p) = Digy (X x O"\ 27,p))" 5 7D}, (X x 0", p)
(w,g9) — w.
It induces a cochain morphism
D;&}ZP(X,]))O ﬁ) DX(X7P)07
and hence a chain morphism
(3.1) DY (X.p)o £ DF (X, p)o.
The morphism induced by p in homology, together with the isomorphisms of Propositions
and induce a morphism
(3.2) p: CHP(X,n) — CHP(X,n)g — HZ"(X,R(p)).

By abuse of notation, it will also be denoted by p.
By corollary we deduce that, if z € ZP(X,n)o, then

p(z) = (wn, ..., wo),
for any cycle ((wn, gn),-- -, (wo,90)) € Di’gg(X,p)o such that [(wn, gn)] = cl(2).
Proposition 3.3. (i) The morphism p : Dipgz(X,p)o — sz_*(X,p)o s contravari-
ant for flat maps.

(ii) The induced morphism p: CHP(X,n) — H%p_”(X, R(p)) is contravariant for arbi-
trary maps.

Proof. Both assertions are obvious. Let z = ((wn, gn),- - -, (W0, 90)) € Dipgf(X,p)o be a
cycle such that its inverse image by f is defined. This is the case when f is flat or when

z belongs to Dz’gg(X,p)o. In both cases

f*((wnagn)v SEE) (w0>90)) = ((f*wna f*gn)v R (f*w07 f*go))

and the claim follows. OJ

Remark 3.4. Let X be an equidimensional compact complex algebraic manifold. Ob-
serve that, by definition, the morphism

p: CHP(X,0) = CHP(X) — HZ(X,R(p))

agrees with the cycle class map cl.
Now let F be a vector bundle of rank n over X. For every p = 1,...,n, there
exists a characteristic class CpCH (E) € CHP(X) (see [I7]) and a characteristic class
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p(CFH(B)) = G (B),

forallp=1,...,n.

3.2. Comparison with the Beilinson regulator. We prove here that the regulator
defined in (3.2]) agrees with the Beilinson regulator.
The comparison is based on the following facts:

e The morphism p is compatible with inverse images.
e The morphism p is defined for quasi-projective schemes.

In view of these properties, it is enough to prove that the two regulators agree when X
is a Grassmanian manifold, which in turn follows from Remark

Theorem 3.5. Let X be an equidimensional complex algebraic scheme. Let p' be the
composition of p with the isomorphism given by the Chern character

¢ Kn(X)o = D CHM(X.n)g & D HE " (X.R(p)).
p=0 p=0

Then, the morphism p' agrees with the Beilinson requlator.

Proof. The outline of the proof is as follows. We first recall the description of the
Beilinson regulator in terms of homotopy theory of simplicial sheaves as in [15]. Then,
we recall the construction of the Chern character given by Bloch. We proceed reducing
the comparison of the two maps to the case n = 0 and for X a Grassmanian scheme.
We finally prove that at this stage both maps agree. Our site will always be the small
Zariski site over X.

Consider X as a smooth quasi-projective scheme over C. Let B.G Ly be the simplicial
version of the classifying space of the group GLy(C) viewed as a simplicial complex
manifold. Recall that all the face morphisms are flat. Let B.GLy x be the simplicial
sheaf over X given by the sheafification of the presheaf

U B.GLN(F(U, OU))
for every Zariski open U C X. This is the same as the simplicial sheaf given by
U — Hom(U, B.GLy),

where Hom means the simplicial function complex.
Consider the inclusion morphisms B.GLy x — B.GLn41,x, for all N > 1, and let

BGLX = lim B.GLN7)(.

Let Zoo B.GLN,x and ZoB.GLx be the sheaves associated to the respective Bousfield-
Kan completions. Finally, let Z be the constant simplicial sheaf on Z and consider the
following sheaves on X

Kx = ZxZowB.GLx,
KY = ZxZoBGLyx.
By [15], Proposition 5, there is a natural isomorphism

Km(X) = H™™(X,Kx) = lim H"™(X,KY).
N
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Here H*(-,*) denotes the generalized cohomology with coefficients in Kx and K)A(f, as
described in [15].

The Beilinson regulator is the Chern character taking values in Deligne-Beilinson
cohomology. The regulator can be described in terms of homotopy theory of sheaves as
follows.

Consider the Dold-Puppe functor K.(-) (see [12]), which associates to every cochain
complex of abelian groups concentrated in non-positive degrees, G*, a simplicial abelian
group K.(G), pointed by zero. It satisfies the property that m;(K.(G),0) = H~¢(G*).

In [13], Gillet constructs Chern classes

CP € H(B.GLy,R(p)), N >0,
which induce morphisms
cox KX, = K.(Dx(5p)[2p), N >0

in the homotopy category of simplicial sheaves.
These morphisms are compatible with the morphisms K% — Kﬁ“ Therefore, we
obtain a morphism

CD
Kpn(X) = lim H™(X,KY) -5 HZ ™ (X, R(p)).

N

Using the standard formula for the Chern character in terms of the Chern classes, we
obtain a morphism

chP

Kn(X) S HE ™(X,R(p)),

which is the Beilinson regulator.
The Chern character for higher Chow groups. The description of the isomorphism

K,(X)o = @D,>0 CHP(X,n)q given by Bloch follows the same pattern as the descrip-
tion of the Beilinson regulator. However, since the complexes that define the higher
Chow groups are not sheaves (in fact not even functors) on the big Zariski site, a few
modifications are necessary. We give here a sketch of the construction. For details see

[3].
If Y. is a simplicial scheme whose face maps are flat, then there is a well-defined
2-iterated cochain complex ZP(Y.,*)o, whose (n, m)-bigraded group is

Zp(Y—Tn m)Oa
and induced differentials. The higher algebraic Chow groups of Y. are then defined as
CHP(Y.,n) = H"(ZP(Y., *)o).

Since the face maps of the simplicial scheme B.G Ly are flat, the group CHP(B.GLy,n)
is well defined for every p and n.
First, Bloch constructs universal Chern classes

CS" e CHP(B.GLy,0),
following the ideas of Gillet. These classes are represented by elements
CSMi e ZP(BiGLy,i)o.

Because at the level of complexes the pull-back morphism is not defined for arbitrary
maps, one cannot consider the pull-back of these classes Cg Hito X , as was the case
for the Beilinson regulator. However, by [3] §7, there exists a purely transcendental
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extension L of C, and classes Cg 7 defined over L, such that the pull-back f *C’pC g
defined for every C-morphism f:V — B;GLy.
Then, there is a map of simplicial Zariski sheaves on X

B.GLnx — ’CX(Q*Z%L(—, *)o),

where g : X7, — X is the natural map obtained by extension to L.
There is a specialization process described in [3], which, in the homotopy category of
simplicial sheaves over X, gives a well-defined map

Kx(9:72%, (= %)o) — Kx(Z5 (=, *)o).

Therefore, there are maps CS)}(I € [B.GLn x,Kx(Z%(-,p))], where [-, -] denotes the set
of arrows in the homotopy category. Proceeding as above, we obtain the Chern character
morphism

Km(X) — @ CHP (X, m)q.
p=0
For m = 0, this is the usual Chern character.

End of the proof. Since, at the level of complexes, p is functorial for flat maps, there

is a sheaf map
p:Kx(Zx(-p)) = K.(Diog(X, p))
in the small Zariski site of X.

It follows that the composition p o CSH is obtained by the same procedure as the
Beilinson regulator, but starting with the characteristic classes p(C’pC iy ¢ H%p (X,R(p))
instead of the classes C’pD . Therefore, it remains to see that

(3.6) p(CFHy =CP.

For integers N,k > 0 let Gr(N, k) be the complex Grassmanian scheme of N-planes in
C*. It is a smooth complex projective scheme. Let F N,k be the rank N universal bundle of
Gr(N,k) and Uy = (Uy o)« its standard trivialization. Let N.Uj, denote the nerve of this

cover. It is a hypercover of Gr(N, k), N.U, = Gr(N, k). Consider the classifying map of
the vector bundle E , i : N.Uy — B.GLy, which satisfies 7*(Ey ) = cp",;(EN), for EN
the universal vector bundle over B.GLy. Observe that all the faces and degeneracy maps
of the simplicial scheme N.Uj are flat, as well as the inclusion maps N;U, — Gr(N, k).

Therefore, C HP(N.Uy, m) is defined and there is a pull-back map CH?(Gr(N, k), m) -,
CHP(N.Up,m).

Since p is defined on N.Uy and is a functorial map, we obtain the following commutative
diagram

CHP(B.GLy,0) HZ?(B.GLy,R(p))

%Zl isﬂ};

CHP(N.Uy,0) —"— HZ(N.U, R(p))

CCH

Ko(Gr(N, k)) — > CHP(Gr(N, k),0) — > H*(Gr(N, k), R(p))

— T r

cy
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By construction, Cpc H(Ey k) is the standard p-th Chern class in the classical Chow group

of Gr(N, k), and CE (En ) is the p-th Chern class in Deligne-Beilinson cohomology. It
then follows from Remark [3.4] that

(3.7) p(CSM(Eng)) = CF (En).

The vector bundle Ey j € Ko(Gr(N,k)) = 1im]\—/[> [Gr(N, k), KM] is represented, in the
homotopy category of simplicial sheaves, by the diagram

Gr(N,k) & N.U, 2% B.GLy,

where the map 7 is a weak equivalence of sheaves because N.Uj is a hypercover of
Gr(N, k). This means that

(3.8) PGy (EN)) = m(CF ™ (En)-

Also, since 7 is an hypercover, 7* is an isomorphism in Deligne-Belinson cohomology.
Moreover, for each myg, there exists ko such that, if m < mg and k > kg, ¢j; is an isomor-
phism on the cohomology group H&™( ,R(m)). To see this, we first use the computation
of the mixed Hodge structure of the cohomology of the classifying space given in [I1] and
the well known mixed Hodge structure of the cohomology of the Grassmanian manifolds
to reduce it to a comparison at the level of singular cohomology. Then we use that the
infinite Grassmanian is homotopically equivalent to the classifying space. Finally we use
the cellular decomposition of the infinite Grassmanian to compare its cohomology with
the cohomology of the finite Grassmanian (see for instance [22]).
Under these isomorphisms, we obtain the equality

(3.9) CP(Eny) = ()L oi (CD(EM)).
Hence,
p(CyM(EN) = CD(EN) & ¢ip(CyT(EN)) = oiC (EN)
= pei(CyT(EN)) = ¢iCF (BN).

The last equality follows directly from (3.7), (3.8) and (3.9). Therefore, the theorem is
proved. O

4. HIGHER ARITHMETIC CHOW GROUPS

Let X be an arithmetic variety over a field. Using the description of the Beilinson
regulator given in section |3 we define the higher arithmetic Chow groups, CH n(X , D).
The definition is analogous to the definition given by Goncharov, in [16], but using
differential forms instead of currents.

We need to restrict ourselves to arithmetic varieties over a field, because the theory
of higher algebraic Chow groups by Bloch is only well established for schemes over a
field. That is, we can define the higher arithmetic Chow groups for arbitrary arithmetic
varieties, but since the functoriality properties and the product structure of the higher
algebraic Chow groups are described only for schemes over a field, we cannot give a prod-
uct structure or define functoriality for the higher arithmetic Chow groups of arithmetic
varieties over a ring. Note however that, using work by Levine [21], it should be possible
to extend the constructions here to smooth varieties over a Dedekind domain, at least
after tensoring with Q. In fact, when extending the definition to arithmetic varieties over
a ring, it might be better to use the point of view of motivic homology & la Voevodsky
or any of its more recent variants.
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4.1. Higher arithmetic Chow groups. Following [14], an arithmetic field is a triple
(K,%, F), where K is a field, ¥ is a nonempty set of complex immersions K — C and
F. is a conjugate-linear C-algebra automorphism of C* that leaves invariant the image
of K under the diagonal immersion. By an arithmetic variety X over the arithmetic ring
K we mean a regular quasi-projective K-scheme X.

To the arithmetic variety X we associate a complex variety X¢ = [[,c5; X,, and a real
variety Xgp = (X, Foo). The Deligne complex of differential forms on X is defined from
the real variety Xg as

Dioe(X,p) = Dity(Xc,p)” =",
where o is the involution as in paragraph[I.10] We define analogously the chain complexes

DY (X.po, DI T(X,phoo, Dizr(Xplo, and DYzI(X.poo

Let ~1 be the composition

XFR

v ZP(X,n)o 25 ZP(X,n) @ R 255 ZP(Xp,n)o @ R = HP(X, n)o.
We consider the diagram of complexes of the type of ((1.12)

Hp X * () D2p * X p
(4.1) Z\P(X, ) = / \ / \
Dz (X, 2Dy (X, D)

where ZD); 2p (X p)s« is the chain complex which is zero in all degrees except in degree

zero, where 1t consists of the vector subspace of cycles in Dlog(X ,p). Note that it agrees
with ZE{;;R(X )(p), the subspace of Ef;gR(X )(p) consisting of differential forms with
logarithmic singularities that are real up to a product by (27i)?, of type (p,p) and that
vanish under 9 and d. The morphism ¢ is the inclusion of chain complexes.

Definition 4.2. The higher arithmetic Chow complex is the simple complex associated
to the diagram ZP(X, x)o, as defined in (|L.6):

ZP (X, %) == s(ZP(X, %)o)-
Recall that, by definition, zp (X, n)o consists of 5-tuples

(Z, a0, 01, 09,03) € ZP(X,n)o@DyF 2, (X, p)o®Z Db (X, p)n@HP (X, n+1)0®D3F " (X, p)o,

log
and the differential is given by
Z°(X,n)0 L ZP(X,n—1)
(Z,a0,a1,02,a3) = (0(Z),ds(a0),0,71(Z) — i (a0) — 6(az), p(aw) — a1 — ds(as)).
Note that a1 will be zero unless n = 0. Its differential, however, is always zero.

Definition 4.3. Let X be an arithmetic variety over an arithmetic field. The (p,n)-th
higher arithmetic Chow group of X is defined by

CH'(X,n) == H,(Z"(X, %)),  p,n>0.
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By its definition as the cohomology of a simple of a diagram of complexes it comes
equipped with the following morphisms

¢: CH'(X,n) — CH?(X,n), ¢(Z, a0, ..., a3)] = 2],

a: HY (X, R(p) — CH' (X,n),  a(la]) =[(0,0,0,0,~a)],

a: DN (X,p) — CH'(X,0), a(@) = [(0,0, —dpa, 0, —a)),
w: CH'(X,0) — ZD (X, p), w((Z, a0, ..., a3)]) = a1

Proposition 4.4. There is a long exact sequence
(45) - — CH'(X,n) S CHP(X,n) & HP (X, R(p)) > CH'(X,n— 1) —
— CH?(X,1) % D (X, p)/ imdp > CH'(X,0) * CHP(X,0) — 0,

where p is the Beilinson regulator.

Proof. Tt follows from Theorem [3.5] Lemma [T.16] and the fact that the homology groups
of the complex

S(ZD5(X,p)- - D (X, p)o)
are H2P""(X,R(p)) in degree n # 0 and Dif’g_l(X,p)/ imdp in degree 0. O

Remark 4.6. Let YSX*(X ,D)o be the 2-iterated cochain complex given by the quotient
Dy (X, p)o/D*°(X, p). That is, for all r,n,

r—n _f 0 if r =2pand n =0,
Dy (Xp)o = { Dy "(X,p)o otherwise.

~

Let ZSX(X ,p)o denote the simple complex associated to 1311’*()( ,p)o- Consider the com-
position of p with the projection map
2p— P ~2p— ~op—
p: DA{)z:(X,p)O - DAp *(X,P)o - DAp *(X7p)0-
Then, there is a diagram of chain complexes of the type of (1.9 m

D2p * X p)

w |

D25 (X, p)o

By Proposition _ the simple complex associated to the diagram is quasi-
1somorph1(: to the complex Zp (X,*)o and hence, its homology groups are 1somorph1c

CH" (X, *). Nevertheless, in order to define a product structure in CH (X, %) it is bet-
ter to Work with the diagram (4 .

4.2. Agreement with the arithmetic Chow groups. Let X be an arithmetic variety
and let C/’ﬁp(X ) denote the p-th arithmetic Chow group of X as defined by Burgos in
[5]. We recall here its definition.

For every p, let ZP(X) = ZP(X,0) and let ZD2*

log
of D% (X, p). Let

(X, p) denote the subgroup of cycles

D o ~ P Dl%fg I(X \ vap) w = d'Dg,
Zr(X) = {(Z, (w,9)) € Z°(X) © ZD}% (X,p) & . A7) = [(w.9)] }
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If Z € ZP(X), a Green form for Z is a couple (w, §) as before such that cl(Z) = [(w, g9)],
where ¢ is any representative of g.

Let Y be a codimension p — 1 subvariety of X and let f € k*(Y). As shown in [5], §7,
there is a canonical Green form attached to div f. It is denoted by g(f) and it is of the
form (0,g(f)) for some class g(f).

One defines the following subgroup of A (X):

R/,ECP(X) = {(div f,g(f))| f € k" (Y), Y C X a codimension p — 1 subvariety}.
For every p > 0, the arithmetic Chow group of X is defined by
CH'(X) = Z°(X)/Rat’ (X).
It is proved in [14], Theorem 3.3.5 and [5], Theorem 7.3, that these groups fit into
exact sequences

CHPY(X) £ DY (X, p)/imdp > CH'(X) < CHP(X) = 0

where:

e CHP~1P(X) is the term Eg_l’_p in the Quillen spectral sequence (see [23], §7).

e The map p is the cycle class map and is the Beilinson regulator after composition
with the isomorphism K3 (X)g = D, CHP~1P(X)q.

e The map ( is the projection on the first component.

e The map a sends « to (0, (—dpa, —a)).

Theorem 4.8. The morphism
ca’(x) & cH'(X,0)
[(Z,(w,9))] — [(Z (w,9),0,0,0)],

2p—1

where g is any representative of g € Dlog

(X,p)/imdp, is an isomorphism.

Proof. We first prove that ® is well defined. Afterwards, we will prove that the diagram

P ¢

CHP='7(X) =Dt (X, p)/ imdp ——= CH"(X) CHM(X) —>0

ST

CHP(X,1) — > D~Y(X,p)/im dp —> CH" (X,0) ——> CHP(X,0) —> 0

log

is commutative. The statement then follows from the five lemma.

The proof is a consequence of Lemmas and below.
Lemma 4.9. The map ® is well defined.

Proof. We have to prove that:

(i) The elements in the image of ® are indeed cycles in ZP(X, 0)o.
(ii) The map ® does not depend on the choice of a representative of g.

(iii) The map P is zero on P/{E?GP(X).
Let [(Z,(w,9))] € C/’FIP(X). The claim (i) follows from the equality cl(Z) = [(w, )] =
[(w, g)]. Indeed, since ds(w, g) =0,

d(Z,(w,9),0,0,0) = (0,0,0,cl(Z) — cl(w,g),0) = 0.
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To see (ii), assume that g, ga € fog_

h e fog_2(X,p) such that dph = g1 — g2. Then

d(o) (O,h),0,0,0) = (07 (Oagl - 92))0)070) = (Za (wvgl)aoaovo) - (Z’ (w’92)70’0’0)

and therefore we have [(Z, (w, ¢1),0,0,0)] = [(Z, (w, g2),0,0,0)].
Finally, to prove (iii), we have to see that, if Y is a codimension p — 1 subvariety and
fek*(Y), then

1(X ,p) are representatives of g, i.e. there exists

®(div f,g(f)) =0 € CH' (X,0),
i.e. that
[(diV s (O>g(f)>7 0,0, 0)] =0,
for any fixed representative g(f) of g(f).
Let f be the function of Y x O given by (y, (1 : t2)) — % Its divisor defines
a codimension p subvariety of X x O'. Moreover, it intersects properly X x (0: 1) and

X x (1:0). Fix g(f) to be any representative of g(f). Since 6(g(f)) = g(f), there exists

h e DY (X \ div f,p) with dph = 6(g(f)) — g(f). Then,
d(diV fv (O>g(f)> (Oa h))v 0,0, 0) = (diV s (Oag(f))70>070)

as desired. n
Lemma 4.10. There are isomorphisms
CHP(X) £L CHP(X,0),
CHP'P(X) 2. CHP(X,1),
making the following diagrams commutative

p

CHP~'(X) —= D2 (X, p)/ imdp CH"(X) ¢ . CHP(X)

o | o] iwl

CH?(X,1) —"=D?"'(X,p)/ im dp CH'(X,0) —* CH?(X,0).

Proof. Both isomorphisms are well known. The morphism ¢4 is the isomorphism between
the classical Chow group CHP(X) and the Bloch Chow group CHP(X,0). The diagram
is obviously commutative, since ¢1([Z]) = [Z].

The isomorphism ¢ is defined as follows. Let f € CHP~1P(X). It can be represented
by a linear combination ) ,[f;], where f; € k*(W;), W; is a codimension p-1 subvariety
of X and ) div f; = 0. Let I'y, be the restriction of the graph of f; in C X x P!, to
X x [O'. Thatis, T f; is the codimension p subvariety of X x O' given by

{(, fiw)l y € Wi, fi(y) # 1}
Then @o(f) is represented by the image in

ZP(X,1)/DZP(X,1) =2 ZP(X, 1)

of > I'y,, where DZP(X, 1) are the degenerate elements.

We want to see that pps = p, ie., p(3>;T's) = p(>_[fi]). See [5] or [9] for more details
on the definition of p on the right hand side.

Let f=Y;[f;] € CHP~'?(X) be as above. For every i, we can choose:

e a rational function f; € k*(X) whose restriction to W; is f;,
e a Green form for W;, g(W;) = (w;, gi)-
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The form
o(fi) = (0, 5 log i)

is a Green form for the divisor div fl on X.
Let x denote the x-product of Green forms as described by Burgos in [5]. Then, we
write

wpagp Zg fz * g(W,

Since the first component of g( fi) is zero, we have that w, = 0 as well. Moreover, since
(0,9,) is a Green form for ). div ﬁ NW; =", div fi = 0, we can obtain a representative
g, of g, that is a closed smooth form. Then g, is a representative of p(>[fi]).

Let us show now that g, is a representative of p(¢2(f)) as well. By the results of
the previous sections, the form p(}°,T'f,) is obtained as follows. Let Z € ZP(X, 1) be
a cycle in the normalized group that differs from ) I'y, by a degenerate element. We

consider a representative (wz,gz) € TD »(X x O1,p)o of Z. Since

8 =& (wz,92) - 0i(wz,92)
represents the class of ), div f; = 0, the class of 3 is zero and hence there exists (w, g)
such that dp(w, g) = . Moreover, since dDwZ = 0 and the complex 7D}, (X x O, p)o is

acyclic (see the proof of Proposition , there exists o € D2p 1(X x [O',p)o such that

dp(a) = wgz. Then, p(3>_,Ty,) is represented by w + d(a).
Therefore, we start by constructing the cycle Z and suitable forms (wz, gz) represent-
ing the class of Z. Consider the rational function h; € k*(X x O!) given by

t1 — tafi(y)
ty —to

(y, (t1 : t2))

If we write div f; = (div f;)? — (div f;)> where (div f;)° is the divisor of zeroes and
(div f;)*° is the divisor of poles, the intersection of the divisor of h; with W;, div h; N W;,
is exactly I'y, — (div f;)*°. Observe that (div f;)*° is a codimension p degenerate cycle.
Moreover div h; N W; belongs to ZP(X, 1). Hence

Z:ZdivhiﬁWi

is the cycle we need. Let g(h;) = (0, —% log h;h;) be the canonical Green form for div h;.
Then, as above, a Green form for Z is given by

> a(h) = (0,9z2).

Now, observe that
5(0,9z) Z 57(g Z o(/f = (0,9,)-

Since we can assume that g, is a smooth representative of g,, we have that ds(g,,0) =
(0,9,), and hence by the above description of p we see that

P(Z Ffi) =0p

This finishes the proof of the lemma. O
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Lemma 4.11. The following diagram is commutative:
=P
A CH (X)

D (X, p)/ imdp lq)
\

a

CH'(X,0)

Proof. Let a € fogﬁl(X ,p)/imdp. Then, the lemma follows from the equality

d(0, (a,0),0,0,0) = (0, (dpa, @),0,0,0) 4 (0,0,0,0, )
in CH"(X,0). O

This finishes the proof of Theorem O

4.3. Functoriality of the higher arithmetic Chow groups.

Proposition 4.12 (Pull-back). Let f : X — Y be a morphism between two arithmetic
varieties. Then, for all p > 0, there exists a chain complex, Z?(Y, *)o such that:

(i) There is a quasi-isomorphism
Z(Y,%)o = ZP(Y, %)o.
(i) There is a pull-back morphism
£ ZR(Y, )0 — ZP(X, )0,
inducing a pull-back morphism of higher arithmetic Chow groups
cH"(Y,n) L CH" (X ,n),

for every p,n > 0.
(iii) The pull-back is compatible with the morphisms a and (. That is, there are com-
mutative diagrams

P

(4.13) o —— HPTHY R(p)) —— CH (Y, n) S CHP(Yn) — -

/| |

o HY TN XOR(p) > CH' (X, n) —> CHY(X,n) —— -

Proof. Recall that there are inclusions of complexes
Z5(Y,*)o © ZP(Y,*)o,
HY(Y.x)e C HP(Y, %o,
Z,ZJZZ(KP)O g DX,ZP(va)Oa
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which are quasi-isomorphisms. The pull-back by f is defined for any « in Z]zz (Y, %), in

H?(Y, *)o or in Dy _»(Y, p)o. Moreover, by construction, there is a commutative diagram
=y

" * * i
ZR(Y, )0~ HE (Y, %)0 < DA,Z;(Y, P)o —> D} (Y, p)o < ZDp (X, p).

20X, #)o —= (X, )0 = P 2o (X.p)o —;= DE(X, p)o < ZDi, (V. p)w.
1
Let Z\]’c’ (Y, *)o denote the simple associated to the first row diagram. Then, there is a
pull-back morphism
f* : Z?(Ya *)0 - Zp(Xa *)0-
Moreover, as noticed in the natural map
ZR(Y,#)0 — ZP(Y, %)

is a quasi-isomorphism. Therefore, (i) and (i7) are proved. Statement (iii) follows from
the construction. O

Remark 4.14. If the map is flat, then the pull-back is already defined at the level of
the chain complexes ZP(Y, %) and ZP (X, *)o.

Proposition 4.15 (Functoriality of pull-back). Let f : X — Y and g:Y — Z be two
morphisms of arithmetic varieties. Then,

ffogt=(gof): C/'I\{p(Z, n) — C/'I?p(X, n).

Proof. Let zP (Z,n)p be the subgroup of EP(Z, n)p obtained considering, at each of the

9fUg
complexes of the diagram ZP(Z,*)g, the subvarieties W of Z x (" intersecting properly
the faces of (I and such that
e X x W x " intersects properly the graph of g o f,
e Y x W x " intersects properly the graph of g.
That is,
ngug(z, n)o = ng(Z, n)o N Zg(Z, n)o.
Then, the proposition follows from the commutative diagram
7D
(g% ZP(X, *)o

ngUg(Z7 *)0 f*

O

Corollary 4.16 (Homotopy invariance). Let m: X x A™ — X be the projection on X.
Then, the pull-back map

T C/’EP(X, n) — @p(X x A™. n)
s an isomorphism for all n > 1.

Proof. Tt follows from the five lemma in the diagram (4.13)), using the fact that both
the higher Chow groups and the Deligne-Beilinson cohomology groups are homotopy
invariant. O
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5. PRODUCT STRUCTURE

Let X, Y be arithmetic varieties over an arithmetic field K. In this section, we define
an external product, @*(X, *) ® CH (Y, %) — C/’FI*(X x Y, *), and an internal product
@*(X, *) ® C/'ﬁ*(X,*) — @*(X,*), for the higher arithmetic Chow groups. The
internal product endows CH (X, *) with a ring structure. It will be shown that this
product is commutative and associative. There are two main technical difficulties. The
first one is that we are representing a cohomology class with support in a cycle by a pair
of forms, the first one smooth on the whole variety and the second one with singularities
along the cycle. The product of two singular forms has singularities along the union of
the singular locus. Therefore, in order to define a cohomology class with support on
the intersection of two cycles we need a little bit of homological algebra. To this end
we adapt the technique used in [5]. The second difficulty is that the external product
in higher Chow groups is not graded commutative at the level of complexes, but only
graded commutative up to homotopy. To have explicit homotopies we will adapt the
techniques of [19].

Recall that the higher arithmetic Chow groups are the homology groups of the simple
complex associated to a diagram of complexes. Therefore, in order to define a product,
we use the general procedure developed by Beilinson, as recalled in To this end,
we need to define a product for each of the complexes in the diagram ZP(X, ) ,
commuting with the morphisms v1, 7}, p and i. The pattern for the external product
construction is analogous to the pattern followed to define the external product for the
cubical higher Chow groups, described in §2.3

For the complex ZP(X, x)y we already have an external product recalled in Since
the complex HP (X, %) is isomorphic to Z§ (X, *)o, the external product on the complex
H*(X,*)o can be defined by means of this isomorphism. We will now construct the
product for the remaining complexes.

5.1. Product structure on the complexes D} (X, p) and ZDF

log(X7p)*- We start by

defining a product structure on D} (X, p). Let

X xY xO"x O™ 2 x x0On, XxYxOxO™ 2Ly xOm
be the projections indicated by the subindices. For every w; € TDng(X x O™ p) and
wy € TDfog(Y x 0™, q), we define

w1 o4 wo = (—1)"piawr @ pryws € TDITOES(X x Y x O™ p 4 q).

This gives a map
DN (X,p) @ DR (Y,q) 5 DX xY,p+q)
(Wi,w2) = wep wo,

where o in the right hand side is the product in the Deligne complex (see §1.8)).

Lemma 5.1. The map e, satisfies the Leibniz rule. Therefore, there is a cochain mor-
phism

s(DA(X,p) ® D(Y,q)) = Di(X x Y, p+q).
Proof. Let w1 € 7D[,(X,n) and wy € 7D} (Y, m). By definition of §, the following
equality holds

d(pisw1 @ prywa) = pis(dwr) @ prywa + (—1)"piswi @ pay(dwz).
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Then,
ds(wr ea w2) = (—1)"ds(plsw1 @ payws)
= (=1)™dp(piswr @ piywa) + (—1)" "6 (pizwr @ phyws)
(—1)"dp(piswi) @ pawz + (=1)" " *piswr & dp(p3aws) +
H(=1)"T g (dwr) @ phaws + (1) EpTawy @ phy (dws)
= dpwi e wo + (—1)""w; ey dp(ws) +
+(—1)"6wy o wa + (—1)" " Pwy ey §(w2)
= ds(wl) o) W + (—1)T+nwl LN ds(w2)7
as desired. g
Definition 5.2. Let TDl*Og(X x Y x O x 0% p)g be the 3-iterated cochain complex
whose (r, —n, —m)-th graded piece is the group TDng(X xY x O%" x O™, p)y and whose
differentials are (dp,d,d). Let
(5.3) Dy n(X XY, p)o = s(TDjg (X x Y x " x 0%, p)o)
be the associated simple complex.
Remark 5.4. Observe that there is a cochain morphism
D a(X x Y, p)o = Di(X X Y,p)o

sending v € 7D (X x Y x 0" x U™, p) to a € 7D, (X x Y x O"*™ p) under the

identification
Dn—i—m i Dn % Dm
(1, Togm) = (X1, Zn), (Tngdy - o s Tngm))-

Moreover, the product e 4 that we have defined previously, factors through the morphism
x and a product, also denoted by e 4,

D (X,p) @ DA(Y,q) 2 Dia(X x Y, p +q).

2p

log(X, P)«, recall that we have an

In order to define the product on the complex ZD
isomorphism (see [5])
ZDir(X.p) = ZEjyg 5(X)(p)
and that the restriction of the product e to this subspace is given by the product A.
The inclusion ¢ is compatible with the product e4 and the product A. That is, consider
the projections px : X xY — X and py : X xY — Y. Then, if a € ZEIPO’;R(X)(p) and

B e ZE{IO’QR(Y)(q), we put
a B =px(a) Apy(B) € ZERIET(X x Y)(p + q).
We have a commutative diagram

ZERR(X)(p) ® ZEd 5(Y)(q) 2 ZELILPH(X < Y)(p+ q)

s(Dy(X,p)o @ Di(Y,q)o) D} (X x Y, p+q)o.
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5.2. Product structure on the complex DX’ 2p(X,p). We define here a product on
the complex Dj z, (X,p). It will be compatible with the product on D} (X, p), under the
morphism p, and with the product on HP(X, )¢ under ~;.

Let X,Y be two real varieties. For every p, let foyn be the subset of codimension p
subvarieties of X x 0" intersecting properly the faces of ", Let

20 p+q
ZX,Y,n,m - ZX XY n+m

be the subset of the set of codimension p + ¢ subvarieties of X x Y x 0" intersecting
properly the faces of (0", which are obtained as the cartesian product Z x W with
Ze2%, andWeZzy, .

For shorthand, we make the following identifications:

Z%m ={XxZ|Z¢e Z;’,,m} - Z;](XY,n-‘,-m’

Zh,={WxY|Wwezk } C 2%

xXY,n+m*
To ease the notation, we write temporarily
n7m D—
Uxy =X xY xO" x O™
For every n,m,p,q, let %% (n,m) be the morphism

i% (nm)

Diog(O%Y \ 25 0+ @) @ Dioe (OXY \ 2¥,,,0 + ) Dl (O \ 2%, UZY .0+ q)
induced on the limit complexes by the morphism j in Lemma [1.29

Lemma 5.5. There is a short exact sequence
0 = Diog(Oxy \ ZXyn,m: P + @) = Piog(Uxy \ 2% 0 + @) © Digg (Oxy \ Zy,,0 +4)

jg)(y,qy(nxm)

- Drog([]?(’,n}@/ \Zé)(,n U Ze’,n’wp + C]) — 0.
Proof. It follows from Lemma, [1.29 O

By the quasi-isomorphism between the simple complex and the kernel of an epimor-
phism (see (1.2))), for every n,m, there is a quasi-isomorphism

Diog(OY¥Y\ 285 o + @) = s(=jK% (n,m))"

w — (w,w,0).

It induces a quasi-isomorphism

ig(’qy (n,m)

59) Digg s, (OFF0+0) s (Di@T 0+ 07 S (-8 nm)))

where 5%, (n,m) is defined by

D} (%S Xy (nm) D,q *
log( X’Yap + q) - S(_]X7Y<n7 m))
w — (w,w,0).

Remark 5.7. Observe that there is an induced bicubical cochain complex structure on
(%% (,+))*. For every r, let s(i%y’y(*,*)) denote the 2-iterated complex obtained by
taking the normalized complex functor to both cubical structures. Consider the 3-iterated
complex s(i5%, (x, *))§ whose piece of degree (r, —n, —m) is the group 7,<opt2q5(i%% (n, m))E,
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and whose differential is (ds,d,9). Denote by s(igé?y)f‘) the associated simple complex.
Observe that the differential of o = (a0, (a1, az2), a3) € s(i%%, ) is given by
d’,(ap, (1, 2), a3) = (dpayg, (g — dpan, g — dpas), —a1 + ag + dpas).
Definition 5.8. Let o4 be the map
DlTog,ZP (X <O plo® Dlsog,Zq (Y x0O™,q)o = S(igé?y(”:m))ngs
defined by sending (w,g) ® (&', ¢') to
(D)™ (wew' (gou, (1) wey), (1) geg).
Lemma 5.9. The map e, defines a pairing of complexes
s (D:x,zzf (X,p)o ® Dy z4(Y, 7)o) =2 S(igé?y)s-

Proof. Let (w,g) € D, z»(X x 0" p)o and (', ') € Dy, (Y x O™, q)o. Then, we
have to see that

di((w,g) on (W', ) = di(w, g) oa (W', g) + (1) (w, g) en di(w, g).

That is, we have to show that the following two equalities hold:

ds((whg) oA (wlv g/)) = ds(w7g) oA (wlv g/) + (_1)717”(("}7 g) oA ds(w/7gl)
5((w7g) oA (W/, g/)) = (_1)85(wa g) oA (w/7g/) + (_1)n(w,g) oA 5(&1/, g/)
The proof of the second equality is analogous to the proof of Lemma [5.1] The first
equality is a direct computation. O

We define a complex D* (X X Y,p+ q)o that is analogous to the complex

AxAZRY,
D; . 4 (X, p)o of Definition

Definition 5.10. Let Df&xA,Zﬁ’gfy

the 3-iterated complex whose (r, —n, —m) graded piece is TDl"Og zpa (X XY x O x
X, Y, n,m
Dma p + Q)O

As in Remark [5.4], we will denote by x the morphisms obtained by identifying (" x ™
with O™,

(X xY,p+ q)o be the simple complex associated to

ixazria(X XY, p4q)o = Df zp1q(X X Y, p+ q)o.
We will denote by p the morphisms obtained by forgetting the support
DZxA,ZQ?Y(X xY,p+qo L Dia(X xY,p,
S5 L Dha(X x Yip).
There are also natural morphisms, whose definitions are obvious,
axazps, (X XY, p+ ) — Dy zora(X X Y,p +q)o,
szA,zgﬁy (X xY,ptqlo — s(i&%)5
Lemma 5.11. The natural map
(5.12) ZxxA,zggﬁy (X xY,p+q)o — S(igé?y)g

18 a quasi-isomorphism. Moreover, it commutes with p.

Proof. Tt follows from the quasi-isomorphism ([5.6]). O
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The external product on D& z+(+,%)o is given, in the derived category of complexes,
by

5(@?}/)6“

DT+S (X X Y;p + Q)O R Dg—‘,—s (X X Kp+ q)o

P,q pt+q
AXA’ZX,Y x5y

Dy 20 (X;p)o @D} 24 (V)0

The fact that to define the product in this complex we need to invert a quasi-isomorphism

is the main reason of the complexity of the definition of the product on the higher
arithmetic Chow groups.

By definition, it is clear that this morphism commutes with the morphism defined
on the complex Dj (X,p). It remains to be seen that the product on Di’? v (X, p)o is
compatible with the product on HP(X,n)p, under the quasi-isomorphism ;.

Let w € s(igéqu)gpﬂq*l and let

l
p.d /- N\ 2p+2
(wlo, ... ,wf) € @ngpqu(lg(?y(%l - J))op+ !

=0

be the components of w corresponding to the degree (2p + 2q, —7,j — ). These are the
components that have maximal degree as differential forms and, by the definition of the
truncated complex they satisfy dswlj = 0. Thus, the form wlj defines a cohomology class

[wlj ] in the complex s(i%%, (5,1 — j))§- Since there is a quasi-isomorphism
Dl zzg, (X XV x O\p+q)o = s (5,1 = 1)),

we obtain a cohomology class in H*( (X xY xO', p+q)o). Hence, a cohomology

log,Zf(’,qY

class [wlj ] € HPT9(X x Y,1)g. This procedure defines a chain morphism, denoted 7/,
ST T HPRI(X X Yo
w o — Z[wl] ].
J
By composition, we can define a morphism, also denoted 4],
,y/
axa,zes, (X XY +qlo — HPTU(X < Y, *)o.

Moreover there is a commutative diagram

DKX&ZQ?Y (X xY,p+4q)o

IDRZPM (X X Y,p + Q)O
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Proposition 5.13. Let Z € 25 and T € 2, . Let [(wz,92)] € HP(X,n)o represent
the class of a cycle z € ZP(X,n)o with support on Z and [(wr, gr)] € HI(Y,m)o represent
the class of a cycle t € Z9(Y, m)o with support on T. Then,

[(wz,92) ea (wr, g7)] € HPTI(X x Y,n +m)o
represents the class of the cycle z x t in ZPT4X x Y,n +m)p.
Proof. 1t follows from [14], Theorem 4.2.3 and [5], Theorem 7.7. O

Corollary 5.14. For every p,q,n,m, the following diagram is commutative:

D720 (X, p)o ® D51 (Y, 0)o — = HP(X, n)o @ HI(Y, m)o

'Ai .

()T e (X X Y mo

0

5.3. Product structure on the higher arithmetic Chow groups. Once we have
defined a compatible product on each of the complexes involved, the product on the
higher arithmetic Chow groups is given by the following diagram.

HpXﬂo@Hqu DQP”Xp()@DQq (Y, q)o

ZP(X,n)o ® Z9(Y,m)o x Ding X,p)o ® D2 o ZD(X,p)n ® ZDL(Y,q)m

x  HPYU(X xY,n+m)o o Di(fgw_n_m()( xY,p+q)o A

ZPY(X xY,n+m)o s(zg(qy)gp+2q_”_m ZD120(§+‘1)(X XY, D4 @)ntm
HPFI(X X Y,n +m)o ~ DYEUTTTX X Y p 4 q)o

ZPT(X x Y,n +m)o Dyt 2;;5;77"()( X Y,p+q)o . ZDp* (X X Y, p+ @)nim
Hp+quYn+m 2(p+q> nm(XXYp—i—q

ZPH(X X Y,n+m) i(’;;i)q‘” "X XY, p+q ZDRY (X X Y, p + @)ntm

Observe that, in the first set of vertical arrows is where the product is defined, in the
second set of vertical arrows we are just inverting the quasi-isomorphism ([5.12)), finally
in the last set of vertical arrows we are applying the morphism x.
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The above diagram induces a morphism in the derived category of chain complexes
s(ZAp(X, *)o ® ZAq(Y, %)o) = 3(§p+q(X XY, )g) = 2p+q(X XY, *)o.

Recall here the notation we are using, the symbol zZp (X, *)o denotes the diagram where

the symbol Z? (X, *)o denotes the associated simple complex.
By for any [ € Z there is a morphism *g

ZP(X, )0 @ ZUY, %) - s(ZP(X, )0 ® ZU(Y, %)0).

The composition of xg with U induces a product

CH'(X,n) ® CH"(Y,m) < CH™(

independent of .

X xY,n+m),

Finally the pull-back by the diagonal map X L XxX gives an internal product on
P
CH (X, *):

CH'(X,n)® CH (X,m) % CH"™(X x X,n+m) 25 CH"™(X,n+m).

Thus, in the derived category of complexes, the product is given by the composition

Z7(X,n)o ® Z9(X,m)o
|-
S(é’;p(Xa n)o ® gq(X, m)o) - 2p+q(X x X,n+m)oy

ZBTU(X x X, n+m)o 2 ZPT4(X,n + m),.

Remark 5.15. It follows from the definition that, for n = 0, the product U agrees with
the product on the arithmetic Chow group CH p(X ) defined in [5].

5.4. Commutativity of the product. Let X,Y be arithmetic varieties over a field
K. We prove here that the pairing defined in the previous subsection on the higher
arithmetic Chow groups is commutative, in the sense detailed below.

We first introduce some notation:

e If B,,C, are chain complexes, let
0:5(Bs®Cy) — s(Cy ® By)

be the map sending b® ¢ € B, ® Cy, to (—=1)"c®@ b € Cp, @ By,.
e Let ox y be the morphism

oxy: Y xX —XxY
interchanging X with Y.

We will prove that there is a commutative diagram

CH'(X,n) @ CH'(Y,m) —= CH" (X x Y,n +m)

"
Ul J/UX,Y

C/’I\{q(Y, m) ® C/’FIP(X,n) — C/’I\1Tp+q(Y x X,n+m)



38 J. I. BURGOS GIL AND E .FELIU

In particular, the internal product on the higher arithmetic Chow groups will be graded
commutative with respect to the degree n. That is, if W € C/’I\JP(X, n) and Z €
C/’ﬁq(X, m), then
WuZzZ=(-1)""ZUuw.
Recall that, by definition, the product factorizes as

CH' (X,n) @ CH" (Y;m) 2 Hoym(s(ZP(X, )0 @ Z9(Y,5)0)) % CH™ (X x Y,n+m).

By Lemma this factorization is independent on the integer 3. Moreover, there is
a commutative diagram

— — *3 ~ ~
CH'(X,n) @ CH'(Y,m) — Hnim(s(ZP(X, )0 @ Z9(Y, ¥)o))
——q i —p *1-38 ~ l ~
CH (Y,m)® CH (X,n) = Hnim(s(ZP(Y, %)o © Z7(X, %)o))
Therefore, all that remains is to check the commutativity for
(5.16) $(2P(X, )0 ® Z9(Y, %)0) - ZPTI(X X Y, %)o.

Hence, we want to see that, in the derived category of chain complexes, there is a
commutative diagram

s(é\p(Xa *)0 & Z\q(Ya *)0) L> 2p+q(X X Y, *)0

U\L l”?{,y
s(Z9(Y, %)o ® ZP(X, ¥)o) —= ZPHI(Y x X, %)p.

The obstruction to strict commutativity comes from the change of coordinates

(5.17) Ovm =0Om xOr 222 Or x O™ = gt
Y1y s Yms Tl oy ) = (T1y e Ty YLy e ey Ym)-

Recall that the product is described by the big diagram in In order to prove the
commutativity, we change the second and third row diagrams of this big diagram, by
more suitable diagrams. These changes do not modify the definition of the product, but
ease the study of the commutativity.

We define a complex Z} ., (X, n)o analogously to the definition complex D}, (X,p)o

(see §5.2)). Let
ZP(X,n,m)o := ZP(X,n 4+ m)o,

and let & = 3°F (=1)%6? and ¢ = S0 (—1)7"6Y. Then, (ZP(X, *,*)o,8',0") is a
2-iterated chain complex. For the sake of simplicity, we denote both & and §” by 4.
Denote by Z} (X, %) the associated simple complex. The complex H% . , (X, *)g is
defined analogously.
Let 2P, (X x Y,)g be the diagram

Hy (X X Y, %) DIPHT (X X Y, p+ q)o.

/\/\

ZPH (X x Y, %) )2t ZDPFU(X XY, p+ q)s
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This diagram will fit in the second row of the new big diagram. Denote by Z{;’z A(X x
Y, %)o the simple complex associated to this diagram.

The third row of the new big diagram corresponds to a diagram whose complexes are
obtained from the refined normalized complex of Definition The fact that, in these
complexes, most of the face maps vanish is the key point to construct explicit homotopies
for the commutativity of the product. So, consider the following complexes:

e Let Z9(X,*,%)gp be the 2-iterated chain complex with

ZUX,n,m)oo = ﬂ ker 6? ¢ Z9(X,n + m)o,
i#0,n+1

and with differentials (¢',0") = (-89, =85, ). Denote by Z{ , (X, *)oo the asso-

ciated simple complex.
o Let TDl*Og(X x O x 0%, p)oo be the 3-iterated complex whose (r, —n, —m)-graded

piece is

DL (X x O" x O™, pJoo = (]| kerd] C 7Df,(X x O™, p)o,
i#0,n+1

and with differentials (dp, —6?, —62+1). Let D}, 4 (X, p)oo be the associated sim-

ple complex.
o Let TDl*Og zra (X XY x O xO% p+q)oo be the 3-iterated complex with

YTX LY x %
TDngZg(,anm(X XY xO"x O™ p+qoo = ﬂ ker 09
o i#0,n+1

as a subset of TDng Zpa (X xY x O™ p4q)o. The differentials are given by
= X,Y,n,m
(dp, —6Y, —(52+1). Let DKX&ZQ?Y (X X Y,p)oo be the associated simple complex.
Remark 5.18. Observe that there are induced morphisms

Z8A(X x Y, #)00 = HELL (X x Y, *)oo,

DX (X xYip+q)oo -5 HELL (X x Y, )00,

AxA,ZDY,
2(p+q)— P 2(p+q)—
DA(fAf@;jZY (X xY,p+qloo — DA(qu) (X xY,p+ q)oo-

Let ZP7, (X x Y, %)go be the diagram

HX’;X(X X Y, *)00 Di(fg—q)_*(x X Y,p + q)oo.
2(ptq)—x*
Z7H(X X Y, %)o0 Dy s (X XY, p+ oo ZDEH(X X Y,p+q).

This is the diagram fitting in the third row of the new diagram. Let Zi’z A(X XY, x)g0
be the simple complex associated to this diagram.
Lemma 5.19. Let X be an arithmetic variety over a field.
(i) The natural chain morphisms
(5'20) ngA(X’ *)00 - ZKXA(X’ *)0’
(5.21) Z8 (X0 5 Z9(X, 00,
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are quasi-isomorphisms.
(ii) The natural cochain morphisms

(5.22) Dixa(X,p)oo = DixalX,po,
(5.23) Diiwn,zz, (X X Yip+ q)oo - Djiwazns, (X X Y:p +q)o,
(524) DXXA(Xv P)O L DK(X7 p)Oa

are quasi-isomorphisms.

Proof. The proofs of the facts that the morphisms ¢ are quasi-isomorphisms are analogous
for the three cases. For every n,m, let B(n,m) denote either ZP(X,n,m), TD{Og(X X

O xd™, p) or D] (X xY xO"x O™ p+q), for some r. The groups B(n,m)

log,ng’:]Ym’m
and B(n,m)go are defined analogously.
Observe that for every n,m, B(-,m) and B(n,-) are cubical abelian groups. We want
to see that there is a quasi-isomorphism

(5.25) S(NZNLB(%, %)) & s(N2N'B(x,*)),

where superindex 1 refers to the cubical structure given by the first index n and su-
perindex 2 to the cubical structure given by the second index m. An spectral sequence
argument together with Lemma [[.20] and Proposition [[.24] show that there is a quasi-
isomorphism s(N2Ng B(x,*)) — s(N2N!B(x,*)). By Lemma and an spectral se-
quence argument again, we obtain that there is a quasi-isomorphism s(NgN(}B (%, %)) 5
s(N2N{ B(, %)). Therefore, is a quasi-isomorphism.

The proofs of the facts that the morphisms in and are quasi-isomorphisms
are analogous to each other. Therefore, we just prove the statement for the morphism
. Consider the composition morphism

j: ZUX,m)o — Z9(X,0,m)o — Z{, 4 (X, m)o.

The composition of morphisms Z49(X,m)o EN Z1 L (X,m)o . Z9(X,m) is the identity.
Hence, it is enough to see that j is a quasi-isomorphism. Consider the 1st quadrant
spectral sequence with

Epy = Hm(Z9(X, n,%)o).

We will see that if n > 1, E}hm = 0. By the homotopy invariance of higher Chow groups,
the map
o1}

[ ZUX xO" %)g —— Z9(X, %)o
is a quasi-isomorphism. By Proposition [1.24] it induces a quasi-isomorphism
f:ZUX xO% %) =NZYX x O %)g — NZ9X, %)
where the cubical structure on Z4(X,x*)q is the trivial one. Since for a trivial cubical
abelian group NZ(X, )y = 0, we see that
H,,(Z4(X,n,*)p) =0, n >0,
and hence

Bl = 0 if n >0,
wmo 1 CHY(X,m) ifn=0.
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It follows from the lemma that the product on the higher arithmetic Chow groups is
also represented by the following diagram of complexes

HP(X,n)o ® HI(Y, DQP"XPt)@DQq " (Y, q)o
ZP(X,n)o @ Z1(Y,m)o x ng’zg X, p)o @ DI (Y, o ZD(X,p)n ® ZDL(X,q)m
x HPEU(X x Yyn +m)o va  DIPIVTTTX XY, p+ q)o A
ZEA(X X Yindm)  ~|i G ~|i ZDR (X XY, p + @ntm
~li HERL(X X Y,n 4+ m)oo ~|i DO X X Y, p+ @)oo
2 —n—m
ZPH(X x Y,n 4+ m)oo DAZ‘X??%’ (X X Y,p+qoo ZDfo(gﬂ) (X XY, p+ Qntm
HELL (X X Yo +m)oo n DT X Y p + qoo
ZEAX xYintm)oo = DRI X Yo+ q)oo . ZDpE (X XY, + Qntm
" HP+‘1X><Yn+m p2ra- nm(XXYp—I—q
ZPH(X x Y,n+m) ;gz;@q X XY, p4q ZDp* (X X Y, p + q)ntm

In the first set of vertical arrows of this diagram is where the product is defined. In
the second set of vertical rows we invert the quasi-isomorphisms that relate the nor-
malized complex and the reﬁned normalized complex. Moreover, we also invert the
quasi-isomorphism analogous to In the third set of vertical arrows we just con-
sider the change of supports 25 q C Zp+q We will denote the map induced by this
change of support by 7. Finally i in the last set of vertical arrows we apply the morphisms
 induced by the identification (0" x [J™ = 7™,
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Let Z\?X'X(X x Y, *)gp denote the simple of the diagram of the fourth row. Hence, in
the derived category of complexes, this product is described by the composition

s(ZP(X,%)o ® Z9(Y, *)g) — 229, (X X Y, )
A
|7
|

~ 'r) ~,
ZR8 (X X Y, %)00 — Z514 (X X Y, %)oo

lm

ZPH(X X Y 5)o,

Note that the difference between the complexes Z2, (X x Y, #)go and ZET1 (X x Y, )o
lies on the change of supports 2%, € ZP*4. This is indicated by either two codimension
superindices p, ¢ in the first one or a unique codimension superindex p + ¢ in the second.
We next use this description of the product in the higher arithmetic Chow groups in
order to prove its commutativity.
Recall that the map oy, , is defined by

Ovm=0mxOr 2% Onx Om =0
(ylu"'7ym7x1)"'amn) — (‘rly"')ajnayla"'aym)‘
Let
Oxynm:Y XX xO"xO"—- X xY xO"xO"

be the map oxy X 0y m.
We define a morphism of diagrams

*

ZP4 (X X Y, %) =X Z2P (Y x X, %)g
as follows:
o Let 0%yt 2819 (X x Y, %) — ZET4 (Y x X, *)o be the map sending
Z € ZP X xY,n,m)o to (=1)" 0% yn.m(Z) € ZPTIY x X, m,n)o.

The morphism 0%y : HETL (X x Y, %)g — HETA (Y x X, %) is defined analo-
gously.
o Let 0%y Dixa(X XY, p+q)o = Di oY x X,p+ q)o be the map that, at

the (%, —n, —m) component, is
(71)”m0}7y7n7m : TDI*Og(X xY xO"x O™ p+q) — TDl*Og(Y x X x O™ xO" p+q)o-

Observe that it is a cochain morphism.
o We define analogously the morphism oy : s(i%%’y )5 — s(iy'x )5

These morphisms commute with the morphisms 71,7] and p. Hence, they induce a
morphism of diagrams and therefore a morphism on the associated simple complexes:

7D,q TX.y0 7q,p
ZPL (X x Y, x)g —— Z[P, (Y x X, %)o.

Note that the morphism 0% . restricts to Eg’gA(X XY, *)oo and to ZKJ;‘[I%(X XY, *)oo-
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Lemma 5.26. The following diagram is commutative:

I b ] I 9 17 I +

ZRE (X X Y, w)g =—— Zpd, (X X Y, %)00 —= Z5 L4 (X X Y, )00

%vO l °%yO i o'j;(,Y,I:l \L

> 9. ] > 9. n I +

ZEL WY X X, #)g == Z{8 (Y x X, %)o0 — Z5 4 (Y x X, #)oo-
Proof. The statement follows from the definitions. O

Lemma 5.27. The following diagram is commutative
S(ZP(X,%)o @ Z9(Y, ¥)g) —— 224, (X x Y, %)
”J/ la},y,u
S(Z9(Y, )0 ® ZP(X,#)o) ——= ZIP, (Y x X, *)o.

Proof. 1t follows from the definition that the morphism % y 7 commutes with the prod-
uct x in Z*(X,*)p and in H*(X, *)o. The fact that it commutes with e, and e, , is an
easy computation. O

By Lemmas and [5.27] we are left to see that the diagram

(5.28) ZPT (X X Y, #)g0 ——= ZPTU(X x Y, #)g
U;(,Y,Di \LU;(,Y

ZE Y % X x)oo == ZPF(Y x X, %)

is commutative up to homotopy. We follow the ideas used by Levine, in [19], §4, in order
to prove the commutativity of the product on the higher algebraic Chow groups. We
will end up with an explicit homotopy for the commutativity of diagram [5.28

Remark 5.29. For any scheme X, consider the morphism
ZQXA(Xv *)00 — ZXXA(X7 *)00

induced by (—1)""o}, ,,, at each component. Then, 0% ;.4 = 0% yof and hence, the com-

mutativity of the diagram ([5.28) will follow from the commutativity (up to homotopy)
of the diagram

Z} 1 (X, %)00
o ZP(X, *)o.
ZXXA(X7 >")00
Let W, be the closed subvariety of [(J"*! x P! defined by the equation

(530) tl(l—a:1)(1 —$n+1) :tl —tg,

where (o : t1) are the coordinates in P! and (z1,...,7,41) are the coordinates in ("1
Recall that we have identified (J! with the subset o # #; of P!, with coordinate z = t/t;.
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Then, there is an isomorphism W,, = 0" x (O!. The inverse of this isomorphism is given
by
ortl 2w,
(1, oy Tpt1) = (T1,e0 0, Tpt1, L1 + Tt — T1Tpt1)-
Consider the projection
T 2 Wy, — 0", (X1, oy Tpy1,t) = (T2, ..., T, t).

Let 7 be the permutation

-

o" — adr, (T1,...,zp) — (T2, ..., ZTn,x1).

Remark 5.31. Let oy, ,, be the map defined in (5.17). Observe that it is decomposed

as Opm = 70 M oT. Therefore, o7, ,,, = 770 1 o7,

It is easy to check that the following identities are satisfied:

| id ifi=1,
(5.32) Tnendy = S M1t ifi=2,...,n,
T ifi=n+1.
‘ oro” ifi=1,
Tnpnd] = 517171'”,1(,0”,1 ifi=2,...,n,
ofo"r ifti=n+1.

Let W;X be the pull-back of W,, to X x (0". Then, the maps
T WX — X xO% and ¢, : X x O™ - WX
are defined accordingly.

Proposition 5.33. Let X be a quasi-projective reqular scheme over a field k.

(i) The scheme W, is a flat reqular scheme over OJ".
(i) There is a well-defined map

ZP(X,n) 2 2P (X, n+1), Y e oimi(Y).
Proof. See [19], Lemma 4.1. O

For every n > 1, we define the morphisms

HP(X,n) — HP(X,n+1),
* n hn * n
TDjog(X x O",p) =5 7D, (X x O o),

TDl*OgZp(X xO"p) — TDl*OgVZp(X X D"+1,p),
by h, = ¢} ;. By Proposition (ii), these morphisms are well defined.

Lemma 5.34. Let a be an element of Z9(X,n)o, HP(X,n)o, 7D}, z»(X x 0", p)o or

TD{“Og(X x 0" p)o. Then, the following equality is satisfied

n—1
Shn(a) + > (=1)'hn160(e) = —a+ (—=1)" 7% (a).
=1
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Proof. By hypothesis, 6}(a) = 0 for all i = 1,...,n. Then, by the pull-back of the
equalities (5.32)), we see that 6} ¢ 7% () = 0. Therefore, using (5.32),

n+1 n+1
Oha(a) = Y (~D)™Mdprmi(a) = Y (-1 (a)
i=1 j=0,1 i=1

= —a+y (~Dienm16(a) + (1" (a)
i=2

n—1

= —a= Y (~D'hadf(a) + (-1)" 7 (),

i=1
as desired. O

Proposition 5.35. Let X be an arithmetic variety over a field. Then the following
diagram is commutative up to homotopy.

Z\KXA(X, TL)OQ

GE\L 7
ngA(X7 n)oo

Proof. We start by defining maps

ZP(X,n,m)og —— ZP(X,n+m+ 1),
HP (X, n,m)oo Hum, HP(X,n+m+ 1),
D (X x 0" x O™ plog —=% 7D}, (X x 074 py,
TDhg 20 (X x O" X O™ plog s 7Dy (X x O™ p)g.

By construction, these maps will commute with 71,7} and p. This will allow us to define
the homotopy for the commutativity of the diagram in the statement.

All the maps H,, ,, will be defined in the same way. Thus, let B(X,n,m)q denote
either ZP(X,n,m)po, HP(X,n, m)oo, TDl*Og(X x O™ x O™, p)oo, or TDfogyZp(X x O™ x
O™ p)oo. For the last two cases, B(X,n,m)go is a cochain complex, while for the first
two cases, it is a group. Analogously, denote by B(X,n+m+ 1)g the groups/complexes
that are the target of H, ,,. The map H, ,, will be a cochain complex for the last two

cases.
Let a € B(X,n,m)oo. Then, let Hy, () € B(X,n+ m+ 1)y be defined by

(5.36) H, o (a) = { g:?:—ol(_l)(eri)(ner1)hn+m+1((7_*)m+i(a)), Z i 8’

From the definition it follows that:
> If B(X,n,m)o is TDi“Og(X x O™ x O™, p)oo, or TDjog 20 (X x O™ x O™ p)oo, then
dDHn,m(a) = Hn,mdD(a)a

i.e. H, my is a cochain morphism.
/ /
> 71Hn,m = Hnm1, 'YlHn,m = dnmM and pHn,m = dpnmpP-



46 J. I. BURGOS GIL AND E .FELIU

Recall that in all these complexes,

§(a) = —5?(a)EB(X,n—1,m)00,
Fa) = —%4(a) € B(X,n,m ~ Loy

Lemma 5.37. For every o € B(X,n,m)oo we have

OHpm(a) — anl,m(s?(a) - (_1)an,m7152+1(a) =0 — (_l)nmav*z,m(a)-

Proof. If n = 0, since « = oo () and Hpm(e) = 0 the equality is satisfied.

simplicity, for every i = 0,...,n — 1, we denote
H, (o) = (1) 0D (7)™ (@) € B(Xon +m o+ Do,
An easy computation shows that

*O if 4

6“( ) if j =1,
and hence,
A (T*)léo (@) if j > 1,
§(r*) (@) = ()" 152( ) if j =1,
(T)top () if j <
Therefore,
SHj () = Y (=1t =060, o (7)™ (@)
j=1

n+m

+ Z PR L (894 () ).

For

_ (_1)1+(m+i)(n+mfl)(T*)eri(a)+(_1)(m+i+1)(n+m71)(T*)m+i+1(a)

Recall that the only non-zero faces of o are Y and 60, ;. Therefore, from the equalities
(5.32), we see that the only non-zero faces are the faces corresponding to the indices
j=m+i+2and j =i+ 2 In these cases, they take the values (7*)"+§) and

(7*)m+i=150 | respectively. Therefore, if i # n — 1, we obtain

SHj () = —(—1)im b (oymti(z)

(1)
( 1) (m+i+1)(n+m— 1)( )m+i+1(a)
(=)= (7)™ 6 (@)
(L) (7D, ().

+++

Observe that (—1)7+m+antm=1) — (_q)(mti=1)(ntm)+n  Therefore, the last summand

in the previous equality is exactly

n 1m(50( )) (_1)n ;,m—l(ég—l—l( ))
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If i =n —1, then (5]0._1(7*)7"”(04) =0, for j =2,...,n — m. Therefore,
SHI @) = (—)Htnblstmen) (eynsi (o)

1 (m—+n)(n+m— 1)( )m—i—n(

_l’_

a)

)

+ 1)n 1+(m+n—1)(n+m— l)h ((7_ )m 1+z52+1( ))
)
)

(—

(-
_( 1 (m+n—1)(n+m— 1)( )m-i—n l(a)—i—a

(2 (G (),

Finally, we have seen that

SHym(a) = —(—1)mom=D(7 +Z L (89(a))

+Z nm 15n+1( ))+O47

and since (—1)™"+tm=1) — (_1)"™_we obtain the equality

§Hpm (@) = Hp—1,m (8% () = (=1)" Hpym—1 (0541 () = @ = (=1)""a ().

Let

Z (X *)00 _> ZP(X * + ) ngA(X7 >k)()O i HP(X’ * + 1)07

AxA
be the maps which are H,, ,, on the (n,m)-component. Let

szx_g,ﬂ (X, p)oo e DApz: 1(X,P)07
be the maps which are (—1)"H,, ,,, on the (r, —n, —m)-component. Observe that now
dpH = —Hdp.
Let R R
H:Z0 ,(X,n)oo — Z°(X,n+ 1)
be defined by
H(Z, o, 0n,a9,a3) = (H(Z), H(ap), a1, —H(ag), —H(a3)).
Let z = (Z, ap, a1, an, a3) € ngA(X, n)oo- Then,
dH(z) = (0H(Z),dsH (ap),dp(ar), 1 H(Z) — v1H () + 0H (a2), pH () + dsH (a3) — ay)
Hd(z) = (H5(Z), Hdy(ao), dp (1), —Hv1(Z) + HA, (o) + Hb(as),
— Hp(ap) + Hds(ag) + H()).
Observe that for «aq € TDlog 20 (X x O™ x O™, p)oo, we have
Hds(oy) = Hdp(ag) + (—1)"Hé(ap) = —dpH (ag) + (—1)"Hd(vp),
dsH(ap) = dpH(ag)+ (—1)"6H (ap).

The same remark applies to ag € TD{Og(X x O™ x O™ p)og. Moreover, since o equals
zero in all degrees but 0 and H is the identity in degree zero, we have, by Lemma [5.37]
dH(z) + Hd(z) =z — ofy(x).

]
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Corollary 5.38. The following diagram is commutative up to homotopy

ZYH9 (X X Y, %)o0 — > ZPH(X x Y, %)

* *
9x,v,0 i l"x,y

ZEE(Y x X, )0 — = ZP(Y x X, )g
Proof. 1t follows from Proposition 5.3 U

Corollary 5.39. Let X,Y be arithmetic varieties.
(i) Under the canonical isomorphism X xY =Y x X, the pairing

—5pt+q
(

CH'(X,n)® CH'(Y,m) = CH (X x Y,n+m),

1 graded commutative with respect to the degree n.
(i) The internal pairing

—pt+q

CH'(X,n) @ CH'(X,m) = CH" " (X,n+m),

1s graded commutative with respect to the degree n.

5.5. Associativity. We prove here that the product for the higher arithmetic Chow
groups is associative. First of all, observe that the product on Z*(X,x*)y is strictly
associative. Hence, all that remains is to study the associativity of the product in the
complexes with differential forms, except for Z Df (fg(X ,D)«, where it is already associative.
The key point will be Proposition [1.26

Denote by h the homotopy for the associativity of the product in the Deligne complex
of differential forms of Proposition Let X,Y,Z be complex algebraic manifolds.
Then, the external product e, is associative, in the sense that there is a commutative
diagram up to homotopy:

(5.40) Dy (X, p)o @ D4 (Y, q)o ® D (
y W\
Dy (X xY,p+q)o®@DL(Z,1)o DL (X,p)o @DITHY x Z,q+1)o

/

DT+9+t(X><Y><Zp+q+l

This follows from the fact that the homotopy h is functorial (see [5]).

Proposition 5.41. Let X,Y, Z be complex algebraic manifolds. Then, there is a com-
mutative diagram, up to homotopy:

Dy 20 (X, p)0®DAZ‘1(Yq 0®DAZZ (Z, D)o

Dg+§p+q(X X Kp+Q)O®DA,ZL(Zvl) D&ZP X » P 0®DAZq+l(Y X ZaQ+l)0

. /

D (X XY x Zp+q+1)

/\
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Proof. In order to prove the proposition, we need to introduce some new complexes, which
are analogous to s(i%%,)*, but with the three varieties X, Y, Z. Due to the similarity, we

will leave the details to the reader.
We write 0010 = X X YV x Z x Ontmtd, et

* * ,m,d * ,m,d * ,m,d
AT = ,Dlog(DT)L(,T’,Z \ Zg(,n’ k) & ,Dlog(DT)L(KL/,Z \ Z;I’,m’ k) @ IDlog(D?(,}i,Z \ ZlZ,dv k)a
and
* * n,m,d s * n,m,d N * n,m,d N
B* =Dl (O%Y 7\ Z8% s k) ® Diog(OX Y2 \ ZX 2000 %) @ Ding(OXY 7 \ 2V 7 a0 F)s
and consider the sequence of morphisms of complexes

% 1 « J * n,m, ,q,1
A5 B* 5 Dlog(D ' ’d\zgc,qy,ka)-
By analogy with the definition of s(—j%%, (n,m))*, denote by 5(—j§(’q§’,lz(n, m,d))* the
simple complex associated to this sequence of morphisms. Consider the morphism

- l
k] 7d lgé?i,’z(n,m,d) * 7l
Dl*og(D}g%z» k) 5(_‘7?(?}/72(”77”»51))*

w — (w,w,w,0,0,0,0).

Observe that for every n, m, d, the simple of this morphism is a cochain complex. More-
over, considering the normalized complex associated to the cubical structure at every

0.q.1 . . . l
component of s(z%]k »(-,+,))*, we obtain the cochain complex s(zgé?}’/v )¢ (analogous to

the construction of s(i%%,); in Remark [5.7).
Let D* (X XY x Z,p+q+1)o be the complex analogous to D7

AXAXA,Z&’%’,{Z AxAZY,
Y, p+q)o, but with the cartesian product of 3 varieties. It is the simple complex associated
to the analogous 4-iterated complex (see Remark .

Observe that there is a quasi-isomorphism

(X x

D* (X XY X Z,p+q+1)o = S(igé?iéz)ﬁ-

AxAxA,ZRL!
We define a pairing

s(i%% (n,m))5 @ Dy L. (Z, 1) = s(BY 4 (n,m, d))5+*
by
((I, (b¢ C)v d) b (alv b,) = (_1)(n+m)8(a i alv (b i ala ce a/7 (_1)7’a d b,)a
(d ° a/, (_1)r—1b ° b/, (_l)r—lc ° b/), (_l)r—Qd ° b/).

Define analogously a pairing

D}z (X, p)o ® s(if(m, d))§ = (%, (n,m, )+

by
(a,b)e(a',(V/,c),d) = (1) (aed,(bed,(—1)"aeb,(~1)aec),
((_1)T_1b i bl? (_l)r_lb b Clv ae d,)v be d/)

It is easy to check that these two morphisms are chain morphisms.
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Lemma 5.42. The diagram

(5.43) D} 20 (X,p)o ® D} 24 (Y,q)o @ D, (Z,1)o
ly WA
sy ) © D}, 5 Dy z0(X,p)o ® s(lgflz)sﬂ
s(ip q,! )6+s+t

is commutative up to homotopy.

Proof. Let (w1,91) € TDng,Zp (X <O, p)o, (w2, 92) € TDng,Zq (Y xO™, q), and (w3, g3) €
TDfog 21(Z x 0% 1)9. Then, the composition of the morphisms on the left side of the
diagram is

(= 1) () 0 wo) e w3, (g1 @ wa) @ ws, (—1) (w1 @ g2) @ w3,
(=15 (w1 e ws) @ g3), ((—=1)" (g1 @ g2) e w3, (—1)" (g1 @ w2) @ g3,
(—1)* Hwr @ g2) ® g3), (—1)° (g1 @ g2) ® g3).

The composition of the morphisms on the right side of the diagram is

(—1)HmENS () 0 (w @ w3), (g1 @ (w2 @ w3), (—1) Wi @ (g2 @ w3),
(1) 5wy o (w2 e g3)), ((—1)" 'g1 e (g2 0 w3), (—1)" T g1 @ (ws ® g3),
(—1)*wr e (g2093)), (—1)* g1 @ (92 0 g3))-

Then, the homotopy for the commutativity of the diagram is given by

(=)D () @ wy @ ws), k(g1 @ we @ ws),
(=1)"h(w1 ® g2 ® w3), (—1)" " h(w1 @ ws @ g3)),
(=) h(g1 © g2 ®ws), (=1)" " h(g1 ® wy @ g3),
(—1)*"h(wi ® g2 ® g3)), (—1)° " k(g1 ® g2 ® g3)).

Observe that it gives indeed a homotopy, since H and § commute. ([l
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Finally, the claim of Proposition follows from the commutative diagram (all
squares and triangles, apart from the one marked with # are strictly commutative),

DK’ZP (X7p)0 & DR,ZQ (Y7 q)O & Dg’zl (Za l)[)

:D,q

®id

®p.q

\
}

1dReg,;

l

S(ZX,Y)6+S ® DR,ZI (Z,1)o # D} 20 (X,p)o ® s(i%}z)gﬂ
- \sa@e?gfz)z““/ -
Dt v (X X Yip+ @l ® DL i(Z, 00 || Dhow(X,po @ DL, 20elY X Z,g+ 1o
S
5(¢§<+x(1i£,z)6+s+f/ ) \;(igé?;_iz)g-&-s-&-t
~ Dgiifi\mq,z()( XY x Zﬁl)o -
D:;;X;fmq,l(X XY x Z7ﬁ)o # D@il()( XY X Z,p+q+1)o
x /

r+s+t
IDA’ZP+q+l

(X xY xZp+qg+1).

g

Remark 5.44. Observe that the homotopy constructed in the proof of Proposition [5.41

has no component in maximal degree, that is, in Dz ;ﬁjfll(X XY x Z,p+q+1)o.

Corollary 5.45. Let X,Y, Z be arithmetic varieties.
(i) Under the canonical isomorphism (X xY)x Z =2 X x (Y x Z), the external pairing

C/'Hp(*,n) ® C/'qu(*,m)® EN C/'FIerq(* X *,m+m),
18 assoctative.
(i) The internal pairing

CH'(X,n) © CH"(X,m) % CH" "(X,n +m),

1S associative.

Proof. 1t follows from (5.40) and Proposition together with Remark and the
compatibility of the homotopies in For n =m =1=0, the

(5.40) and Proposition
associativity follows from equality (1.27]). O
Finally, we have proved the following theorem.
Theorem 5.46. Let X be an arithmetic variety over an arithmetic field K. Then,
CH (X,x):= @ CH'(X,n)
p>0,n>0

is a commutative and associative ring with unity (graded commutative with respect to
the degree n and commutative with respect to the degree p). Moreover, the morphism

C/’FI*(X, %) AN CH*(X,*), of Proposition is a ring morphism.
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